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Preamble

Great part of this PhD Thesis has been performed under the frame of collaborative
projects. This is why besides the results obtained by the author, it has been decided to
include some experiments performed by other scientists which complete and reinforce

the work presented in this manuscript.
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Introduction and Objectives

1.1. Introduction

1.1.1. What is supramolecular chemistry?

Supramolecular chemistry, which dates back to the late 1960s, has been described as
“chemistry beyond the molecule”, whereby a “supermolecule” is a species that is held
together by non-covalent interactions between two or more covalent molecules or ions.
It can also be described as “lego™ chemistry” in which each lego™ brick represents a
molecular building block and these blocks are held together by intermolecular
interactions (bonds), of a reversible nature, to form a supramolecular aggregate [1].
These intermolecular bonds include electrostatic interactions, hydrogen bonding, 7 — =
interactions, dispersion interactions and hydrophobic or solvophobic effects. These
non-covalent interactions are considerably weaker than covalent interactions, which can
range between ca. 150 kJ mol™! to 450 k] mol™! for single bonds. Non-covalent bonds
range from 2 kJ] mol™! for dispersion interactions to 300 k] mol™! for ‘ion-ion’

interactions [1].

Supramolecular chemistry can be split into two broad categories; host-guest
chemistry and self-assembly. The difference between these two areas is a question of size
and shape. If one molecule is significantly larger than another and can wrap around it
then it is termed the ‘host’ and the smaller molecule is its ‘guest, which becomes
enveloped by the host. In that case the supramolecular assembling phenomena is
qualified as host—guest chemistry. Where there is no significant difference in size and no
species is acting as a host for another, the non-covalent joining of two or more species is

termed self-assembly [1].



Chapter 1 Introduction and Objectives

1.1.2. Molecular self-assembly principles

Molecular self-assembly can be defined as the spontaneous and reversible association of
molecular species to form larger, more complex supramolecular entities according to the
intrinsic information contained in the components (chemical building blocks) [1-4]. The
formation of molecular crystals [5], colloids [6], lipid bilayers [7], phase-separated
polymers [8], and self-assembled monolayers [9] are all examples of molecular
self-assembly, as in Nature are the folding of polypeptide chains into proteins [10] and
the folding of nucleic acids into their functional forms [11]. The concepts of
self-assembly historically have come from studying molecular processes and, as it occurs
in the majority of fields, the inspiration for many supramolecular species designed and

developed by scientists has come from biological systems (Figure 1.1).

repulsion

‘/

energy

net interaction

(=]

ha S

attraction

B Irreversibility gives glasses.
s 8§ B
o-§-h-8
C Reversibility gives crystals...
o ... L
s—-8-0-P-F-B-8

D ..and ordered macromolecules.

- o-@

Figure 1.1.: (A) Aggregation occurs when there is a net attraction and an equilibrium separation
between the components. The equilibrium separation normally represents a balance between
attraction and repulsion. (B and C) Schematic illustration of the essential differences between
irreversible aggregation and ordered self-assembly. (B) Components (shown in blue) that interact
with one another irreversibly form disordered glasses (shown in green). (C) Components that can
equilibrate, or adjust their positions once in contact, can form ordered crystals if the ordered
form is the lowest-energy form (shown in red). (D) Biology provides many examples of self-
assembly (here, the formation of a protein, an asymmetric, catalytically active nanostructure);
these examples will stimulate the design of biomimetic processes. Obtained from [3].



1.1 Introduction

The success of self-assembly in a molecular system is determined by five

characteristics of such systems [3]:

* Components. A self-assembling system consists of a group of molecules or
segments of a macromolecule that interact with one another. Their interaction
leads from some less ordered state (a solution, disordered aggregate or random

coil) to a final state (a crystal or folded macromolecule) that is more ordered.

* Interactions. Self-assembly occurs when molecules interact with one another
through a balance of attractive and repulsive interactions. These interactions are
generally weak (that is, comparable to thermal energies) and non-covalent (van der

Waals and Coulomb interactions, hydrophobic interactions, and hydrogen bonds).

* Reversibility (or adjustability). For self-assembly to generate ordered structures,
the association either must be reversible or must allow the components to adjust
their positions within an aggregate once it has formed. The strength of the bonds
between the components, therefore, must be comparable to the forces tending to

disrupt them. For molecules, the forces are generated by thermal motion.

* Environment. The self-assembly of molecules is carried out normally in solution
or at an interface to allow the required motion of the components. The interaction
of the components with their environment can strongly influence the course of the

process.

e Mass transport and agitation. For self-assembly to occur, the molecules must be
mobile. In solution, thermal motion provides the major part of the energy required

to bring the molecules into contact.

1.1.3. Self-assembled colloidal nanostructures

Most of the self-assembling molecules possess amphiphilic character. Amphiphiles, or
surfactants, are molecules with two distinct regions that have very different solubilities.
They are constituted or are formed by a hydrophilic (water-soluble) end and a lipophilic
(organic-soluble) end that is highly hydrophobic. The hydrophilic part will be referred to
as the head group and the hydrophobic part as the tail.

Amphiphilic molecules are common in everyday life, for example, soaps, which
contain sodium dodecyl sulfate, and phospholipids, like phosphatidyl choline, which are
the basis of biological cell membranes. Other lipids, such as cholesterol and fatty acids,

are also part of this category. The lipophilic region is made up of long aliphatic organic
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chains, such as alkanes, fluorocarbons or aromatic or other non-polar groups. The head
group is made up of highly solvated hydrophilic functionalities, such as sulfonates,
carboxylates, phosphonates and ammonium derivatives. It is this hydrophilic
functionality that gives rise to the different classes of surfactants. Examples include
anionic (i.e., sulfonate) groups, cationic (i.e., quaternary ammonium salts), amphoteric

(i.e., zwitterionic betaines) and non-ionic (i.e., fatty acids) [1].

When amphiphilic molecules are under aqueous conditions, their
hydrophobic-hydrophilic dual character promotes their association through weak,
non-covalent interactions to form ordered assemblies with different morphologies and
sizes that range from nanometers to microns [12-15]. The thermodynamic driving force
of this molecular self-assembly is provided by the desolvation, collapse, and
intermolecular association of the hydrophobic part of monomers. This tendency of the
hydrophobic tail to minimize contact with water, called hydrophobic effect, is mainly due
to the entropic gain of the water structure by not being in contact with the hydrophobic
part [16]. Intermolecular polar interactions, such as electrostatics and hydrogen
bonding, can also occur and help define the structural specificity. A variety of different
aggregate shapes are observed that range from spherical and rod-like micelles to

amphiphilic bilayers.

The actual form assumed by a colloidal aggregate depends on the molecular structure
and geometry of the constituent amphiphiles. In a first-order approximation, the
geometry of an amphiphile is described by the classical packing parameter concept
developed by Israelachvili [17, 18]. For dilute solutions in which interactions between
aggregates are not important, the packing parameter is defined as p = v/ayl., where v is
the volume of the hydrocarbon chain(s) of the molecule, which are assumed to be fluid
and incompressible, the critical chain length [, is the maximum effective length that the
chains can assume, and qy is the optimal cross-sectional area per headgroup at the polar
hydrocarbon/water interface of the assembly. So, the packing parameter of an
amphiphilic molecule determines the preferred curvature of the aggregates formed: p <
1/3 spherical micelles; 1/3 < p < 1/2, cylindrical micelles; 1/2 < p < 1, vesicles; p = 1,

planar bilayers; p > 1, reverse phases (see Figure 1.2).
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Figure 1.2.: Relationship between the packing parameter (p = v/agl.) and the self-assembled
morphology of amphiphilic molecules under aqueous conditions. Obtained from [19].

The morphology of the final assembled structure is dependent not only on the
geometry of the monomer but also on the external environment in which self-assembly
occurs [3,20,21]. The temperature, pH and ionic strength of the aqueous phase, as well
as the concentration of the monomer and the preparation method, can dictate the
formation of a variety of structures formed by a single, distinct amphiphile. Thus, the
prediction of the supramolecular structure is difficult due to the spatial complexity and
relative weakness of the intermolecular interactions (for example, electrostatic forces,
hydrogen bonding, n-r stacking and hydrophobic effects). Therefore the ability to design
and arrange individual molecular building blocks into well-defined architectures in

aqueous solutions remains a challenge [22].

1.1.4. Cholesterol as molecular building block

Cholesterol, an essential component of mammalian cells, has been described by Michael
S. Brown and Joseph L. Goldstein as “the most highly decorated small molecule in
biology” [23,24], and has excellent properties such as biocompatibility, biodegradability,
and low toxicity [25, 26]. Cholesterol’s predominant characteristic is its ability to
modulate the physicochemical properties (e.g. fluidity and permeability) of the cell
membrane. Due to this, cholesterol affects a number of cellular processes [24].
Cholesterol is an amphiphatic molecule, a compound possessing both hydrophilic

and lipophilic properties. It contains both a polar hydroxyl group on one side and a
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non-polar tetracylic steroidal ring structure with a branched hydrocarbon tail on the
other (Figure 1.3). Further, cholesterol is comprised of a rigid planar subunit due to the
trans-configuration of the rings and a flexible iso-octyl side chain ‘tail. The combination
of this rigidity and flexibility gives cholesterol the property of orientational ordering and
display of liquid crystalline behavior in combination with amphiphilic lipid membrane
binding capabilities [24]. Therefore, cholesterol is structurally composed of different
sections which play a role in its interesting self-assembly behavior in a variety of

multi-component solutions [27-30].
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Figure 1.3.: A structural depiction of a cholesterol molecule highlighting the four domains of
functional importance ((A) important for polarity and hydrogen bonding, (B) sterol rings, its
conformation is important as it provides a rigid planar skeleton, (C) controls the conformation
of the side chain, and (D) branched aliphatic side chain) (left) to function in membranes as a flat
elongated compound. The structure presumed to form in cellular membranes (right). Obtained
from [31].

Helical ribbons were first discovered in human gallbladder bile, and it was found that
these structures form as a precursor of gallstones upon dilution of bile [29]. Konikoff et
al. confirmed that cholesterol is the major constituent of these helical ribbons by various
experimental techniques including density gradient centrifugation or X-ray diffraction.
They also found that the helical ribbons themselves are precursors of stable cholesterol
monohydrate crystals [28, 29]. Chung et al. used several model bile systems which
consisted of a mixture of three types of chiral molecules in water: a bile salt, a
phosphatidylcholine, and cholesterol. They demonstrated that helical ribbons formed
with two distinctive pitch angles, 11.1 + 0.5° and 53.7 + 0.8° [27]. Zastavker ef al. then
showed that the self-assembly of the helical ribbons with these two distinct pitch angles
was not unique to model bile, but was a general phenomenon for a variety of
four-component systems composed of a bile salt or non-ionic surfactants, a
phosphatidylcholine or fatty acids, a steroid analogue of cholesterol, and water [32].
Additionally, in almost all systems, they found small amounts of intermediate pitch
helices (Figure 1.4). It was found that in undiluted solutions containing cholesterol,

surfactants, and fatty acids or phospholipids, cholesterol is solubilised by micelles, i.e.
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cholesterol was contained in the core. These solutions contain both the free surfactants
and the surfactants contained in micelles in equilibrium. Upon dilution, the equilibrium
shifts from primarily micelles to primarily free surfactants. The micelles break up and
release the cholesterol, causing the solution to become supersaturated with cholesterol.
Subsequent dilution leads to the formation of large cholesterol monohydrate crystals.
However, the exact structures that are formed and the sequence in which they form
depend on the composition of the solution and the concentration of its components as
shown in Figure 1.5 [24]. Therefore, it is clear that aqueous mixtures of cholesterol with

other components can lead the formation of different structures.

Figure 1.4.: Helical ribbons observed in an aqueous mixture of a non-ionic surfactant, fatty acid
and cholesterol. Three different helical pitches were detected, (a) 11 + 2° (low pitch angle), (b) 54
+ 2° (high pitch angle), and (c) 40.8 + 3.8° (intermediate pitch angle). Obtained from [32].
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Figure 1.5.: Sequence and relative stability of metastable intermediates plotted as a functions of
time after supersaturation of bile. Obtained from [27].

On the other hand, the majority of conjugation strategies used to conjugate
cholesterol onto molecules, biomolecules, or macromolecules of interest rely on the

hydroxyl group of the cholesterol ‘A domain (see Figure 1.3). The most common are
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esterification, carbamate, and carbonate bond formation using chloroformate
derivatives [24]. Self-assembly of amphiphilic cholesterol-modified molecules, such as
cholesterol-modified polymers, has been a subject of great interest for the past few
decades [33, 34]. Cholesterol units attached onto macromolecules as pendant(s) or as
end-group(s) can induce formation of structures of well-defined morphology in water as
a result of specific interactions among the cholesterol moieties [24, 35]. Besides, there are
several reports that also use these cholesterol moieties as the driving force for biasing the
organization of chromophores through different packing modes, leading to control over
nanoscopic properties of the resultant hierarchical self-assembly [36].

Cholesterol incorporated into liposomes also plays an important role in biomedical
applications. Its ability to modulate the physicochemical properties of lipid bilayer has
been employed to stabilize liposomes for their application in drug delivery or analytical
science. Further, vesicle membranes can be modified with cholesterol molecules bearing
different groups, where functionalized vesicles can be easily formed. Therefore, the small
molecule cholesterol has contributed significantly to the field of bionanotechnology and
its many applications, such as biosensing, analytical sciences, drug delivery, and cell

mimicry [24].

1.1.5. Cholesterol-rich nanovesicles

The bottom-up fabrication of supramolecular architectures with controlled
three-dimensional arrangements is key to the design of novel functional materials. In
this regard, vesicles are one of the most studied self-assembled structures due to their
diverse and important applications, which among others cover their use as cell
membrane models [37], reaction vessels [38, 39] and drug delivery systems
(DDS) [40-43].

Vesicles are spherical objects enclosing a liquid compartment (lumen), with a
diameter ranging from 20 nm to a few thousand of nanometers, separated from its
surroundings by at least one thin membrane consisting of a bilayer (unilamellar) or
several layers (multilamellar) of amphiphilic molecules [17]. Depending on the number
of bilayers formed (lamellarity) and the size of the vesicles, they are broadly classified
into small unilamellar vesicles (SUVs, size < 200 nm and single bilayer), large unilamellar
vesicles (LUVs, size ranging from 200 - 1000 nm and single bilayer), giant unilamellar
vesicles (GUVs, size > 1000 nm and single bilayer), multilamellar vesicles (MLVs,
consisting of several concentric bilayers) and multivesicular vesicles (MVVs, composed

by several small vesicles entrapped into larger ones) (Figure 1.6).
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Figure 1.6.: Types of vesicles depending on size and lamellarity. SUV: small unilamellar vesicle;
LUV: large unilamellar vesicle; GUV: giant unilamellar vesicle; MLV: multilamellar vesicle; MVV:
multivesicular vesicle.

Size and lamellarity are important structural parameters that need to be controlled,
since they are crucial factors affecting the properties and performance of vesicles.
Furthermore, their unique structure enables them to trap hydrophobic compounds
within their bilayers and hydrophilic compounds within their lumen, makes vesicles
excellent candidates to be used as nanocarriers for the protection and delivery of active
ingredients in pharmaceutical and cosmetic formulations [40-46].

Liposomes, vesicles constituted mainly by phospholipids, are the most studied
vesicular systems since Dr. Alec Bangham et al. first reported their discovery in
1964 [47,48]. Over the last 50 years, liposomal nanotechnology has significantly evolved,
and now liposomes have found applications in many fields including
nanopharmaceutics [49], cosmetics [50], food [51], and textile [52] industries. Liposomes
are essentially used as nanocontainers for protecting, transporting, and targeting
solutes [53] and are the most common and well-investigated nanocarriers for targeted
drug delivery [54]. They have improved therapies for a range of biomedical applications
by stabilizing therapeutic compounds, overcoming obstacles to cellular and tissue
uptake, and improving biodistribution of compounds to target sites in vivo [55,56]. The
diversity in the design of the composition, structure, and size of liposomes makes
possible to tailor liposome-based systems for different applications in drug delivery and
for diagnosis purpose. Vesicle membranes can be modified with different targeting or
protective units, that promote specific and increased accumulation of the drug or the
bioactive molecule in the target cells. Figure 1.7 summarizes most of the modifications
or improvements that a liposome can experience for different applications in drug
delivery and diagnosis.

As a drug delivery system, liposomes offer several advantages including
biocompatibility, capacity for self-assembly, ability to carry large drug payloads, and a

wide range of physicochemical and biophysical properties that can be modified to
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control their biological characteristics [54-56]. Encapsulation within liposomes protects

compounds from early inactivation, degradation and dilution in the circulation [57].
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Figure 1.7.: Schematic representation of the different types of liposomal drug delivery systems. (A)
Conventional liposome - Liposomes consist of a lipid bilayer that can be composed of cationic,
anionic, or neutral (phospho)lipids, which encloses an aqueous core. Both the lipid bilayer
and the aqueous space can incorporate hydrophobic or hydrophilic compounds, respectively.
(B) PEGylated liposome - Liposome characteristics and behavior in vivo can be modified by
addition of a hydrophilic polymer coating, polyethylene glycol (PEG), to the liposome surface
to confer steric stabilization. (C) Ligand-targeted liposome - Liposomes can be used for specific
targeting by attaching ligands (e.g., antibodies, peptides, and carbohydrates) to its surface or to
the terminal end of the attached PEG chains. (D) Theranostic liposome - A single system consist
of a nanoparticle, a targeting element, an imaging component, and a therapeutic component.
Obtained from [54].

The great potential and felicitous properties of liposomes has prompted their use in
the treatment of some major health threats for humans including cancer, infections,
metabolic and autoimmune diseases, and has even led to the first marketed
products [58]. For example liposomal formulations of anticancer drugs have already
been approved for human use. This is the case of Doxil®, a liposomal formulation of
doxorubicin, which is an anthracycline drug, used to treat cancer in AIDS-related
Kaposi’s sarcoma, leukemia, and ovarian, breast, bone, lung, and brain cancers [54]. Its
advantages over the free doxorubicin are a greater efficacy and a lower cardio
toxicity [59].

Important pharmacological specifications like stability, loading capability and leakage
kinetics of entrapped substances, are determined by the structural characteristics (e.g.
size, morphology, supramolecular organization, structural homogeneity) of these
nanocarriers [60]. This is why the control of their structural features is a very important

issue for drug delivery purposes. For instance small unilamellar vesicles (SUVs) have
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attracted great attention in the drug delivery field since these vesicles are large enough to
avoid the first-pass elimination through the kidneys but sufficiently small to present a
minimal uptake by the mononuclear phagocytic system (MPS), facilitating their longer
circulation lifetime in the body and hence a higher possibility to reach the target
cells [61]. Moreover, due to their nanoscale size SUVs can accumulate within tumours
through the so-called enhanced permeability and retention (EPR) effect and thereby be
applied in cancer therapy [62, 63]. This latter effect is produced by the anomalous
enhancement of vascularisation around the tumours and the weakening of vascular
endothelial cells. On the other hand SUVs, compared to MLVs or MVVs, allow a more
robust membrane functionalization (Figure 1.8) and also these unilamellar systems can

have a sharper response to an external stimulus (Figure 1.9).
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Figure 1.8.: Schematic illustration of the membrane functionalization of homogeneous (right) and
heterogeneous (left) vesicle-like systems.
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Figure 1.9.: Schematic illustration of the response to an external stimulus presented by a
vesicular DDS with homogeneous (right) and heterogeneous (left) vesicle-to-vesicle structural
characteristics in terms of size and lamellarity. Obtained from [19].

Despite their versatility and biocompatibility, the translation to the clinic of liposomal
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formulations could be hindered by the tendency of these lipid self-assemblies to
aggregate and by their low degree of structural homogeneity, which are critical quality
attributes with a major impact on the pharmacological properties [64]. Liposomes
correspond to metastable kinetically trapped states, which are formed by the input of
external energy on a planar lamellar phase (e.g., sonication or mechanical filtration). The
stability of these structures is kinetically limited because their phospholipid building
blocks are highly insoluble, and therefore, the collapsed planar lamellar is the
equilibrium state of aggregation [65, 66]. Additionally, liposomes suffer chemical and
physical alterations, which shorten their shelf-life and limit, as a consequence, drug
stability and conditions of storage [67]. Liposomes’ physical instability leads to problems
of high permeability which induce undesired or too fast leakage rates. As previously
mentioned, the addition of cholesterol is often required for modulating membrane
rigidity and stability [57, 68, 69]. Their chemical instability is related to hydrolysis,
oxidation, or peroxidation of the constitutive lipid molecules and is normally prevented

by adding antioxidants and low-temperature storage.

Due to these special conditions of preparation and storage together with the elevated
price of phospholipids, there is a great interest in finding nonphospholipid building
blocks or tectons, which self-assemble into stable vesicles and which satisfy the quality
standards required in pharmaceutical formulations [64, 70]. For instance, it has been
reported that certain amphiphilic polymers, such as blockcopolymers, and some
polypeptides organize themselves into vesicular-like architectures, giving rise to
polymersomes [71-73] and peptosomes [74], respectively [75-77]. Other chemical
structures such as rod-coil polymers, dendrimers, and amphiphilic fullerene derivatives
have also shown to form vesicles [70]. Furthermore, the use of surfactants as cheaper
and more stable substitutive molecules than phospholipids has emerged as a really
interesting choice for the industrial production of vesicular systems in pharmaceutical
and cosmetic applications. The combination of cationic and anionic surfactants
generates the so-called -catanionic vesicles [78-80], which are spontaneous,
single-walled, equilibrium vesicles of controlled size and surface charge, and these
vesicles are used for drug and gene delivery [81-83]. Niosomes, nonionic surfactant
vesicles, are widely studied as an inexpensive alternative of nonbiological origin [84-86].
As their name indicates, niosomes are constituted by nonionic surfactants, which,
depending on their nature, require the addition of a certain percentage of cholesterol to
form vesicle-like supramolecular assemblies [85, 87]. As explained before, cholesterol is
added to many formulations, as is the case with liposomes, to modulate the bilayer

fluidity, reduce the leakage, and enhance the encapsulation efficiency (EE) of drugs [85].
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Therefore in the finding of stable non-liposomal vesicle-like assemblies, it is

considerably interesting the formation of cholesterol-based supramolecular vesicles.

1.1.6. Preparation of colloidal nanostructures

In order to achieve optimal performance of supramolecular architectures as functional
materials, a tight control over the structural characteristics of the resulting self-assembled
system is desired. Beside environmental conditions, such as temperature, pH, and ionic
strength of the dispersing medium or type and concentration of components, the path
followed for the self-assembly of the monomer units exerts an important influence on the
structural properties of the obtained colloidal system and its homogeneity.

Methods for the preparation of homogeneous vesicular formulations that present
controlled size, morphology, and supramolecular organization are required for fully
exploiting the potential of these self-assembled structures.

Apart from controlling the structural characteristics of the final material, an adequate
manufacturing process for pharmaceutical products (i.e., vesicles) should be easily
compliant with the regulations imposed by the Food and Drug Administration (FDA) in
the United States or the European Medicines Agency (EMA) in Europe. These regulations
involve the development and implementation of good manufacturing practices (GMPs),
which are rules that ensure the quality, safety, and traceability of the obtained
product [88]. Regarding this, it is important to note that the majority of vesicle
preparation methods use organic solvents and that, depending on the application, they
should be reduced below the allowed limits [89].

1.1.6.1. Conventional methods

Current methodologies for vesicle formation such as the thin film hydration
(TFH) [47, 48, 90, 91] or the reverse-phase evaporation [92], render systems with low
structural homogeneity. For instance, the thin-film hydration (TFH) of vesicles, yields
systems with large heterogeneity in terms of size and lamellarity. For that reason
modifications after production are required in order to obtain a vesicle population with
specific characteristics and properties (Figure 1.10). When preparing SUVs using these
methodologies, post-formation steps, such as freeze-thawing [93, 94], sonication [95],
extrusion [96-98] and high pressure homogenization [99,100] are necessary for their size
reduction and homogenization (Figure 1.11). Besides, those preparation methods
involving a solvent-free state, like the TFH method (Figure 1.10), where a lipid film is

formed, may favor demixing of membrane components [101]. For instance, by this
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method, it can be difficult to obtain stable cholesterol-based supramolecular vesicles
due to the formation of cholesterol-rich domains [101, 102]. On the other hand, the use
of large amounts of organic solvents, which are toxic in many cases, and particularly its
incomplete post processing removal are other major issues not only at lab scale but also
at large scale production [103]. In addition these multi-step and time-consuming
procedures have a high risk of damaging the functionality of bioactive molecules, if they
are added in the system, and of oxidizing the vesicle membrane components. All these
drawbacks are particularly relevant for the preparation of stable cholesterol-based
supramolecular vesicles, and if these vesicles are forming bioconjugates with expensive
and/or fragile active biomolecules such as proteins, peptides, enzymes or hormones.
Thus, it is crucial to develop simple and mild processes for controlling the structure at

the micro-, nano- and supramolecular levels that are also amenable to be scalable [104].
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Figure 1.10.: Schematic illustration of vesicle formation using thin-film hydration (TFH) method
and cryo-transmission electron microscopy (cryo-TEM) image corresponding to the obtained
systems with low structural homogeneity.
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Figure 1.11.: Conventional methodologies for the preparation of vesicles and the most common
post-formation steps for their homogenization.
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1.1.6.2. DELOS-SUSP method using compressed CO,

Compressed fluid (CFs)-based methodologies, also named as dense gas technologies,
have been gaining ground during the last 25 years as promising alternatives to
conventional methodologies for the preparation of nanostructured materials [105-109].
CFs are defined as a substance that at normal conditions of pressure (P) and temperature
(T) exist as gases but with increased P can be converted into liquids or supercritical
fluids. The supercritical region is achieved when the substance is exposed to conditions
above its critical pressure (Pc) and temperature (7c). The most important feature, within
the supercritical region, is that there is no phase boundary between the gas and liquid
phases. The consequence is that supercritical fluids have properties which are “hybrids”
of those normally associated with liquids and gases and which are continuously
adjustable from gas to liquid with small pressure and temperature variations
(Figure 1.12). Thus, the viscosities and diffusivities are similar to those of the gas phase
while the density is closer to that of a liquid one. The possibility of obtaining such special
behavior at conditions below or near the critical point (subcritical region), allow working
at mild conditions of T and P, reducing the cost related to the use of elevated pressures

and decreasing the risk of damaging the structure and properties of the molecules to be

processed.
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Figure 1.12.: Phase diagram of a compressed fluid (left) and images illustrating the different
solvating power of CO, as a function of its state (right).

The solvent power of a CE either in the liquid or supercritical state, is proportional to
its density, which is extremely responsive to changes in temperature and pressure
around the critical point. Solvation power of CFs can therefore be tuned by pressure
changes, which propagates much more quickly than temperature and composition
solvent changes. This can offer a better control over the morphology of the materials on

the microscopic scale than most of conventional processing techniques. This
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combination of properties makes compressed or supercritical fluids particularly
attractive and has led to the current scientific and industrial interests on them for
material processing [110, 111]. The most widely used dense gas is carbon dioxide (CO>)
since it is non-flammable, non-toxic, noncorrosive, inexpensive, non-polluting and has
easily accessible critical parameters of 31.1 °C and 73.8 bar [112]. Due to these interesting
properties, CO; has gained great attention as a “green substitute” to organic solvents in
the preparation of lipid-based nanocarriers such as liposomes. Several methodologies
involving compressed CO, have recently been investigated to improve the processing of
vesicles because they provide the potential to reduce the amount of organic solvent
required by conventional methods and allow a better control over the final vesicle
structural characteristics [113-115]. Moreover processing with compressed CO, offers
sterile operating conditions and the potential for one-step production processes, which
is convenient in transferring the technology to larger scale operations [116].

Several CFs methodologies have been developed to generate vesicles [103], however
some problems related with the elevated pressures and temperatures required during the

processing are still a drawback for some of them.

1.1.7. DELOS-SUSP method for the preparation of

cholesterol-rich vesicles

In the year 2000 the Nanomol group, where this Thesis has been done, developed a new
procedure based on the use of compressed CO, called Depressurization of an Expanded
Organic Solution (DELOS) for the production of micron-sized and submicron-sized
crystalline particles with high polymorphic purity [117,118]. As novelty the process used
the CO, as co-solvent being completely miscible at a given pressure and temperature
with an organic solution containing the solute to be crystallized [117, 119, 120]. The
process uses milder conditions of pressure (< 10 MPa) and temperature (< 308 K) than
the previously mentioned methodologies based on CFs [103], allowing the processing of
heat labile compounds and reducing the investment cost of a high pressure plant when
the process is scaled-up. In order to take full advantage of compressed fluid processing
without using severe working conditions, a novel and improved procedure based on
DELOS process was developed latter on for the preparation of colloidal suspensions.
This method, named as Depressurization of an Expanded Organic Solution-Suspension
(DELOS-SUSP), enabled the one-step preparation of cholesterol-rich nanovesicles [121].
Moreover it has been already demonstrated that this method allows the preparation of

several nanovesicle-bioactive hybrids [122]. «-Galactosidase A (GLA)-nanovesicle and
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epidermal growth factor (EGF)-nanovesicle hybrids prepared using DELOS-SUSP, have
shown higher efficacy, in relation to the free proteins, in pre-clinical in-vitro and in-vivo
tests and in compasionate treatments with humans, respectively [123, 124].

Briefly, the DELOS-SUSP method (Figure 1.13) consists in loading a solution of the
membrane lipid components and the desired hydrophobic bioactives in an organic
solvent (e.g., ethanol) into a high-pressure autoclave previously driven to the working
temperature (Figure 1.13a). The reactor is then pressurized, in a second stage, with a
large amount of compressed CO, until reach the working pressure (10 MPa)
(Figure 1.13b).  Finally in the third stage, the vesicular conjugates are formed by
depressurizing the resulting CO,-expanded solution over an aqueous phase, which

might contain water soluble surfactants and hydrophilic bioactives (Figure 1.13c).
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Figure 1.13.: Schematic representation of the DELOS-SUSP method for the efficient preparation
of multifunctional nanovesicle-bioactive hybrids. The whole procedure includes the loading
(a) of an organic solution of the lipidic membrane components and the desired hydrophobic
active compounds/molecules into an autoclave at a working temperature (7,,) and atmospheric
pressure; the addition of CO, (b) to produce a CO,- expanded solution, at a given Xco,, working
pressure (P,), and T,, where the hydrophobic active and membrane components remain
dissolved; and finally, the depressurization (c) of the expanded solution over an aqueous solution,
which might contain membrane surfactants and hydrophilic biomolecules, to produce an
aqueous dispersion of the nanovesicle-bioactive(s) hybrids with vesicle-to-vesicle homogeneity
regarding size and morphology.
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In the final step a flow of N at the working pressure is used in order to push down the
CO,-expanded solution and to keep constant the pressure inside the reactor. During the
depressurization step, the expanded organic solution experiences a large, abrupt and
extremely homogeneous temperature decrease produced by the CO, evaporation from
the expanded solution, and this is probably the reason that explains the obtaining of
homogeneous vesicles regarding size, lamellarity and morphology. No further energy
input is required for achieving the desired SUVs structural characteristics, neither for
increasing the loading or functionalization efficiencies.

By using DELOS-SUSP non-liposomal nanovesicular structures, composed of
non-soluble cholesterol and the cationic surfactant hexadecyltrimethylammonium
bromide (CTAB) were prepared (Figure 1.14). Specifically, these structures were prepared
by depressurizing a volumetric expanded organic solution containing cholesterol in
ethanol over a flow of an aqueous solution containing the CTAB surfactant. These
nanovesicles show a high vesicle-to-vesicle homogeneity regarding size, morphology
and supramolecular organization [102], which make them extremely attractive for their

use as nanocarriers in drug delivery or as templates in material synthesis, among others.

Figure 1.14.: Cryo-transmission electron microscopy (cryo-TEM) image corresponding to the
non-liposomal vesicular system composed of cholesterol and CTAB in water.

The present Thesis is devoted to deep study the self-assembling phenomena and phase

behavior related to these new nanostructures, and to their exploitation for the formation

of other nanocolloids.
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1.2. Objectives

Nowadays, there is a great interest in finding non-lipid building blocks or tectons, which
self-assemble into stable vesicles and which satisfy the quality standards required in
pharmaceutical formulations. Within this framework, Nanomol group discovered the
formation of novel stable non-liposomal nanovesicles using aqueous mixtures of
cholesterol and hexadecyltrimethylammonium bromide (CTAB), a cationic surfactant.
This vesicle formation was achieved by a compressed fluid (CF)-based technology, the
DELOS-SUSP method. In view of the high stability that these cholesterol-based
supramolecular vesicles exhibited, the aims of this Thesis were to provide further insight
into their physicochemical features and expand their range of application.

We have investigated these novel non-liposomal nanovesicles at different levels, from
their formation up to their applications in bioimaging, among others. Furthermore, we
also studied the formation of other cholesterol-based supramolecular assemblies with
non-vesicular morphology by the DELOS-SUSP process. The following three main

objectives have been addressed, each as a Thesis chapter:

* Objective 1: To characterize in depth the formation and properties of stable
non-liposomal nanovesicles formed using aqueous mixtures of cholesterol and

ionic surfactants.

* Objective 2: To study the self-assembling of aqueous mixtures of cholesterol

derivatives with ionic surfactants by the DELOS-SUSP process.

* Objective 3: To develop new nanovesicle-nanocrystal hybrids for biomedical

imaging applications.
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2.1. Background

As stated in the general Introduction (Chapter 1), there is a great interest in finding
non-lipid building blocks or tectons, which self-assemble into stable vesicles. In this
context, the Nanomol group, under the framework of the PhD Thesis of Dr. Mary
Cano-Sarabia [125], obtained non-liposomal nanoscopic vesicles using cholesterol and
CTAB in water by DELOS-SUSP method. Dynamic light scattering (DLS) and cryogenic
transmission electron microscopy (cryo-TEM) (Figure 2.1) revealed that this vesicular

system has an outstanding vesicle to vesicle homogeneity regarding size and lamellarity.

Intensity (%)

Diameter (nm)

Figure 2.1.: Particle size distribution (left) and cryo-TEM image (right) corresponding to a
vesicular system composed of cholesterol and CTAB in water.

Figure 2.2 shows the molecular structures of quaternary ammonium surfactant CTAB
and cholesterol, and their corresponding supramolecular assemblies (micelles and
crystals, respectively) formed in the presence of water. Therefore, the self-organization of
cholesterol and CTAB into exceptionally homogeneous bilayer vesicles has to be

attributed to a synergy between both molecular entities.
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Quaternary ammonium surfactant

& &

CTAB 1nm >1um
L ez

Figure 2.2.: Molecular structures of CTAB and cholesterol showing that in water CTAB forms

micelles [126,127] and cholesterol forms crystals.

In this Chapter we have studied in depth the self-assembling of cholesterol and CTAB

molecules in aqueous medium in order to rationalize the nature of their exceptional non-

covalent interactions and the driving force of assembling them into nanovesicles.
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2.2. Self-assembling of cholesterol and CTAB in

aqueous medium

To investigate the cooperative behavior between cholesterol (Chol) and CTAB molecules,
different aqueous mixtures of both molecules at different Chol/CTAB molar ratio (Q
value) were prepared by a sonication process. The different colloidal phases formed were
characterized by optical density measurements (OD), dynamic light scattering (DLS),
and cryo-TEM. Experimental observations were complemented by theoretical studies
using Molecular Dynamics (MD) simulations.

According to the literature and as explained in the Introduction of this Thesis, systems
composed of one or more amphiphilic molecules can form different types of colloidal
phases depending on their geometry, the molar ratio between them, the concentration
and the temperature [128-137]. Using different characterization techniques, we can
elucidate the structure of the different colloidal supramolecular structures formed and
study the transition between them. For example, as shown in Figure 2.3, the transition of
a micellar phase to a vesicular phase can involve the formation of intermediate
supramolecular organizations with rodlike or disklike-shaped micelles. Understanding
the pathways of self-assembly is the key to achieving control and predictive capabilities

in order to fabricate well-defined nanostructures.

Figure 2.3.: A schematic representation of the pathways that may be involved in the transition
from micelles to unilamellar vesicles. (a) Micelle, (b) rodlike micelle, (c) disklike micelle and (d)
vesicle. Adapted from [128].

2.2.1. Preparation of cholesterol/CTAB mixtures by sonication

Desired amounts of cholesterol and CTAB were weighted in glass bottles and suspended
in 10 ml of Milli-Q water in order to prepare the different mixtures detailed in Table 2.1
(see Section 6.4.1 of the Experimental Part). For all preparations, the CTAB concentration

was kept constant 10 times above its critical micelle concentration (cmc), at a value of 10
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mM. The resulting dispersion was sonicated at 298 K, using a Vibracell Sonifier titanium
probe working at 20 kHz (Sonic and Materials Corporation) for 4 min until homogeneous
dispersions were achieved. Sonication methodology was chosen among the distinct
colloidal phases preparation routes that avoid any solvent-free state and are easily
handled and commonly used in the literature. Before analysis, all mixtures were left to
stabilize at 298 K for 1 week.

Table 2.1.: Concentration of cholesterol and Chol/CTAB molar ratio (Q) of the different mixtures
prepared and further characterized. Note: for all preparations water was used as dispersant
medium at 298 K. The CTAB concentration was kept constant 10 times above its critical micelle
concentration (cmc), at a value of 10 mM. In order to facilitate the description of each Chol/CTAB
mixture, it has been used a nominal Q value.

Chol concentration Q= Chol/CTAB

(mM) (mol/mol)

0 0
0.01 1x1073
0.11 1 x 1072
0.96 0.1
5.0 0.5

10 1

15 1.5

30 3

The visual aspect of the different mixtures is shown in Figure 2.4. When Qis near to 0,
so there is a small amount of cholesterol in the mixtures, the samples exhibit transparent

aspect, however when Q progressively increases, the samples become increasingly turbid.

2.2.2. Supramolecular phases characterization
2.2.2.1. Characterization by optical density (OD) measurements

Optical density (OD) is the absorbance per unit length, i.e., the absorbance divided by the

thickness of the sample. Optical density is given as:

A
OD, = TA 2.1)

where (1) is the distance that light travels through the sample (the sample thickness),
measured in cm, and (A, ) the absorbance at wavelength (A). The wavelength selected to

measure the optical density should be one in which the system does not absorb. A
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2.2 Self-assembling of cholesterol and CTAB in aqueous medium

measurement of optical density is like a measurement of the turbidity of the system, i.e.,
it is a measure of light diffracted by the sample. Through optical density measurements,
it is possible to detect phase changes in liquid systems to micro- and nanoscopic
level [137,138].

Following the procedure described in Section 6.3.6 of the Experimental Part, the
changes in the supramolecular organization of the mixtures as a function of Q were
monitored by optical density (OD). The wavelength selected to measure the optical
density of the Chol/CTAB systems was A = 500 nm, at which neither cholesterol nor CTAB
absorb.

The dependence of the optical density at A = 500 nm with the Q value is shown in
Figure 2.4, together with an image of the macroscopic aspect of the different Chol/CTAB
mixtures. At Q = 0, the dispersed system presents homogeneous and transparent aspect
(Figure 2.4a). The optical density has a value near 0, typical of micelle solutions that do
not scatter light at the investigated wavelength. When Q progressively increases from 0
to 1, the dispersion system starts to exhibit a more turbid aspect, which is usual for
vesicular and liposomal organizations. Correspondingly, a modest increase in the optical
density plot is observed. At Q > 1 solid particles precipitate in the dispersed systems and,
consequently, the optical density abruptly increases due to the more intensive light

scattering produced by these larger aggregates.
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Figure 2.4.: (a) Images showing the visual appearance of Chol/CTAB mixtures prepared by
sonication. (b) Optical density variation, measured at A = 500 nm, of the self-assembled objects
present in Chol/CTAB mixtures in water at different Q values.

The optical density evolution shows that the Chol/CTAB system in aqueous media

forms larger supramolecular organizations as the concentration of cholesterol increases.

25



Chapter 2 Quatsomes, new vesicular system

The size and morphology of such supramolecular structures are studied in the following

Section.

2.2.2.2. Size distribution and morphology

The size distribution and morphology of each Chol/CTAB mixture were characterized by
dynamic light scattering (DLS) and cryogenic transmission electron microscopy
(cryo-TEM). DLS gives statistical measurements, however an individual inspection of the

different assemblies can be performed by cryo-TEM.

Dynamic light scattering (DLS) (sometimes referred to as photon correlation
spectroscopy or quasi-elastic light scattering) (see Section 6.3.3 of the Experimental Part)
is a technique for measuring the size of particles typically in the sub micron region. DLS
measures Brownian motion and relates this to the size of the particles. Brownian motion
is the random movement of particles due to the bombardment by the solvent molecules
that surround them. Therefore, the diameter that is measured in DLS is a value that
refers to how a particle diffuses within a fluid so it is referred to as a hydrodynamic
diameter. Besides, the diameter that is obtained by this technique is the diameter of a
sphere that has the same translational diffusion coefficient as the particle. Normally DLS
is concerned with measurement of particles suspended within a liquid and gives us a

bulk measurement.

Cryo-transmission electron microscopy (cryo-TEM) (see Section6.3.1 of the
Experimental Part) is a powerful method for uncovering the structure of soft
nanostructured materials. The method is based on ultra-fast cooling and conversion of a
liquid sample to a vitrified (glassy) specimen that can be examined in the TEM.
Direct-imaging cryo-TEM discloses both the global supramolecular structure and local
aggregate-specific details, at the hydrated state, and at a nanometer resolution. This
placed the method as a central characterization tool in colloid, material, bio- and

nano-related technologies in academia and industry [129].

The size distribution obtained for each Q value is summarized in Table 2.2. Both DLS
and cryo-TEM (Figure 2.5, Figure 2.6) evidenced the formation of distinct supramolecular
phases. In the course of the formation of different supramolecular assemblies induced
by increasing the cholesterol content in the system, five distinct phase domains can be

pictured. Each one governed by a predominant supramolecular assembly morphology.
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2.2 Self-assembling of cholesterol and CTAB in aqueous medium

Table 2.2.: Size distribution of the supramolecular aggregates formed by Chol/CTAB mixtures
at different molar ratios in water measured by DLS. The size distribution reported is based on
intensity of light scattered.

. a| Peakl Peak 2 Peak 3 Peak 4
Chol/CTAB molar ratio (Q) ;b 1or ¢l gnm)® 19%°| dmm)® 1%°| dmm)® 1%°
0 1 82 11 5 143 13 - -
1x1073 1 27 - - 157 73 - -
1x 1072 - - - - 128 100 - -
0.1 - - - - 119 100 - -
0.5 - - - - 115 100 - -
1 - - 37 21 | 159 79 -
1.5 - - 20 6 191 90 | 4144 4
3 - - 19 6 232 86 | 5322 8

4 Molar ratio between Chol and CTAB (mol/mol) in the system.
b d is the mean diameter.
¢ 1% is calculated as the percentage area under the curve.

In accordance with DLS and cryo-TEM images, the first domain defined at Q = 0 is
governed by CTAB micelles with their hydrocarbon core sizing 1 nm (peak 1 in Table 2.2
and in Figure 2.5a). Minor populations at 11 and 143 nm (peaks 2 and 3 of Table 2.2 and
Figure 2.5a) may correspond to larger CTAB micelles or to emergent and unstable CTAB
vesicles that we have generically denoted as mixed micelles (MM) [139]. As the light
scattering intensity (I) in DLS is proportional to @, in which d means the particle
diameter, even small populations of the 11 and 143 nm sized nano-objects are detected.

The second domain comprises Q values between 1 x 1072 and 0.1. At Q=1 x 1073, the
micellar population (peak 1 of Figure 2.5b) coexists with a growing population of objects
between 70 and 295 nm (peak 3 of Figure 2.5b). The cryo-TEM images of Figure 2.6b
show the presence of large micelles of elongated flexible shapes also called wormlike
micelles (B1). At Q=1 x 1072, the cryo-TEM images (Figure 2.6c) evidenced the presence
of wormlike mixed micelles (C1) thicker and more curved than the wormlike structures
observed at Q =1 x 1073.

centered at 128 nm (Figure 2.5¢). The progressive incorporation of cholesterol to the

The size of the nano-objects detected at Q = 1 x 1072 is

mixture until Q = 0.1, (Figure 2.5d and Figure 2.6d) appears to provoke, according to
cryo-TEM, the thickening, folding, and partial self-closing of the worm membrane,
generating open bilayer fragments (D1). On close inspection of Figure 2.6d, the presence
of disklike mixed micelles (D2) and a closed vesicle (D3) is also revealed. However,
analysis of several cryo-TEM images confirms the wormlike phase, as the predominant

morphology in the second domain. The average size of the colloidal systems generated
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Figure 2.5.: Particle size distributions measured by DLS of supramolecular assemblies present in
Chol/CTAB mixtures in water at different Chol/surfactant molar ratios: (a) Q=0, (b) Q=1 x 1073,
(© Q=1x1072,(d) Q=0.1,(e) Q=0.5, (f) Q=1, (g) Q=1.5, and (h) Q=3.

at Q=0.1lies at 119 nm.

The third domain is pictured at Q = 0.5. The cryo-TEM images (Figure 2.6e) evidenced
a change in the primary morphology from worm to disklike mixed micelles (E1) with a
particle size mean of 115 nm (Figure 2.5e). In this domain, disklike micelles coexist with
a considerable amount of closed vesicles (E3). Upon addition of cholesterol to the
mixture, the destabilizing edge energies of the disklike phase can be minimized either by
growth of the floppy bilayers to reduce the overall edge length relative to the membrane
area or by bending of the bilayer to form hemisphere caplike structures (E2) with smaller
peripheries, which eventually close up on themselves to form vesicles [75,76,132,140].

The equimolar assembling of cholesterol and CTAB (Q = 1) defined the fourth phase
domain. At such a molar ratio, the dispersed system contains a pure phase of spherical
and unilamellar vesicles (F1 of Figure 2.6f) with diameter sizes around 40 and 160 nm
(peaks 2 and 3 of Figure 2.5f).

Finally, the fifth domain is defined at Q values larger than 1 (Q > 1), where it was found
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Figure 2.6.: Nanostructures observed by cryo-transmission electron microscopy in aqueous
mixtures of Chol and CTAB at different Chol/CTAB molar ratios ranging from 0 to 3: (a) Q =0,
(b) Q=1x1073,(c) Q=1x 1072, (d) Q=0.1, (e) Q=0.5, (f) Q=1, (g) Q=1.5, and (h) Q= 3. Inset
of (b) shows the wormlike micelle aggregates detected at Q=1 x 1073, B1: worm, C1: worm, D1:
nascent bilayer, D2: disk, D3: vesicle, E1: disk, E2: cap, E3: vesicle, F1: vesicle, G1: vesicle, G2:
distorted vesicle and H1: distorted vesicle.

the coexistence between self-assembled colloidal nano-objects and solid. At Q = 1.5, the
particle size plot (Figure 2.5g) shows the presence of three populations with diameters
centered at 20 (peak 2), 191 (peak 3) and 4144 nm (peak 4). According to cryo-TEM
analysis (Figure 2.6g) the peaks 2 and 3 correspond to vesicles (G1) and distorted vesicles
(G2). In order to characterize the larger structures, TEM without cryofixation was used
showing the presence of some solid particles (Figure 2.7a and peak 4 in Figure 2.5g). At Q
=3, cryo-TEM (Figure 2.6h) shows more distorted vesicles (H1) and TEM reveal again the
presence of solid particles (Figure 2.7b and peak 4 in Figure 2.5h).
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Figure 2.7.: Solid particles observed by transmission electron microscopy in aqueous mixtures of
Chol and CTAB at Chol/CTAB molar ratio (a) Q=1.5 and (b) Q=3.

The morphology, size and nature of the solid phase obtained at Q > 1 was further
examined by optical microscopy, light scattering and powder X-ray diffraction,
respectively. The optical microscopy images (Figure2.8) (Section6.3.7 of the
Experimental Part) confirmed that the solid phase correspond to a crystalline phase with
plate-like morphology typical of lipid systems. Moreover, the presence of crystals is more
pronounced at Q = 3. By means of light scattering (Section 6.3.5 of the Experiment Part)
it was determined that at Q = 1.5 (Figure 2.9) the crystals formed have sizes between 2.2
and 80 um and at Q = 3 (Figure 2.9) between 300 nm and 150 ym.

In order to characterize the nature of the solid phase obtained at Q > 1, the solid
material at Q = 1.5 was filter out and their powder X-ray diffraction pattern was
measured (Figure 2.10) (see Section 6.3.10 of the Experimental Part). The results show
that the solid is a crystalline phase of cholesterol. It corresponds to the most common
polymorph of cholesterol as evidenced by the perfect match between the powder X-ray
diffraction pattern of the filtered crystals with the powder diffraction pattern simulated
from the crystal structure of the most common polymorph of cholesterol, with
Cambridge structural database code CHOEST?20.

Figure 2.8.: Optical microscopy of solid particles observed at Chol/CTAB molar ratio (a) Q= 1.5
and (b) Q=3.
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Figure 2.9.: Volumetric particle size distribution measured with light scattering of Chol/CTAB
self-assembly nanodispersions prepared in water at Chol/CTAB molar ratio Q = 1.5 and 3. Table
presents the size distributions expressed in percentiles of 10, 50 and 90% of accumulated volume,
corresponding respectively to D10, D50 and D90 values. D50 value corresponds to the median
volumetric particle size distribution.
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Figure 2.10.: Overlay between the experimental (red) PXRD pattern obtained from the solid phase
of Q= 1.5 and the PXRD pattern simulated (black) from the crystal structure of the most common
polymorph of cholesterol (Cambridge structure database code: CHOEST20).

Considering all of the above, it can be concluded that at the fifth domain (Q > 1) the
solubility limit of cholesterol in these bilayers was reached and plate-like cholesterol
crystals were observed. Hence, the progressive addition of cholesterol in this domain
promotes an increase of the cholesterol crystalline particles, which co-exist with vesicles

like colloidal phase.
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Upon the above described study, the phase behavior of cholesterol/ CTAB mixtures at
298 K can be summarized with the scheme depicted in Figure 2.11. As shown, a pure
vesicular phase is only formed at equimolar proportions of both components, whereas
coexistence of vesicular structures with other types of colloidal and crystalline phases is

observed when one moves away from the equimolar ratio.

FIRST DOMAIN SECOND DOMAIN THIRD DOMAIN
0=<Q<1x10? 1x10°sQ<0.1 0.1=Q<1
% "
% wormlike mixed disklike caplike
CTAB micelles micelles mixed micelles mixed micelles vesicles
FOURTH DOMAIN FIFTH DOMAIN

cholesterol

vesicles crystals
vesicles

Figure 2.11.: Schematic illustration of the different supramolecular organizations observed using
mixtures of cholesterol and CTAB in water. The Q value is the molar ratio between Chol and CTAB
(mol/mol) in the system.

2.2.3. Molecular Dynamics Simulations of cholesterol/CTAB

mixtures in water

To have a molecular picture of the process and the supramolecular structures underlying
this transition, all-atomic Molecular Dynamics (MD) simulations were performed of
mixtures of cholesterol and CTAB in water. All simulations were conducted by Dr. Jordi

Faraudo from the Institut de Ciéncia de Materials de Barcelona, (ICMAB-CSIC).

The cholesterol/surfactant/water molar ratios used are described in Table 2.3, and the
parameters and protocols of the MD simulations can be found in Section A.1 of the

Appendix of this Thesis.
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Table 2.3.: Composition for each simulation described in the text (number of molecules of each
species and total number of atoms) and equilibrium size of the simulation box (averaged over
production runs). Note: For bilayer simulations, it was considered a bilayer patch in the XY
plane in its tensionless state in contact with water maintained at a pressure of 1 in the Z direction
(perpendicular to the bilayer). For bulk simulations, it was considered diluted bulk conditions
(certain amount of molecules inside a large water box).

Number of molecules Atoms

Simulation Chol/CTAB/water (total) Eq. box size
S1 (Bilayer) 54/54/5,443 23,727 15.7 nm® x 14.5 nm
S2 (Bilayer) 30/60/5,443 22,329 11.9nm? x 18.0 nm
S3 (Bilayer) 10/60/5,443 20,849 14.4nm? x 14.0 nm
S4 (Bulk) 1/72/11,109 37,937 369.7 nm?
Al (Bulk) 1/1/6,434 19,445 194.0 nm?
A2 (Bulk) 60/0/1,063 7,629 70.43 nm3
A3 (Bulk) 0/72/21,176 68,064 667.3 nm?>

The MD method is based on the numerical solution of the Newton equations of motion
for all atoms of a molecular system constrained to the thermodynamic conditions (T, p,
and so forth). All the MD simulations were performed using the NAMD 2.9 and VMD
programs [141, 142].

In Figure 2.12 are depicted the molecular structures of cholesterol and CTAB used in
the MD simulations. As shown, the length of the molecule is around 1.8 nm for cholesterol
and 2.4 nm for CTAB.

Let us consider first the conceptually simplest case of a simulation with only one
cholesterol and one CTAB molecule in water (simulation Al of Table2.3). The
equilibrium state obtained in the simulations corresponds to an association of the
cholesterol molecule to the hydrocarbon chain of the surfactant, as can be expected
from the hydrophobic character of the sterol unit. The mismatch in size between the two
molecular entities and the rigidity of the cholesterol molecule produces a deformation of
the polar ammonium headgroup of the surfactant around the polar oxygen group of
cholesterol with a separation between N in CTAB and O of the hydroxyl group in
cholesterol of 0.58 nm (snapshot of Figure 2.13). In the simulations, it was obtained a
free energy of AG = -4.7 kcal/mol, corresponding to this association. This value for the
free energy is large enough to consider that this noncovalent molecular union works as a
unique supramolecular synthon or tecton, providing a new building block unit for

complex structure formation (Figure 2.13).
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..

Figure 2.12.: Depiction of (a) cholesterol and (b) CTAB molecules using the van der Waals atomic
radius (left) and with bonds-only format (right).
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Figure 2.13.: Evolution of the Gibbs free energy of interaction (AG) between a single CTAB and a
single cholesterol molecule (simulation A1) in water as a function of the intermolecular distance.
A snapshot from MD simulations, showing on the right, the initial state of the simulation, and
on the left, the structure of the Chol/CTAB supramolecular synthon at the free-energy minimum
state.

As mentioned in the Introduction of the present dissertation, the actual form
assumed by a colloidal aggregate depends on the molecular structure and geometry of
the constituent amphiphiles (see Figure2.14). In a first-order approximation, the
geometry of an amphiphile is described by the classical packing parameter
concept [17,18]. For a single amphiphilic molecule, the packing parameter is defined as
p = vlaygl;, where v is the volume of the hydrocarbon chains of the molecule, [, is the
length of the hydrocarbon chain, and ay is the optimal cross-sectional area per
headgroup at the polar hydrocarbon/water interface of the assembly. So, the packing
parameter of an amphiphilic molecule determines the preferred curvature of the
aggregates formed: p < 1/3 spherical micelles; 1/3 < p < 1/2, cylindrical micelles; 1/2 < p

< 1, vesicles; p = 1, planar bilayers; p > 1, reverse phases.
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Figure 2.14.: Relationship between the packing parameter (p) and the self-assembled morphology
of amphiphilic molecules under aqueous conditions. Adapted from [143].

Table 2.4 presents the molecular and structural parameters used to estimate the
individual packing parameter of CTAB and cholesterol. The parameters ay, v and I, were
taken directly from the simulations (also they can be calculated using approximated
equations described in [6]). As seen in Table 2.4, the packing parameter (p) is 0.42 for
CTAB and 1.22 for cholesterol, so it can be predicted that CTAB molecule has a conical
shape, typical of micelle-forming surfactants, whereas cholesterol has an inverted

conical shape (Figure 2.15a).

Table 2.4.: Molecular and packing parameters for CTAB and cholesterol. Note: I, is the length
of the hydrocarbon chain, v is the volume of the hydrocarbon chain and ay is the optimal cross-
sectional area per headgroup at the polar hydrocarbon/water interface of the assembly. The packing
parameter is calculated by p = viayl,.

Amphiphile CTAB Cholesterol

I.(nm) 1.93 1.73

v(nm3) 0.54 0.40

ap(nm?) 0.64 0.19
p 0.42 1.22

The packing parameter of the cholesterol-CTAB bimolecular synthon was also
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calculated. As seen in the snapshot of Figure 2.13, the length of the hydrocarbon tail of
this supramolecular synthon (I.) was taken as that of the cholesterol molecule (1.73 nm)
and its volume (v) as the sum of both (0.54 + 0.40 = 0.94 nm?3). The value of gy for the
synthon can be taken as equal to its value for pure CTAB (ay = 0.64 nm?) since the
headgroup of the synthon is that of the CTAB surfactant (see again the snapshot of
Figure 2.13). Using these values, the obtained packing parameter (p) for the Chol-CTAB
synthon is 0.85 (Figure 2.15b). As Figure 2.14 shows, the necessary condition for the
formation of bilayers is 1/2 < p < 1 [17, 143], thus this new supramolecular system will
form bilayers, as double-chained amphiphiles do. The synthon, formed by the assembly
of a conical molecule and an inverted conical molecule, has a cylindrical shape, which is

the required shape for the formation of bilayers (see Figure 2.15c¢).

....... . i @figﬂl‘\‘&\
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g g p=0.85

Figure 2.15.: Schematic illustration of (a) the shape of CTAB and cholesterol molecules, (b) the
formation of a Chol-CTAB bimolecular amphiphile and (c) their self-assembling into bilayer
vesicles based on the packing parameter concept.

The atomistic structure of such a bilayer is investigated in the simulation of a mixture
containing equal numbers of CTAB and cholesterol molecules in water (simulation S1 of
Table 2.3). In the simulations (see snapshots of Figure 2.16a and Figure 2.17a), it was
obtained a homogeneous bilayer in which cholesterol molecules are incorporated in the
hydrophobic region of the bilayer (avoiding contact with water) and surfactant
molecules are deformed in a way similar to that described in the previous simulation. A
more quantitative description of the bilayer structure is given by the atomic density
profile, shown in Figure 2.16a. The headgroup and chain distribution of CTAB across the
bilayer has the typical shape observed in a two-chain phospholipid bilayer [6, 144, 145].
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Figure 2.16.: Average density profile of distinct sterol/surfactant mixtures as a function of the
z coordinate (perpendicular to the membrane) obtained from MD simulations. (a) S1 (Q = 1),
(b) S2 (Q =0.5), and (c) S3 (Q = 0.17). The Q value is the molar ratio between Chol and CTAB.
Solid red line: nitrogen atom from CTAB molecule (atoms/nm?), dashed red line: oxygen atom
from cholesterol molecule (atoms/nm3), black solid line: carbon atom from CTAB molecule
(atoms/nm?3), black dashed line: carbon atom from cholesterol molecule (atoms/nm?), blue line:
water density (molecules/ nm?). Snapshots from MD simulations showing a small portion of the
bilayer accompany each atomic density profile (surfactant molecules are shown with bonds-only
format, whereas cholesterol molecules are shown using the van der Waals atomic radius).

i
R

Figure 2.17.: Snapshots corresponding to the full bilayer of simulations (a) S1 (Q=1), (b) S2 (Q=
0.5) and (c) S3 (Q = 0.17) of Table 2.3. For the sake of clarity, only cholesterol molecules and Br™
counterions are shown with their actual van der Waals radius.

As seen in Figure 2.16a, the CTAB molecules arrange into two-layered leaflets with the

headgroups in contact with water (red lines) and the tails in the interior of the bilayer

(black lines). Water molecules (blue line) scarcely penetrate into the bilayer, and the
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interaction with the membrane components is limited to the solvation of the surfactant
polar headgroups. The total bilayer thickness (measured from the peaks in the surfactant
headgroup distribution) is about 4.4 nm, and the hydrocarbon region has a thickness
about 3.6 nm. These values are in agreement with the average thickness between 4.0 and
5.0 nm, estimated from cryo-TEM images (Figure 2.18) of Chol-CTAB vesicles formed at
Q=1 (see Table 2.1 and Section 6.4.2 of the Experimental Part).

Figure 2.18.: Scheme of the procedure followed to estimate the membrane thickness of Chol-CTAB
vesicles at Q = 1 by cryo-TEM. The Q value is the molar ratio between Chol and CTAB (mol/mol)
in the system.

Concerning the Figure 2.16, note also that the atomic distribution of carbon atoms
from the surfactant tails (black lines) has a small density depletion in the center, as
observed in typical two-tail phospholipid bilayers (see for example Figure 2 in
reference [145]). Cholesterol molecules (black dashed lines) accommodate themselves,
including the hydroxyl groups (red dashed lines) in the hydrophobic region generated by
the CTAB tails to avoid any contact with the water (blue line) medium. As seen in
Figure 2.16a, the size of this region is enough to accommodate two nonoverlapping
layers of cholesterol molecules (note the central minima in the density profile of
cholesterol molecules). The cholesterol density profile shows a maximum at 1 nm
associated to the overlapping of the rigid carbocyclic moieties of the sterol molecules, as
represented in the molecular scheme of Figure 2.16a. The obtained equilibrium area per
polar headgroup is 58 A2, similar to that obtained for certain anionic phospholipids (for
example, values among 53-55 A? were obtained in MD simulations for anionic
phosphatidylserine (PS) lipids) [146, 147].

Starting from these MD results, further ABF-MD simulations have been performed
(Section A.1.3 of the Appendix) in order to investigate the thermodynamic stability of this
bilayer system. All free energy calculations are summarized in Figure2.19. The

calculations give AG = -35 kcal/mol for the transfer of a surfactant molecule from water
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to a Chol-CTAB bilayer at equimolar ratio. This quantity has to be compared with the
free energy gain of AG = -30 kcal/mol for the transfer of a surfactant molecule from
water to a CTAB micelle (see flowchart of Figure 2.19¢,f). Similar results are obtained for
the cholesterol molecule. A free energy change of AG = -55 kcal/mol was obtained for
the transfer of a cholesterol molecule into a 1:1 Chol-CTAB bilayer and AG = -50
kcal/mol for incorporation into a cholesterol nanocrystal (see flowchart of
Figure 2.19b,c). Therefore, the simulations predict a thermodynamic preference for both
CTAB and cholesterol molecules for the mixed environment of an equimolar Chol-CTAB
bilayer as compared with a homogeneous environment. The free energy associated with
this preference of individual molecules (of about 5 kcal/mol) is almost identical to the
binding free energy (4.7 kcal/mol) calculated for the association of a single surfactant
with a cholesterol molecule, calculated in simulation Al (see Figure 2.13). Consequently,
all the calculations indicate that the pair Chol-CTAB works as a unique supramolecular

architecture for the formation of more complex colloidal phases, such as vesicles.

CTAB-micelle + 1 Chol molecule

(CTAB:Chol) (72:1) 408 =< =0 kealimol

chol nanocrystals

] AG = - 55 kcal/mol

AG = - 80.8 kcal/mol ’ \E‘
IE] cholesterol

molecule

AG = - 35 kcal/mol

[e]

/ CTAB
& AG =- 30 kcal/mol  molecule

CTAB molecule

B A

CTAB-micelle + 1

Figure 2.19.: Diagram showing the free energies of interaction of the pairs (a) cholesterol
molecule/CTAB-micelle, (b) cholesterol molecule/cholesterol nanocrystal, (c) cholesterol
molecule/Chol-CTAB bilayer (1:1), (d) cholesterol molecule/CTAB molecule, (e) CTAB
molecule/Chol-CTAB bilayer (1:1) and (f) CTAB molecule/ CTAB-micelle.

It is clear that the structure of the bilayer depends crucially on its equimolar
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composition. In order to understand the dependence with composition, further
simulations of bilayers with different compositions were performed (simulations S2 and
S3). The atomic density profiles and snapshots of these simulations (Figure 2.16b,c and
Figure 2.17b,c) reveal that the bilayer becomes unstable as the cholesterol/CTAB ratio
decreases and suggests the formation of distinct intermediate colloidal phases. In
simulation S2 (Q = 0.5), a bilayer as in the S1 (Q = 1) case was observed again. However,
the atomic density profiles show a less-defined structure, with a broader distribution of
the surfactant headgroups and a decrease in the thickness of the hydrocarbon core of the
bilayer (3.2 nm in this case). The accommodation of cholesterol molecules inside the
bilayer is now more difficult. There is now a strong overlap of cholesterol in the center of
the bilayer, indicated by the unusual central peak of cholesterol in the middle of the
bilayer of the atomic density profile (see Figure 2.16b). The origin of this peak is also
evident in the snapshots of Figure 2.16b and Figure 2.17b; it is due to the tail-tail contact
between cholesterol molecules located in opposite leaflets.

In the case of simulation S3 (Q = 0.17), a completely different structure was obtained.
The initial configuration (bilayer) becomes unstable and the system equilibrates at a
different structure, made of interdigitated molecules with alternate orientations (see
Figure 2.16c and Figure 2.17c). The atomic density profiles no longer have the typical
structure of a bilayer. Instead, Figure 2.16c shows a central hydrophobic region of about
2 nm containing the hydrocarbon tails of CTAB and the cholesterol molecules and an
external hydrophilic region containing the surfactant headgroups and solvation water.
Overall, the density profiles of Figure 2.16c are compatible with the worms and disks
morphologies detected by cryo-TEM (Figure 2.6). However, the exact, supramolecular
structure cannot be identified from these simulations due to the unavoidable small size
of the simulated system.

Finally, it will be briefly discussed how a CTAB micelle is altered by the addition of a
small quantity of cholesterol. To this end, a simulation in which a cholesterol molecule is
added to a CTAB micelle in water (simulation S4 of Table 2.3) was performed. The
cholesterol molecule is rapidly incorporated into the micelle and protected from water
inducing a certain degree of ordering in an inherently disordered micelle. Starting from
these MD simulations, ABF calculations were also performed in order to determine the
free energy involved in the process (see the flowchart of Figure 2.19a and Figure 2.20). It
was obtained a free energy of AG = -80.8 kcal/mol for the transfer of a cholesterol
molecule from water to the micelle, which is more favorable than the transfer from water
into a pure cholesterol nanocrystal system (-50 kcal/mol). Therefore, thermodynamics

dictate the preferential incorporation of cholesterol into the surfactant micelles.

40



2.2 Self-assembling of cholesterol and CTAB in aqueous medium

Figure 2.20.: Snapshot of a cholesterol molecule incorporated into a CTAB micelle (simulation
S4). Surfactant molecules are shown in bond representation and cholesterol molecule is shown
with their actual van der Waals radius. The color code employed is the standard crystallographic
convention (i.e., red corresponds to oxygen, blue to nitrogen, cyan to carbon and white to
hydrogen).

It is interesting to compare recent simulation results for the behavior of cholesterol
inside phospholipid bilayers with that observed in Chol-CTAB vesicles at equimolar ratio.
Molecular dynamics simulations employing the coarse-grained MARTINI methodology
(148, 149], which allows the sampling of large time and length scales, have identified a

rich phenomenology.

In general, there is no evidence for a possible association between cholesterol and
phospholipid molecules. Specifically, a flip-flop of cholesterol between the two layers of
a phospholipid bilayer has been observed [148], being faster for unsaturated
phospholipids and even a preference for the membrane interior (with an orientation
perpendicular to that of the phospholipids) is obtained for polyunsaturated
phospholipids [149]. Figure 2.21 shows an example of a cholesterol flip-flop in a
coarse-grained dipalmitoylphosphatidylcholine (DPPC) bilayer during an equilibrium
simulation reported by Bennett et al. in [148]. The proportion used in that simulations

was 64 molecules of DPPC and 2 molecules of cholesterol.
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Figure 2.21.: Example of cholesterol flip-flop reported by Bennett et al. in [148]. Snapshots
illustrating cholesterol flip-flop in a coarse-grained dipalmitoylphosphatidylcholine (DPPC)
bilayer during an equilibrium simulation (it was simulated 64 molecules of DPPC and 2 molecules
of cholesterol). Water molecules are blue spheres, the DPPC cholines are red spheres, their
phosphates are yellow spheres, and their tails are grey lines. The body of cholesterol is brown
licorice, and its hydroxyl is a green sphere. Time equal to 0 ns corresponds to right before the
hydroxyl of cholesterol enters the hydrophobic interior, at 1.2 ps of simulation.

Regarding the Chol-CTAB vesicles, the interaction between the two layers of 1:1
Chol-CTAB bilayer from ongoing large-scale coarse-grained simulations [148, 149] was
estimated by Dr. Jordi Faraudo analyzing the distance fluctuations between synthons of
two different layers using the methodology described in [150]. These fluctuations,
induced by thermal energy, are compensated by the bilayer elastic energy, thus the
elastic parameters can be estimated. The obtained interaction was 215 Kp T/nm*, 7.8
times higher than the interaction between the layers of a DPPC or POPC bilayer (27.7
K T/nm*) [150]. Such a high value shows a cohesive interaction between the two layers
of a Chol-CTAB vesicles, thus it is expected that cholesterol flip-flop events (which
involve the rupture of a cholesterol-surfactant synthon) should be rarer than in
phospholipid bilayers. Also, cholesterol mobility inside the bilayers is expected to be
extremely low and this fact can predict that these systems will have a great stability in
comparison to typical phospholipid formulations. The supramolecular synthon formed
by one CTAB and one cholesterol molecule can be considered, to a good extent, as a

single entity which self-assembles in particularly stable vesicles.

2.2.4. Comparison with self assembling of cationic and anionic

surfactants

The transition pathway and transient morphologies induced by the addition of

cholesterol to a micellar solution of CTAB observed in this work are similar to those
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found in previous studies of the micelle-to-vesicle transition that occurs on mixing
cationic and anionic surfactants [75, 128,130, 133, 135, 136]. However, the mechanism for
which a mixture composed of a cationic surfactant, like CTAB, and a sterol, like
cholesterol, self-assemble into a vesicle is rather different and does not have any

precedent explanation.

In water, cationic and anionic surfactants individually self-assemble in micelles, but
their mixtures are able to self-assemble in more complex structures (including vesicles)
due to the electrostatic complexation between cationic and anionic surfactant
molecules. Comparison of the sequence of events described here with the results in
mixtures of cationic and anionic surfactants also suggests the complexation between
CTAB and cholesterol molecules as the molecular origin for formation of vesicles with
improved nanostructure and physicochemical properties. MD simulations confirm that
it is the synergy between the CTAB and the sterol entities that generates a bimolecular
synthon that at certain proportions behaves as a single building block with adequate
structural characteristics to self-assemble into vesicles. This behavior cannot be
expected in a heterogeneous mixture of two dissimilar, noninteracting

components [17,136].

In view of the structural results, it is worth emphasizing here the profound,
conceptual differences with previous works on transitions from multicomponent
membrane vesicles to micelles studied for mixed anionic—cationic surfactants and
two-chain lipid systems [75, 128, 130-137, 151]. In these systems, both molecular types
have head groups at the water-hydrocarbon interface [131]. In the mixed
cationic-anionic surfactant systems, both polar groups electrostatically interact,
modifying the geometry of the system and causing the bilayer and vesicle formation.
Instead, in the quatsome system, the sterol does not live at the surface but in the interior
of the bilayer (snapshot of Figure 2.16a). Such particular arrangement of the sterol unit
makes the volume of the hydrophobic region of the CTAB molecule apparently increase,
leading to the formation of a bimolecular synthon with a structural architecture similar
to that of a double-tailed amphiphile, whose spontaneous aggregation geometry is that
of a vesicle. Therefore for cholesterol-CTAB systems, it is the synergy between one sterol
and one single-tail quaternary ammonium surfactant that allows the self-assembling
into multicomponent membrane vesicles in aqueous media only at the equimolar
proportion.  Using the cholesterol-CTAB system as a model, the formation of
non-liposomal vesicles using mixtures of sterols and ionic surfactants have been called

Quatsomes.

43



Chapter 2 Quatsomes, new vesicular system

2.2.5. Summary

44

* Phase-behavior analysis of different aqueous mixtures of the quaternary
ammonium surfactant CTAB and cholesterol, using optical density, dynamic light
scattering, and cryo-TEM, have shown that a pure vesicular phase is only formed at
equimolar proportions of both components, whereas coexistence of these
vesicular structures with other types of colloidal and crystalline phases is observed

when one moves away from the equimolar ratio.

* Molecular dynamic (MD) simulations with atomistic detail revealed that the
cholesterol and CTAB pair works as a unique supramolecular architecture for the
formation of more complex vesicular colloidal phases. This bimolecular synthon
can be considered, to a good extent, a single entity which self-assembles in

particularly stable vesicles.

* The new non-liposomal vesicles formed by sterols and ionic surfactants have been

called Quatsomes.



2.3 Characterization of Chol-CTAB quatsomes

2.3. Characterization of Chol-CTAB quatsomes

The qualitative observation of a great stability over time and a high structural
homogeneity of Chol-CTAB quatsomes, has driven to a deeper quantitative

characterization of this new vesicular phase.

2.3.1. Thermodynamic stability

2.3.1.1. Introduction: classification of vesicles upon their thermodynamic
stability

Vesicles can be either thermodynamically and non-thermodynamically stable. The vast
majority of liposomes (phospholipids in water) are thermodynamically nonstable, they
are not the equilibrium aggregation state for the system, but they can be considered as
metastable structures of high kinetic stability.

In 2000, Marques [78] reported the distinct properties that are to be displayed by
thermodynamically stable vesicles [79, 152, 153]. (i) The vesicles are to be generated
spontaneously (simple mixing of components), i.e., without the input of energy be it
mechanical, chemical, electrochemical, or any other. (ii) There should be stability in
time with respect to average size and polydispersity once equilibrium is attained. (iii)
The formation and properties of the vesicles have to be reversible upon change of an
external factor and independent of the method of preparation. (iv) The vesicles are to
appear in equilibrium with neighboring single phase regions in phase diagrams, namely
micellar and lamellar phases, in appropriate heterogeneous regions.

There are, in principle, two scenarios for vesicles to be in thermodynamic
equilibrium; they can either be stabilized by entropy on a mesoscopic scale
(undulations, translation, polydispersity) [154-158], or they can have a nonzero
spontaneous curvature [159]. Both stabilization mechanisms give rise to vesicles of a
particular size and size distribution. Membranes composed of a single lipid species are
generally not believed to exhibit a spontaneous curvature, as the two monolayers that
make up the bilayer are oppositely curved. Vesicles composed of a single lipid species
can therefore only be stabilized against the formation of lamellar phases by entropic
contributions on mesoscopic length scale [160].

The equilibrium size distribution of a population of vesicles is determined by a subtle
competition between the entropy of mixing and the curvature elasticity of the bilayers

[18,157,158]. The curvature energy per unit area of bilayer, f;, is [154-156]
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1 _
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where x;, %o are two principal curvatures of the surface of a membrane, and the
constant C, ( = I/radius, R,) is called the spontaneous curvature of the membrane
surface. k. and k are the mean and Gaussian bending constants, respectively. The
magnitude of k. determines the energy needed to bend the bilayer away from its
spontaneous radius of curvature, R,, and consequently determines the magnitude of
fluctuations. k influences only the topology (and hence the number) of the structures
formed, and the magnitude of k has little effect at equilibrium as long as curvature
fluctuations take place at constant topology or constant vesicle number [77]. Due to this
little effect at equilibrium, the bending constant k. has been considered as effective
elastic constant.

Depending on C, and k, three different types of stable vesicles can be formed [160]:

1. Elastically stabilized equilibrium vesicles with spontaneous curvature (C,# 0
and large k.): These vesicles have a nonzero spontaneous curvature (C,# 0) that picks
out a preferential vesicle radius R, (C, = 1/ R,) [159, 160]. The fluctuations around R,
follow a Gaussian distribution (Figure 2.23) [156], and these fluctuations are related with
k. by [161]

o? KgT
R2 4wk,

(2.3)

Ry, as the experimental vesicle radius mean, and o, as the experimental vesicle radius
standard deviation, can be calculated by fitting the particle size distribution to a Gaussian
distribution (Figure 2.23). Knowing these parameters it can be calculated the bending
rigidity k. by

ke = (&)ZLKBT (2.4)
o) 4nm

If the bending constant is sufficiently large (k. >> KzT, where Kp is Boltzmann’s
constant), variations from the spontaneous curvature are sufficiently unfavorable that
multilamellar vesicles (MLVs) are prohibited. In this case, the vesicles are narrowly
distributed around a preferred size set by the spontaneous curvature. Thus, a
monodisperse population of unilamellar vesicles at equilibrium implies that

stabilization results from a spontaneous curvature (C,# 0) and a large bending constant
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(kc). At higher concentrations, or in the presence of attractive bilayer interactions, this
mechanism can lead to stable vesicles with a quantized number of bilayers as the
interaction energy can overcome the increase in curvature energy for a limited deviation

away from the spontaneous curvature [159, 162].

Equilibrium vesicles with spontaneous curvature have been observed in few systems.
The most relevant one are the catanionic vesicles, which are formed simply by mixing
cationic and anionic surfactants [78, 155, 159, 163-166]. Several studies have revealed
that catanionic spontaneous vesicle phase represents thermodynamic equilibrium and
is not just a kinetically trapped metastable state [77, 159, 167]. In 1990, Safran et al. [155]
predicted that these catanionic vesicles with spontaneous curvature need to be mixed
systems with asymmetric distribution of components. The non-ideal surfactant mixing
can cause the interior and exterior monolayers of the vesicle bilayer to have different

compositions, leading to a spontaneous bilayer curvature (Figure 2.22) [155, 156, 168].

Figure 2.22.: Diagram showing excess surfactant in outer leaflet which gives rise to vesicle
curvature. Adapted from [168].

The first cationic-anionic (catanionic) surfactant system reported to form unilamellar
vesicles spontaneously without substantial input of energy was mixtures of
cetyltrimethylammonium tosylate and sodium dodecylbenzene sulfonate (CTAT:SDBS)

in aqueous solution [169].

On the other hand, previous studies have reported measurements of the bilayer elastic
constant and the spontaneous curvature, C, ( = 1/ R,), for catanionic systems. Jung et
al. [159] presented the analysis for CTAB/sodium perfluorooctanoate (FC7;) vesicles. As
shown in Figure 2.23, a histogram of the size distribution was built up by measuring the
size of = 3,000 spherical vesicles taken from many different samples over several weeks.
They reported that the best fit to a Gaussian distribution gave R, = 23 nm and k; =6 + 2
KpT, suggesting stabilization by the energetic costs of deviations from the spontaneous
curvature. Usually, catanionic vesicles formed by mixtures of anionic and cationic single-

chain amphiphiles have modulus bendings between 0.5 - 7 Kg T [159].
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Figure 2.23.: Example of vesicle size distribution of systems with spontaneous curvature reported
by Jung et al. in [159]. The vesicle size distribution histogram follows a Gaussian distribution;
the solid line is a fit to a Gaussian distribution, giving R, = 23 nm and k. = 6 + 2 KgT. Adapted
from [159].

Equilibrium vesicles with spontaneous curvature have been also observed in mixtures
of components capable of electrostatic or hydrogen bond interactions between them,

with strong asymmetric distribution in both leaflets [166].

2. Entropically stabilized equilibrium vesicles with non-spontaneous curvature
(C, = 0 and very small k.): Vesicles can be stabilized by the gain in entropy resulting
from the large number of finite sized vesicles as opposed to a few large lamellae or an
intermediate number of multilamellar liposomes [162]. These equilibrium vesicles were
proposed after the prediction of catanionic vesicles [158].

Entropically stabilized vesicles have a low bending constant (k. ~ KgT). The bending
energy is therefore low and the population of vesicles is stabilized both by the entropy
of mixing and the undulation interaction. The resulting size distribution of the vesicular
system is broad and decays exponentially, thus a polydisperse population of unilamellar
vesicles at equilibrium implies that stabilization results from entropy and a low bending
constant [162]. Figure 2.24 shows an example of size distribution of entropy stabilized
vesicles reported by Hervé et al. in [158].

Very few vesicle systems are stabilized entropically, specifically it has been claimed
this stabilization in anionic/zwitterionic mixtures (DOPG/DOPC) without the need of
asymmetry in the distribution of amphiphiles in both leaflets (very similar amphiphiles,
no hydrogen bonding or electrostatic interactions between components). Lipid mixtures
have an extra degree of freedom of distributing the various lipids differently between

inner and outer monolayers of the curved bilayers. This redistribution does not give rise
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to a nonzero spontaneous curvature. The bilayers composed of a mixture of lipids
typically do have a lower rigidity than expected from the rigidities of bilayers composed
by the pure lipids. This relatively low rigidity results in a relatively low membrane
persistence length. Claessens et al. [160] argued that this is the reason why the sizes of
the entropically stabilized vesicles composed of DOPC/DOPG mixtures are relatively

small.
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Figure 2.24.: Example of size distribution of entropy stabilized vesicles reported by Hervé et al.
in [158]. The vesicles size distribution decays exponentially (polydisperse population) and it does
not follow a Gaussian distribution. Adapted from [158].

3. Kinetically stabilized vesicles with non-spontaneous curvature (C, = 0 and
large k:) and non-thermodynamically stable: These vesicles are metastable
structures of a high kinetic stability [170,171] (but not thermodynamic stability), because
their formation usually requires some energy input. This kind of vesicles usually has a
bending modulus between 10 - 40 K T.

Many vesicle systems are stabilized kinetically, specifically it seems clear that most
phospholipid liposomes and block copolymer vesicles have non-spontaneous curvature
(Co = 0) and large elastic constants. The equilibrium phase is an infinite planar lamellae.
In these systems, vesicles and liposomes, such the ones formed by cholesterol and
phospholipids (e.g. DPPC, DOPC), have an excess of free energy over infinite lamellar
phases given by

2
fe= 47[R2];—C (%) =8mk, (2.5)

At low concentrations, vesicles can be kinetically stable because, in practice, infinite

lamellar phases are impossible and the planar bilayer is finite. Consequently, it has either

edges or exposure of hydrophobic core to water. The competition between the bending

49



Chapter 2 Quatsomes, new vesicular system

free energy required to create a vesicle and the cost of a planar, finite structure (instead of
an infinite lamella) gives the kinetic stability criterion first proposed by Fromherz in 1983
[132,134]. Considering the two energy factors, edge energy and bending elastic energy,
Fromherz [132] introduced the vesiculation index (Vy) defined by Equation 2.6, which
essentially is the ratio of line energy to bending energy. Rp, is the radius of the central part

of a flat bilayer disk (planar bilayer) and A is the edge tension [70].

_ RpA
4k,

Vs (2.6)

The vesiculation index (V) [172] corresponds to the ratio of the edge energy of disk
to the elastic energy of spherical shell. The flat disk is the only stable structure when Vy
= 0, and the closed vesicles becomes a stable form when V¢ > 2. For 0 < V¢ < 2, there
appear energy minima at both vesicle and disk, with a transformation barrier in between;
the depths of the two energy minima equal each other when V¢ =1, and the bilayer disk

is more stable for 0 < V¢ < 1, while to closed vesicle is more stable for 1 < V¢ < 2.

2.3.1.2. Stability of Chol-CTAB (W-US) quatsomes

In this Section are described the studies performed over Chol-CTAB quatsomes in water
prepared by sonication method (see Section 6.2.3 and Table 6.3 of the Experimental
Part), hereinafter referred as Chol-CTAB (W-US) quatsomes. Briefly, 38.6 mg of
cholesterol and 36.4 mg of CTAB were added directly to 10 ml of Milli-Q water and the
resulting dispersion was sonicated at 298 K for 4 min until a homogeneous dispersion
was achieved. The membrane components concentration was 7.4 mg/ml (10 mM
cholesterol and 10 mM CTAB) in high purity water. The obtained vesicles were stored at
298 K until characterization.

As described in the previous Section, stability of vesicular systems depends on two
parameters, the spontaneous curvature C, ( = I/R,) and the bending rigidity (k.) (see
Equation 2.2). In the case of equilibrium vesicles with spontaneous curvature, particle
size distribution of vesicle population follows a Gaussian function and C, and k. of these
type of vesicles can be extracted from this function. So, in the present Thesis, the particle
size distribution of Chol-CTAB (W-US) quatsomes was measured at equilibrium, and the
goodness of fitting these experimental data to a Gaussian distribution was conducted, to
determine if this new phase can be classified as equilibrium vesicles with spontaneous
curvature.

In order to be sure that measurements were done using quatsomes at equilibrium, the

physical stability of Chol-CTAB (W-US) quatsomes was evaluated using DLS by means of
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particle size evolution and zeta potential (Z-potential) (for further details see
Section 6.3.3). Following size, vesicles growing or diminishing can be detected. On the
other hand, Z-potential is an important and useful indicator of particle surface charges,
which can be used to predict and control the stability of colloidal suspensions. The
higher the Z-potential values, the more stable a suspension becomes since the system is

stabilized by mean of electrostatic repulsion [173].

With the purpose of checking the Chol-CTAB (W-US) quatsome stability over time,
size and Z-potential were measured after 1, 7, 14, 30 and 90 days of storage at 298 K. In
Table 2.5 and in Figure 2.25 are shown the results obtained by DLS. As seen in
Figure 2.25, 7 days after quatsome preparation, the size distribution of quatsomes
remain constant over time. Thus, these quatsomes have stability in time with respect to
average size and polydispersity once equilibrium is attained. In addition, taking into
account that the light scattering intensity (I) in DLS is proportional to 6th power of the
particle diameter, the shape of the size distribution at equilibrium indicates the presence
of a large number of vesicles with smaller sizes. On the other hand, cryo-TEM pictures
(Figure 2.26) revealed the coexistence of disklike micelles and vesicles 1 day after
quatsome preparation, however after 7 days, only vesicles were found. Therefore, all
Chol-CTAB (W-US) quatsome characterizations were performed at least 1 week after
quatsome preparation. Regarding Z-potential (Table 2.5), the values remain constant
with a high value during the time of the experiment, so quatsomes presented an

excellent stability.

Table 2.5.: Physicochemical properties of Chol-CTAB (W-US) quatsomes prepared by sonication
method in water.

Quatsome Size Z-potential
aging Mean (nm) 2 PdIP (mV)
1 day 107.5+0.9 0.306£0.005 81.5+3.5
7 days 100.5+0.5 0.417+0.008 79.2+24
l4days  95.03+1.29 0.401+0.006 82.2+34
30days 95.45+2.15 0.348+0.050  83.2+5.8
90days  93.59 +£2.17 0.320+£0.003  81.2+4.3

4 Intensity weighted mean hydrodynamic size of the
collection of vesicles measured by dynamic light
scattering.

b polidispersity index showing the width of the particle
size distribution.
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Figure 2.25.: Size evolution over time of Chol-CTAB (W-US) quatsomes prepared by sonication.

Figure 2.26.: Cryo-TEM images of Chol-CTAB (W-US) quatsomes produced by sonication taken
(a) 1 day and (b) 7 days after sample prepared.

With the aim to extract R, and k. of Chol-CTAB (W-US) quatsomes, its particle size
distribution was measured by quantitative analysis of cryo-TEM images. It should be
noted that DLS and SAXS (small-angle X-ray scattering) techniques, are not appropriate
for these studies because in these scattering techniques, the light from the larger
particles will swamp the scattered light from the smaller ones, thus a direct imaging with
cryoTEM avoids the need for model-dependent interpretation of scattering data. A
histogram of the Chol-CTAB quatsome size distribution was developed by measuring the
size of 8,694 spherical vesicles taken from many different samples prepared in the same
way 1 week after sample preparation. The measurements were conducted by Dr. Witold
Tatkiewicz from the Nanomol group (ICMAB-CSIC). As shown in Figure 2.27, the
obtained vesicle size distribution follows a Gaussian distribution, so this excellent result
allowed us to calculate the experimental vesicle radius mean (R,), the spontaneous
curvature (C,= 1/ R,) and the experimental vesicle radius standard deviation (o) for
Chol-CTAB (W-US) quatsomes. These parameters were approximated as R, = 15.75 nm,
o =1.58 nm and C,= 0.634 nm~!. Finally, we calculated from the Equation 2.4 [161] that
ke =7.90 KzT.
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Figure 2.27.: Vesicle size distribution histogram determined from cryo-TEM images of Chol-CTAB
(W-US) quatsomes prepared by sonication.

To complement this experimental study, an approximate bending modulus of
Chol-CTAB (W-US) quatsomes was estimated by Dr. Jordi Faraudo using preliminary
results from ongoing large-scale coarse-grained simulations [148, 149]. The distance
fluctuations between Chol-CTAB synthons of two different layers were analyzed using
the methodology described in [150]. These fluctuations, induced by thermal energy, are
compensated by the bilayer elastic energy, thus the elastic parameters can be predicted.
The bending modulus (k.) estimated was 13 + 2 K7, which is of the same order of
magnitude as the approximated from cryo-TEM images (7.90 Kz 7).

Therefore, the above study indicates that Chol-CTAB (W-US) quatsomes are elastically
stabilized equilibrium vesicles with spontaneous curvature (C, # 0) and large k.. In next

Section, other evidence supporting this remarkable finding is described.

2.3.1.3. Formation of two-bilayer vesicles from Chol-CTAB quatsomes

Previous research [159] has indicated that a consequence of stabilization by spontaneous
curvature is the possibility of vesicles with a discrete number of bilayers depending on
the magnitude and sign of the bilayer interactions. Indeed, Jung et al. [159] reported that
adding electrolyte to sodium perfluorooctanoate/CTAB catanionic vesicles with
spontaneous curvature, leads to vesicles with two bilayers; the attractive interactions
between the bilayers can overcome the cost of small deviations from the spontaneous
curvature to form two-bilayer vesicles, but larger deviations to form three and more
bilayer vesicles are prohibited. Therefore, vesicles with a discrete numbers of bilayers at
equilibrium are possible only for bilayers with a large bending modulus coupled with a
spontaneous curvature.

In order to confirm that Chol-CTAB (W-US) quatsomes are equilibrium vesicles with

spontaneous curvature, electrolyte buffer was added over a Chol-CTAB quatsome
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sample. Specifically, 100 ul of Chol-CTAB quatsomes in water were diluted into 2900 ul of
25 mM NaHCOs buffer (pH = 8). 90 days after dilution, the sample was analyzed under
cryo-TEM and the formation of two-bilayer quatsomes was observed (Figure 2.28a). To
attribute this two-bilayer vesicle phenomenon to the use of electrolyte, the same dilution
process was carried out diluting 100 ul of Chol-CTAB quatsomes in water into 2900 ul of
its same solvent. The sample was also analyzed under cryo-TEM 90 days after dilution,
and as shown in Figure 2.28b, the dilution process into water did not change the
quatsome morphology, thus the formation of two-bilayer quatsomes must be associated

to the presence of NaHCOj electrolyte.

Figure 2.28.: Cryo-TEM images of the dilution of 100 ul of Chol-CTAB quatsomes in water into
2900 pl of (a) 25 mM NaHCO3 buffer (pH=8) and (b) Milli-Q water. Images were taken 90 days after
sample prepared.

In order to follow this procedure, we performed the same dilution process using
NaHCO3 buffer as in the previous sample and imaged the sample periodically with
cryo-TEM. The diluted Chol-CTAB quatsome sample was analyzed 1 day, 20 days and 40
days after preparation (Figure 2.29). After 1 day (Figure 2.29a), disklike micelles inside
quatsomes were observed. After 20 days (Figure 2.29b), some of these disklike micelles
were transformed into vesicles and, consequently, two-bilayer quatsomes were detected.
Finally, after 40 days (Figure 2.29c¢), all disklike micelles were transformed into vesicles
and the coexistence of regular quatsomes and two-bilayer quatsomes was revealed. The
evidences presented in this Section suggest that adding NaHCOj electrolyte to
quatsomes leads to the formation of two-bilayer vesicles at equilibrium. Accordingly, the
formation of quatsomes with a discrete numbers of bilayers at equilibrium was achieved,
and this observation supports that Chol-CTAB quatsomes have a large bending modulus

coupled with a spontaneous curvature [159].
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Figure 2.29.: Dilution of 100 ul of Chol-CTAB (W-US) quatsomes into 2900 ul of 25 mM NaHCO3
buffer (pH=8). Cryo-TEM images taken (a) 1 day, (b) 20 days and (c) 40 days after sample prepared.

2.3.1.4. Morphological homogeneity

The homogeneity of Chol-CTAB (W-US) quatsomes was studied by SWAXS (small- and
wide-angle X-ray scattering) experiments.

The development of new generation synchrotron sources has allowed the study of
supramolecular assemblies such as vesicles in solution. Among the different techniques
available at synchrotron sources, SWAXS is the appropriate tool to study the
nanostructure of colloidal aggregates such as vesicles [174]. This technique is able to
provide unique structural information with the advantage of measuring average
properties of the bulk samples that can be otherwise obviated by using microscopic
techniques such as cryo-TEM or confocal microscopy [133,174,175].

The X-ray scattering experiments devoted to study the vesicular nanostructure of
quatsomes were performed at the X33 beamline of the European Molecular Biology
Laboratory (EMBL, Hamburg, Germany). Data were analyzed by Dr. Evelyn Moreno from
the Nanomol group (ICMAB-CSIC) and Prof. Jan Skov Pedersen (Aarhus University,
Denmark). Two duplicate measurements of the same batch were performed at room
temperature. The experimental procedures are detailed in Section 6.3.11 of the
Experimental Part. Furthermore, in SectionA.4 of the Appendix, is detailed the
description of the theoretical model that we have used to interpret the scattering data of
vesicles.

SAXS data presented in Figure 2.30a and measured at 298 K display only a broad and
diffuse peak centred at g,,q4x = 1.34 nm~!, which indicates that the sample consist of
purely unilamellar vesicles with a repeated distance (d) of 4.7 nm (d = 21/q4x). In the
case of unilamellar vesicles this repeated distance of 4.7 nm can be assigned to the

thickness of the bilayer membrane plus the ordered layer of hydration water (see
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Figure 2.31) [176].
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Figure 2.30.: (a) SAXS and (b) WAXS curves of cholesterol-CTAB (W-US) quatsomes prepared by
sonication. Data collected at X33 beamline of the EMBL at 298 K.

Figure 2.31.: Schematic view of the repeating distance (d) measured by SAXS. In the case of
unilamellar vesicles the repeating distance corresponds to the bilayer thickness plus the ordered
layer of hydration water. The parameter dj, represents the dimension of the bilayer thickness
calculated by Molecular Dynamics (MD) simulations [177].

The polydispersity index (p) and the quatsome diameter have been estimated by Prof.
Jan Skov Pedersen by fitting the experimental data to a vesicle model (Figure 2.32) (see
Section A.4 of the Appendix). The obtained p was less than 0.02. This value represents an
extremely narrow size distribution as evidenced by the well-defined high frequency
oscillations observed in the scattering curve (see Figure A.7 of the Appendix). It has to be
noted that, as far as we are concern, such oscillations have not been previously reported
from experimental data. Therefore, these oscillations reveled that Chol-CTAB (W-US)
quatsomes have a high degree of structural homogeneity. Additionally, through the
position of these high frequency oscillations, Prof. Jan Skov Pedersen calculated the
quatsome diameter, obtaining a value of 42 nm. These data must be interpreted with
caution since SAXS could proportion larger sizes than the real ones, thus further

simulations have to be carried out to extract a more accurate vesicle diameter. However,
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it is worth mentioning that diameter estimated using SAXS agrees with the diameter

estimated by cryo-TEM images (31.49 + 3.16 nm) (Figure 2.27).

sample.dat
1+ Fit Region —e— -
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! m Desmeared Fit

Figure 2.32.: Fit of the experimental data to a vesicle model to estimate the quatsome size and
its polydispersity index (p). Studies performed by Prof. Jan Skov Pedersen (Aarhus University,
Denmark).

The WAXS regime is often used to determine the alkyl chain packing in lipid
dispersions. The background subtracted WAXS intensities of quatsomes prepared by
sonication method are shown in Figure 2.30b. At 298 K the WAXS curves only show a
broad diffuse peak centered about 12.33 nm™! that represents a distance of around 0.5
nm in real space that could be attributed to lateral separation of chains.

Analyzing in detail the cryo-TEM images (Figure 2.26b) and the SAXS measurements
(Figure 2.30a) of Chol-CTAB (W-US) quatsomes, one might think that the well-defined
high frequency oscillations observed in the scattering curves can be formed by the

intervesicle distance and not by the high degree of structural homogeneity (Figure 2.33).

Figure 2.33.: Cryo-TEM image of Chol-CTAB (W-US) quatsomes showing the intervesicle distance.

To distinguish between these two possibilities, a dilution study was performed taking
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into account that when a quatsome sample is more diluted, quatsomes are more isolated
in the medium and the intervesicular distance increases. Thus, the well-defined high
frequency oscillations should disappear if they are produced due to intervesicular
distance. Measurements were performed at the SAXS beamline of the Elettra (Trieste,
Italy) and the Chol-CTAB quatsome sample was diluted from 7.4 mg/ml to 5.4, 2.7 and
2.2 mg/ml. From the SAXS data shown in Figure 2.34, it is apparent that the high
frequency oscillations are observed in all diluted samples. The nanostructure is
maintained upon sample dilution, thus this clear indicates that the well-defined high

frequency oscillations are due to the intrinsic vesicle to vesicle great homogeneity.
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Figure 2.34.: SAXS curves of cholesterol-CTAB (W-US) quatsomes at different vesicle
concentration. Data collected at SAXS beamline of the Elettra at 298 K.

2.3.1.5. Comparison with a non-thermodynamically stable vesicle system

With the purpose of comparing the SAXS scattering curves of Chol-CTAB (W-US)
quatsomes (Figure 2.30a) with SAXS measurements of a non-thermodynamically stable
vesicle system, phospholipid liposomes having the same cholesterol molar content were
prepared. Specifically, we tried to perform  cholesterol:DPPC
(dipalmitoylphosphatidylcholine) (1:1 mol:mol) liposomes in water. In these studies, we
attempted to prepare these liposomes with narrow size distribution to investigate the
possibility to obtain again the well-defined high frequency oscillations discovered in the
scattering curves of Chol-CTAB (W-US) quatsomes.

Based on the remarkable results obtained in the formation of Chol-CTAB (W-US)
quatsomes by sonication method, first of all we investigated the preparation of
Chol-DPPC liposomes with high content of cholesterol using this route, this liposome
preparation has been called Chol-DPPC (W-US) (Table 6.4 of the Experimental Part).
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2.3 Characterization of Chol-CTAB quatsomes

Usually, liposomes are produced by Thin Film Hidration (TFH) methodology [178],
where sonication could be the final step of this process, but the use of only sonication is
not common in liposome production. The dry membrane components, 9.37 mg of DPPC
and 4.92 mg of cholesterol, were added directly to 10 ml of Milli-Q water and sonicated 4
min at 298 K (see Section 6.2.3 of the Experimental Part). After this stage, presence of
suspended solid was observed. Size measurements of this sample did not meet DLS
quality criteria because of high polydispersity and presence of large aggregates in the
formulation.  Although only approximate, the sizes obtained are represented in
Figure 2.35, where is clearly evidenced the heterogeneity of this sample. Therefore,

Chol-DPPC (W-US) liposomes cannot be formed using sonication method.
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Figure 2.35.: Particle size distributions measured by DLS of cholesterol: DPPC (1:1) components
sonicated in water at 298 K. 3 consecutive measurements were performed and did not meet DLS
quality criteria because of high polydispersity and presence of large aggregates in the formulation.

With the still purpose of obtaining Chol-DPPC liposomes with narrow size
distribution, the conventional Thin Film Hydration (TFH) method [178] was employed.
It is worthy to remark that to achieve homogeneous liposomes in size, this method was
followed by extrusion using a filter with a pore size of 100 nm, and the sample was
passed through the extruder twenty-one times reducing the size of the vesicles by
mechanical energy (see Section 6.2.2 and Section 6.5.1.2 of the Experimental Part for
liposome preparation). Using this process, from now on called TFH 100x21, liposomal
vesicles were obtained. These vesicles were referred as Chol-DPPC (W-TFH100x21)
liposomes (Table 6.4 of the Experimental Part). It has to be noted that due to the
oxidative degradation of liposomes, their were stored at 277 K and physicochemical
measurements were conducted 1 day after sample preparation.

First of all, the physicochemical properties of the obtained Chol-DPPC
(W-TFH100x21) liposomes were studied in terms of size and morphology. As shown in
Table 2.6 and Figure 2.36a these liposomes were nanoscopic and homogeneous in size,

presenting mean diameters around 120 nm and low polidispersity indexes. The
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morphology of this sample, studied through the cryo-TEM images, showed
spherically-shaped nanovesicles with mixtures of small unilamellar vesicles (SUVs),
multilamellar vesicles (MLVs) and multivesicular vesicles (MVVs). The Z-potential, with
a value lower than 30 mV (in absolute value), indicated less stability than Chol-CTAB
(W-US) quatsomes with values around 80 mV.

Table 2.6.: Physicochemical characteristics of Chol-DPPC (W-TFH100x21) liposomes and Chol-
CTAB (W-US) quatsomes.

Vesicle Size Stability

sample Mean(nm)® PdI? Z-pot.(mV) Morphology*
Chol-DPPC?

(W-TFH100x21) 121.4+1.1 0.032 +£0.028 -17.1 £0.2 SUVs, MLVs, MVVs

liposomes
Chol-CTABP

(W-US) 100.5+ 0.5 0.417+0.008 79.2+24 SUVs
quatsomes

2 Physicochemical measurements were conducted 1 day after sample
preparation. Liposomes stored at 277 K.

b Physicochemical measurements were conducted 7 days after sample
preparation. Quatsomes stored at 298 K.

¢ Intensity weighted mean hydrodynamic size of the collection of vesicles
measured by dynamic light scattering.

d polidispersity index showing the width of the particle size distribution.

¢ Morphology of the vesicles observed by cryo-TEM. SUVs: Small unilamellar
vesicles. MLVs: Multilamellar vesicles. MVVs: Multivesicular vesicles.

After the physicochemical characterization of such liposomes and taking into account
that they were homogeneous in size, their nanostructure was investigated using SAXS.
These measurements were performed at the BMI16 beamline of the European
Synchrotron Radiation Facility (ESRE Grenoble, France) and were compared with the
SAXS data of Chol-CTAB (W-US) quatsomes. SAXS data analysis was conducted by Dr.
Evelyn Moreno (ICMAB).

As evidenced in Figure2.36b, the obtained scattering curves of Chol-DPPC
(W-TFH100x21) liposomes presented both contributions, the broad peak associated to
unilamellar vesicles (Figure 2.30) and two periodical Bragg peaks (q; = 0.96 and g, = 1.79
nm™1) typical of planar lamellar phases (q;= g»/2) [179]. These Bragg peaks reveal the
presence of multilamellar vesicles that behave as ordered membrane stacks. From the
g-values of the Bragg peaks we can obtain the repeated distances by using the equation d
= 2n/q. Accordingly, the obtained d value for Chol-DPPC (W-TFH100x21) liposomes is
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around 6.5 nm. As illustrated in Figure 2.37 this repeated distance accounts for the
thickness of the bilayer and the hydration water between consecutive bilayers.
Chol-CTAB Chol-DPPC

E (W-Us) (W-TFH100x21)
quatsomes liposomes

[=]

——— Chol-CTAB (W-US)
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Figure 2.36.: (a) Cryo-TEM pictures and (b) SAXS measurements of Chol-DPPC (W-TFH100x21)
liposomes and Chol-CTAB (W-US) quatsomes. SAXS data collected at the BM16 beamline of
the ESRF and X33 beamline of the EMBL, both at 298 K. Bragg peaks due to the presence of
multilamellar vesicles are indicated by q; and q.

d
< g < < L&
5%-."&:'1‘: S RS wveat £ Z
‘§§'“M"'f §~EM >
T FENE S O

Figure 2.37.: Schematic view of the repeating distances (d) that is measured by SAXS. In the case
of multilamellar vesicles the repeating distance corresponds to the bilayer thickness plus the full

hydration layer of water.

Thus, by inspection of individual vesicles (Figure 2.36a) and as these SAXS statistical
measurements revealed, the Chol-DPPC (W-TFH100x21) liposome system was formed
by a mixture of unilamellar and multilamellar vesicles. Therefore, the obtained results
indicated that even though the Chol-DPPC (W-TFH100x21) liposomes had a narrow size
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distribution (Table 2.6), the presence of multilamellar vesicles, typical in liposomal
formulations, did not allow the formation of the well-defined high frequency oscillations

in the scattering curves of the SAXS measurements.

2.3.1.6. Conclusions

In this Thesis we have demonstrated that Chol-CTAB (W-US) quatsomes, which show a
monodisperse population of unilamellar vesicles at equilibrium, are stabilized by the
energy costs of deviations from the spontaneous curvature. Consequently these
quatsomes are elastically stabilized vesicles.

We have calculated the bending constant (k) of this system obtaining a large value
around 7.90 KgT (k. >> KgT). This fact demonstrated that variations from the
spontaneous curvature are sufficiently unfavorable that multilamellar vesicles (MLVs)
are prohibited. Besides, we have determined that Chol-CTAB (W-US) quatsomes are
narrowly distributed around a preferred size (31.49 + 3.16 nm) set by the spontaneous
curvature. In addition, a high degree of structural homogeneity was observed by SAXS as
evidenced by the well-defined high frequency oscillations observed in the scattering
curves of these quatsomes.

On the other hand, if vesicles are elastically stabilized, the presence of attractive
bilayer interactions can lead to stable vesicles with a quantized number of bilayers as the
interaction energy can overcome the increase in curvature energy for a limited deviation
away from the spontaneous curvature. In this context, we have demonstrated that
adding NaHCOj electrolyte to Chol-CTAB (W-US) quatsomes leads to the formation of
two-bilayer vesicles at equilibrium, and this observation supports that Chol-CTAB
quatsomes have a large bending modulus coupled with a spontaneous curvature.

In comparison with other elastically stabilized systems, where vesicles are formed
simply by mixing the membrane components [78], the use of energy to Chol-CTAB
(W-US) quatsome formation is needed to minimize the large size of the initial
hydrophobic cholesterol crystals in water. In infinite time, Chol-CTAB quatsomes could
be formed without applying energy due to the clear association between cholesterol and
CTAB in water studied by MD simulations. Therefore, all the findings explained above
demonstrated that Chol-CTAB (W-US) quatsomes are thermodynamically stable
vesicles, however the preparation route of these vesicles can play an important role in
the final nanostructure.

Finally, it is important to recall that the most common equilibrium vesicles with

spontaneous curvature, the catanionic vesicles, need to be mixed systems with
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asymmetric distribution of components in the interior and exterior monolayers of the
vesicle bilayer [155]. However, this fact is not clear for all the equilibrium vesicles with
spontaneous curvature. Regarding Chol-CTAB (W-US) quatsomes, the curvatures of
interior and exterior monolayers of the vesicle bilayer could be modified by the
Chol-CTAB synthons. For instance, the synthons could change these monolayer
curvatures changing the area per molecule with the relative position of cholesterol,
leading to a spontaneous bilayer curvature without the need of asymmetric distribution
of components. Nevertheless, in order to have a better comprehension of the symmetry
or asymmetry of the interior and exterior monolayers of Chol-CTAB quatsomes, more
detailed studies by MD simulations or by other theoretical calculations should be

performed.

2.3.2. Impact of ethanol addition

In this Section, Chol-CTAB quatsomes with 10% of EtOH in volume prepared by
DELOS-SUSP were studied (Figure 2.38). Hereinafter this vesicle system has referred as
Chol-CTAB (WI10Et-DELOS) quatsomes (see Section6.2.1 and Table6.3 of the
Experimental Part). It is worthy to remark that this vesicle formation using that
methodology has been mentioned in the Introduction of this Thesis. As mentioned,
these vesicles are prepared by depressurizing a volumetric expanded organic solution
containing cholesterol in ethanol over a flow of an aqueous solution containing the
CTAB surfactant.

&
s -

Chol-CTAB (W10Et-DELOS)
quatsomes

/ cholesterol G >_
e, Vil

Cholesterol:CTAB (1:1 mol:mol)
7.3 mM Chol, 7.3 mM CTAB
Final dispersant medium: Milli-Q
water containing 10% EtOH (vol. %)

Figure 2.38.: Schematic representation of the DELOS-SUSP method to obtain Chol-CTAB (W10Et-
DELOS) quatsomes.
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The method to prepare these quatsomes consisted in the loading of a 7.5 ml
high-pressure autoclave with a solution containing 76 mg of cholesterol in 2.88 ml of
ethanol. The solution was then pressurized with compressed CO, at a molar fraction of
Xco,= 0.6 until reaching a working pressure of 10 MPa, which produced a volumetric
expanded organic solution of cholesterol. In Section 6.2.1.4 of the Experimental Part is
shown the solubility curve of cholesterol in CO,-expanded ethanol, as presented a
co-solvent behavior of CO, is observed until X; = 0.76, which means that below this
molar fraction one single phase is obtained when the CO, is added over a saturated
solution of cholesterol in pure ethanol. Finally, the expanded organic phase was
depressurized over 24 ml of Milli-Q water containing 72 mg of CTAB. The membrane
components concentration was 5.4 mg/ml (7.3 mM cholesterol and 7.3 mM CTAB) in
high purity water containing 10% ethanol (vol. %).

It is important to recall that the presence of ethanol in vesicle formulations has been
shown to be an efficient permeation enhancer. Specifically, ethosome vesicles
containing ethanol in relatively high concentrations (20 - 30% w/w), have been able to
allow transdermal delivery [180, 181]. Thus, the presence of a high ethanol percentage in
the dispersant media makes quatsomes promising carriers for attaining good skin
penetrability in topical delivery. Furthermore, it is worth highlighting that DELOS-SUSP
methodology presents several advantages over the more easily implemented sonication
methodology. The DELOS-SUSP route is an easily scalable preparation method that can
be easily implemented under GMP regulations. In addition, it allows the straightforward
integration/encapsulation of active biological species such as proteins and enzymes that
could be degraded if sonication procedures are used. Therefore the DELOS-SUSP
methodology is a green, robust and easy scalable productive process.

On the other hand, it has to be noted that the temperature effect in the storage of
Chol-CTAB (W10Et-DELOS) quatsomes was measured previously in Nanomol group as
described in the PhD Thesis of Dr. Ingrid Cabrera [182]. In these studies, it was observed
that the Chol-CTAB quatsomes keep their physicochemical properties under 277 and 298
K. Taking into account these structures are used for the integration/encapsulation of
active biological species, 277 K for Chol-CTAB (W10Et-DELOS) quatsomes storage was
chosen in order to preserve such biological species over time.

The size distribution and Z-potential of Chol-CTAB (W10Et-DELOS) quatsomes 1
week after sample preparation were measured by DLS. These physicochemical
characteristics were compared with the ones obtained with Chol-CTAB (W-US)
quatsomes. As shown in Table 2.7 and Figure 2.39, the Chol-CTAB (W10Et-DELOS)

quatsomes presented an unimodal size distribution centred around 82 nm. Additionally,
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its Z-potential value was higher than the obtained with Chol-CTAB (W-US) quatsomes.

Table 2.7.: Physicochemical characteristics of Chol-CTAB (W10Et-DELOS) quatsomes and Chol-
CTAB (W-US) quatsomes measured 1 week after sample preparation.

Vesicle Size Stability
sample Mean(nm)°© PdI¢ Z-pot.(mV)
Chol-CTAB?
(WI10Et-DELOS) 81.85+1.79 0.319+0.020 115+ 3
quatsomes
Chol-CTABP
(W-US) 1005+ 0.5 0.417+0.008 79.2+2.4
quatsomes

4 Chol-CTAB (W10Et-DELOS) quatsomes were stored at 277
K.

b Chol-CTAB (W-US) quatsomes were stored at 298 K.

¢ Intensity weighted mean hydrodynamic size of the
collection of vesicles measured by dynamic light scattering.

d polidispersity index showing the width of the particle size

distribution.
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Figure 2.39.: Size distribution of Chol-CTAB (W10Et-DELOS) quatsomes and Chol-CTAB (W-US)
quatsomes measured 1 week after sample preparation.

2.3.2.1. Evaluation of Chol-CTAB (W10Et-DELOS) quatsome stability with

time

The physicochemical properties of Chol-CTAB (W10Et-DELOS) quatsomes were
evaluated using DLS by means of particle size distribution and Z-potential after 1, 7, 14,
300 and 1,000 days of storage at 277 K. As seen in Table 2.8 and Figure 2.40, DLS
measurements showed that 14 days after quatsome preparation the size distribution of
these quatsomes remain constant over time at least up 1,000 days. The quatsome

morphology after 14 days of aging was evaluated by cryo-TEM, and the images
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(Figure 2.40) depicted unilamellar and spherical nanovesicles. The Z-potential values
(Table 2.8) remained constant with a high value during the time of the experiment, thus
Chol-CTAB (W10Et-DELOS) quatsomes presented an excellent stability over time.

Table 2.8.: Physicochemical properties of Chol-CTAB (W10Et-DELOS) quatsomes measured with
time.

Quatsome? Size Z-potential
aging  Mean (nm) ® PdI ¢ (mV)
1 day 86.30 £ 0.99 0.393+0.005 110+ 6
7 days 81.85+£1.79 0.319+0.020 115+3
14 days 73.47 £0.94 0.262+0.006 110+ 6
300days 71.74+0.57 0.275%+0.003 11245
1,000 days 72.43 +0.60 0.277+0.005 11543

2 Chol-CTAB (W10Et-DELOS) quatsomes were stored
at277 K.

b Intensity weighted mean hydrodynamic size of the
collection of vesicles measured by dynamic light
scattering.

¢ Polidispersity index showing the width of the particle
size distribution.
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Figure 2.40.: Size evolution (left) of Chol-CTAB (W10Et-DELOS) quatsomes measured with time.
Cryo-TEM image (right) of Chol-CTAB (W10Et-DELOS) quatsomes taken 14 days after sample
prepared. Samples were stored at 277 K.

As previously mentioned, liposomes made with phospholipids are
thermodynamically unstable colloidal system and they tend to aggregate over time [64].
Besides, liposomes suffer chemical and physical alterations, which shorten their self-life
and limit, as a consequence, drug stability and conditions of storage [67].

With the objective of comparing the stability 1,000 days after sample preparation of
Chol-CTAB (W10Et-DELOS) quatsome and a liposomal system, Chol:DPPC

(dipalmitoylphosphatidylcholine) (1:1 mol:mol) liposomes having the same cholesterol
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molar content were prepared by the same methodology, the DELOS-SUSP method (see
Section 6.5.1.1 of the Experimental Part for liposome preparation). This new vesicle
system, called Chol-DPPC (W5Et-DELOS) liposomes (Table 6.4 of the Experimental Part),
was studied after 14 and 1,000 days of aging with the sample stored at 277 K.

Table 2.9 and Figure 2.41 show the size distributions, the Z-potential values and the
cryo-TEM images of Chol-CTAB (W10Et-DELOS) quatsomes and Chol-DPPC
(W5Et-DELOS) liposomes analyzed 14 days after sample preparation. As shown, at this

time both obtained vesicles were nanoscopic and homogeneous in size.

Table 2.9.: Physicochemical characteristics of Chol-DPPC (W5Et-DELOS) liposomes and Chol-
CTAB (W10Et-DELOS) quatsomes measured 14 days after sample preparation.

Vesicle® Size Stability
sample Mean (nm)P PdI° Z-pot.(mV)
Chol-DPPC
(W5Et-DELOS) 118.8 +0.60 0.205 + 0.007 -0.179 +0.129
liposomes
Chol-CTAB
(WIOEt-DELOS) 73.47+0.94 0.2624+0.006 110+ 6
quatsomes

4 Samples were stored at 277 K.

b Intensity weighted mean hydrodynamic size of the collection
of vesicles measured by dynamic light scattering.

¢ Polidispersity index showing the width of the particle size
distribution.

Figure 2.41a shows that after 1,000 days of aging, the macroscopic appearance of the
quatsome suspension presents a homogeneous translucent aqueous system, and
cryo-TEM images of such quatsomes demonstrate that their morphology was retained
after this period of time. In contrast, Chol-DPPC (W5Et-DELOS) liposomes
(Figure 2.41b) undergo macroscopic phase separation as evidenced by the black
colloidal precipitate deposited at the bottom of the vessel, which correspond to the
oxidation of the lipidic component. @~ Due to this obvious degradation, further

characterizations were not carried out of this liposomal sample.
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E Chol-CTAB (W10Et-DELOS) Chol-DPPC (W5Et-DELOS)
quatsomes liposomes

lipid oxidation
1,000 days
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Figure 2.41.: (a) Cryo-TEM images of Chol-CTAB (W10Et-DELOS) quatsomes recorded after 14
days and 1,000 days of aging. Additionally, a picture of the suspension 1,000 days after sample
preparation is shown. (b) Cryo-TEM image of Chol-DPPC (W5Et-DELOS) liposomes recorded 14
days after sample preparation and a picture of the suspension after 1,000 days of aging. Both
samples were stored at 277 K.

As a result, that study highlights that Chol-CTAB (W10Et-DELOS) quatsomes have
extremely long term stability of at least 1,000 days with the sample stored at 277 K.

2.3.2.2. Evolution of Chol-CTAB (W10Et-DELOS) quatsome structure with

temperature

The thermal stability of Chol-CTAB (W10Et-DELOS) quatsomes was evaluated by DLS.
The evolution of particle size was followed by heating the suspension from 298 K to 343 K
inside the DLS equipment. The particle size was measured at 298, 303, 310, 313, 318, 323
and 343 K (Table 2.10 and Figure 2.42a). The obtained results indicated that as the
temperature increases, the particle size distribution becomes slightly smaller. To get
further insights on any structural changes that may take place during this experiment,
we directly visualized the structure of the quatsomes by cryo-TEM, and as shown in
Figure 2.42b, the quatsome morphology was maintained after heating the sample to 343
K.
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Figure 2.42.: (a) Particle size distributions of Chol-CTAB (W10Et-DELOS) quatsomes measured by
DLS at 298, 303, 310, 313, 318, 323 and 343 K. (b) Representative cryo-TEM image of Chol-CTAB
quatsomes taken after heating the sample to 343 K.

Table 2.10.: Size evolution of Chol-CTAB (W10Et-DELOS) quatsomes with temperature.

Temperature Size

KX Mean (nm) 2 PdIP

298 69.35 £ 0.45 0.237+0.002
303 65.95+ 0.20 0.240+0.006
310 62.14 + 0.19 0.225+0.004
313 60.72 + 0.11 0.231+£0.006
318 58.15+0.21 0.217+0.003
323 56.09 £ 0.22 0.220+0.008
343 48.55 +0.15 0.217+0.003

2 Intensity weighted mean hydrodynamic
size of the collection of vesicles measured
by dynamic light scattering.

b polidispersity index showing the width of
the particle size distribution.

Therefore, the preparation of Chol-CTAB quatsomes in water with 10% of EtOH in
volume by DELOS-SUSP yields homogeneous small unilamellar vesicles with an
extremely long term stability of at least 1,000 days with samples stored at 277 K.
Moreover, these vesicular assemblies do not change shape upon heating between 298
and 343 K. Due to this high degree of structural homogeneity and this great stability with
time and temperature, the Chol-CTAB (W10Et-DELOS) quatsomes can be also

considered thermodynamically stable vesicles.
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2.3.3. Viscoelastic properties of Chol-CTAB quatsomes

The mechanical properties of membranes have gained more attention as vesicles are
more widely used as drug delivery systems (DDS) where the membrane is not only a
compartment for cargo, but can actively influence the overall outcome of a
treatment [183, 184]. Membranes used in drug delivery systems are relatively simple,
compared with cell membranes, that are dynamic and contain many specific regions
with various properties [185, 186]. Their role is however quite different — instead of
adjusting to dynamic environment, membranes used in drug delivery systems should be

stable over prolonged periods of time (shelf-life) with unchanged properties.

In this Section, the viscoelastic properties of Chol-CTAB quatsomes compared with
Chol-DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine) liposomes at 1:4
cholesterol:DOPC molar ratio were studied. Both systems were prepared by
DELOS-SUSP method (see Section 6.2.1 of the Experimental Part). A phosphate buffered
solution (PBS, 100 mM, pH = 7.4) was used as the aqueous medium in both preparations
in order to test vesicles properties in a context resembling physiological conditions as
much as it was possible. It has to be noted that the possibility to prepare both vesicle
systems by DELOS-SUSP in the phosphate buffered solution was studied before by Dr.
Elisa Elizondo from the Nanomol group (ICMAB-CSIC) in her PhD work [187]. These
vesicle samples have been called Chol-CTAB (PBS10Et-DELOS) quatsomes and
Chol-DOPC (PBS10Et-DELOS) liposomes (see Table6.3 and Table6.4 of the

Experimental Part).

In order to prepare the Chol-CTAB (PBS10Et-DELOS) quatsomes, 76 mg of cholesterol
in 2.88 ml of ethanol were pressurized with CO; at Xco, = 0.6 and depressurized over 24
ml of a phosphate buffered solution (PBS, 100 mM, pH = 7.4) containing 72 mg of CTAB.
The membrane components concentration was 5.4 mg/ml (7.3 mM cholesterol and 7.3
mM CTAB) in 100 mM PBS containing 10% ethanol (vol. %). To prepare the Chol-DOPC
(PBS10Et-DELOS) liposomes, 4.28 mg of cholesterol and 35.61 mg of DOPC in 1.9 ml of
ethanol were pressurized with CO, at Xcp, = 0.84 and depressurized over 17 ml of an
aqueous solution of PBS buffer (PBS, 100 mM, pH = 7.4). The membrane components
concentration was 2.1 mg/ml (0.6 mM cholesterol and 2.4 mM DOPC) in 100 mM PBS
containing 10% ethanol (vol. %). Both vesicle samples were stored at 277 K and were

further characterized 14 days after sample preparation.

The mean and polydispersity index (Pdl) of the particle size distributions measured by
DLS for the obtained vesicles are presented in Table 2.11. DLS measurements and cryo-
TEM images (Figure 2.43) revealed that both systems, Chol-CTAB quatsomes and Chol-
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DOPC liposomes, were nanoscopic unilamellar vesicles.

Figure 2.43.: Cryo-TEM images of Chol-CTAB (PBS10Et-DELOS) quatsomes and Chol-DOPC
(PBS10Et-DELOS) liposomes prepared by DELOS-SUSP in PBS buffer with 10% of EtOH (vol. %).

Table 2.11.: Physicochemical characteristics of Chol-CTAB (PBS10Et-DELOS) quatsomes and
Chol-DOPC (PBS10Et-DELOS) liposomes obtained by DELOS-SUSP method.

Vesicle? Size

Morphology?
sample Mean (nm)® PdI° 0rphoto
Chol-CTAB 115016  0.134+ 0,011 SUVs
quatsomes
Chol-DOPC g, -- L 051 0.262 + 0.006 SUVs
liposomes

4 Samples were stored at 277 K.

b Intensity weighted mean hydrodynamic size of the
collection of vesicles measured by dynamic light
scattering.

¢ Polidispersity index showing the width of the particle
size distribution.

4 Morphology of the vesicles observed by cryo-TEM. SUVs:
Small unilamellar vesicles.

After the preparation and the physicochemical characterization of these vesicle
systems, their viscoelastic properties were studied by Dr. Witold Tatkiewicz from the
Nanomol group (ICMAB-CSIC) in his PhD work [188]. In these studies, the viscoelastic
characteristics of these vesicles were studied after the deposition and absorption of these
systems over gold surfaces forming vesicular layers, analyzing these layers using the
Quartz Crystal Microbalance with Dissipation (QCM-D) and the Surface Plasmon
Resonance (SPR) techniques (Figure 2.44) (in Section A.5 of the Appendix these
techniques are explained in detail). Combining QCM-D with SPR data by an iterative
protocol developed by Dr. Witold Tatkiewicz (ICMAB), the thickness of material
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deposited over the gold surfaces and the viscosity values of the deposited vesicles were

possible to be investigated.

It is noteworthy that both techniques allow to perform label-free and real time
measurements. Besides, since one technique is designed to measure acoustic and the
other optical properties, coupling them offers the possibility of getting complementary
data.

Although with the iterative process it is possible to get reliable data on the thickness,
from QCM-D it is also possible to use a model-independent analysis in order to calculate

this value for an adsorbed vesicular layer, known as Sauerbrey heighte [189].

SPR QCM-D
Evanescent wave Acoustic wave
1]
00 /
Laser
3 y
. ’

Detector

Figure 2.44.: Schematic illustration of the measurements configuration. Coupling both
techniques enables to obtain optical (SPR) and sonic (QCM-D) sensors/properties. Image adapted
from [190].

A brief summary of the most significant results is explained below.

The comparison of layer thicknesses of vesicles deposited over the gold surfaces for
Chol-CTAB (PBS10Et-DELOS) quatsomes and Chol-DOPC (PBS10Et-DELOS) liposomes
are shown in Figure 2.45. d,f fecive is the vesicle layer thickness calculated by the iterative
protocol combining SPR and QCM-D data, Sauerbrey height is the vesicle layer thickness
calculated using only QCM-D data and DLS (mean) is the mean size of vesicles reported

by DLS measurements (see Table 2.11). Different concentrations of vesicles were used.
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Figure 2.45.: Comparison of vesicular layer thicknesses: defrecive is the vesicle thickness
calculated by the iterative protocol combining SPR and QCM-D data, Sauerbrey height is the
vesicle thickness calculated using only QCM-D data and DLS (mean) is the mean size of
vesicles reported by DLS measurements (see Table 2.11). Results for Chol-CTAB (PBS10Et-DELOS)
quatsomes and Chol-DOPC (PBS10Et-DELOS) liposomes at high and low concentrations.

As expected, vesicles are soft molecular materials and undergo deformation upon
adsorption on a substrate giving place to a final vesicle layer thickness much smaller
than the mean size of the vesicles measured with DLS in suspension. In fact, the
thickness of Chol-CTAB vesicle layer is ca. 58% of the initial vesicle mean diameter in
suspension. In case of Chol-DOPC liposomes, the final vesicular layer thickness is only

ca. 50% of the initial vesicle mean diameter size.

The thickness of vesicle layer calculated combining SPR and QCM-D data is in the
range of 70-90 nm and 40-50 nm for Chol-CTAB quatsomes and Chol-DOPC liposomes,
respectively. The total layer density obtained from iterative calculations for all cases is
close to the density of the buffer ~ 1000 kg/m? as presented in Table 2.12. Based on the
DLS data (Table 2.11) regarding the mean size of the vesicles in bulk (suspension) we can
state that Chol-CTAB quatsomes are much more rigid than Chol-DOPC liposomes

because vesicles undergo smaller deformation upon adsorption (see Figure 2.46).
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Table 2.12.: Viscoelastic properties of Chol-CTAB (PBS10Et-DELOS) quatsome and Chol-DOPC
(PBS10Et-DELOS) liposome layers calculated via iterative fitting of SPR and QCM-D data.

Vesicle Chol-CTAB | Chol-DOPC

sample quatsomes | liposomes
Membrane components
concentration (mg/ml)

Total layer density (p)
(kg/m?)
Viscosity (1)
(kg/m-sx1073)

0.54 | 0.054 | 0.21 | 0.021

998 | 972 | 1018 | 1019

3.95| 397 | 223 | 1.84

Chol-CTAB quatsomes Chol-DOPC liposomes

Figure 2.46.: Comparison of deformation of vesicles upon deposition on gold. Chol-CTAB
quatsomes behave as much more rigid objects than Chol-DOPC liposomes. Sizes of vesicles before
and after deposition are scaled according to the obtained data.

The higher rigidity of the Chol-CTAB vesicles is confirmed with the viscosity values
(Table 2.12) calculated with the iterative protocol developed by Dr. Witold Tatkiewicz
(ICMAB). The Chol-DOPC liposome layer present a lower value of viscosity than the
Chol-CTAB quatsome layer, thus Chol-DOPC liposomes deform more upon adsorption
than Chol-CTAB quatsomes. This observation is a clear evidence of the influence of the

internal supramolecular structure of the bilayer on the mechanical properties of vesicles.

The higher rigidity of Chol-CTAB quatsomes can be attributed to the unique properties
of cholesterol and CTAB molecules that form the stable bilayer when mixed in equimolar

proportions.
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2.3.4. Recovery of structure after lyophilization

It is well known that lyophilization or freeze-drying is a promising approach to ensure
the long-term stability of vesicles because it allows to convert colloidal systems into
solids providing products with better properties for distribution and storage. This
process consists of removing water from a frozen sample by sublimation and desorption
under vacuum. A typical freeze-drying process consists of three stages; that is, freezing,
primary drying, and secondary drying. Freezing is an efficient dessication step where
most of the solvent, typically water, is separated from the solutes to form ice. Primary
drying, or ice sublimation, begins whenever the chamber pressure is reduced and the
shelf temperature is raised to supply the heat removed by ice sublimation. During
primary drying, the chamber pressure is well below the vapor pressure of ice, and ice is
transferred from the product to the condenser by sublimation and crystallization onto
the cold coils/plates in the condenser. Secondary drying is the stage where water is
desorbed from the freeze concentrate, usually at elevated temperature and low pressure.
Some secondary drying occurs even at the very beginning of primary drying as ice is
removed from a region, but the bulk of secondary drying occurs after primary drying is
over and the product temperature has increased [191]. This technique has been largely
discussed in many articles devoted to liposomal formulations and it has been reported
that it is recommendable the addition of cryogenic protectors to preserve the vesicle
membrane. These cryogenic protectors prevent fusion of vesicles, prevent the rupture of
bilayers by ice crystals and maintain the integrity of the bilayers in the absence of
water [192,193].

Taking into account all these requirements, we carried out the lyophilization of a
Chol-CTAB (W10Et-DELOS) quatsome sample (see Table 6.3 of the Experimental Part)
using trehalose as a cryogenic protector. An aliquot of 250 ul of quatsomes was diluted
into 250 ul of Milli-Q water with trehalose (6 % w/v). The resulting sample was
lyophilized following the experimental protocol described in Section 6.2.4 of the
Experimental Part and following the experimental parameters of Table2.13. The
lyophilized sample was resuspended in 500 ul of water to keep the same concentration of
quatsomes in solvent as in the original suspension before lyophilized, and the size
distribution and morphology of the final vesicles were analyzed. As shown in Figure 2.47,
quatsomes keep their structure after lyophilization. Indeed, dynamic light scattering
(DLS) measurements and cryo-TEM images revealed that the nanovesicles obtained
after lyophilization and further hydration were homogeneous, spherically-shaped and

unilamellar. Furthermore, the resulting cake obtained after lyophilization of the
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suspension was well formed (Figure 2.47). Thus, it was demonstrated that lyophilization
process did not influence the physicochemical characteristics and the morphology of the
cholesterol-CTAB quatsomes prepared by DELOS-SUSP.

Table 2.13.: Parameters followed in quatsome lyophilization.

Freezing Primary drying Secondary drying
T Rate P T time P T time
(°C) (°C/min) | (mbar) (°C) (h) | (mbar) (°C) (h)

-55 1 0.060 -35 24 0.01 25 9

Chol-CTAB quatsomes before lyophilization after lyophilization
10 TR

—— before lyophilization
— after lyophilization

1 10 100 1000 10000
Diameter (nm)

Figure 2.47.: On the left is shown the DLS measurements of the Chol-CTAB (W10Et-DELOS)
quatsomes before lyophilization and after lyophilization and hydration. On the right is a
representative cryo-TEM picture for both situations and a picture of the cake after lyophilization
before hydration.

The extremely good recovery of the Chol-CTAB quatsome shape and size, shows the

reversibility of these vesicles upon change of an external factor.

2.3.5. Summary

e The large bending constant (k;), the high degree of structural homogeneity
observed by cryo-TEM and SAXS and the formation of two-bilayer vesicles adding
NaHCOj3 electrolyte suggest that Chol-CTAB (W-US) quatsomes are stabilized by
the energy costs of deviations from the spontaneous curvature (elastically
stabilized). Therefore, cholesterol-CTAB (W-US) quatsomes in water are

thermodynamically stable vesicular structures.

* The preparation of Chol-CTAB quatsomes in water with 10% of EtOH in volume by

DELOS-SUSP yields homogeneous small unilamellar vesicles with an extremely
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long term stability of at least 1,000 days with samples stored at 277 K. Moreover,
these vesicular assemblies do not change shape upon heating between 298 and 343
K. Due to this high degree of structural homogeneity and this great stability with
time and temperature, the Chol-CTAB (WI10Et-DELOS) quatsomes can be also

considered thermodynamically stable vesicles.

e QCM-D and SPR techniques have demonstrated that Chol-CTAB (PBS10Et-DELOS)
quatsomes were more rigid and more viscous than Chol-DOPC (PBS10Et-DELOS)

liposomes.

* Lyophilization process did not influence the physicochemical characteristics and
the morphology of Chol-CTAB (W10Et-DELOS) quatsomes.
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2.4. Preparation of stable Chol-CTAB (W10Et)

quatsomes by several routes

The properties of any material are determined by their structure at nanoscopic and
supramolecular level. It is well known that in crystalline or condensed matter, a solid
organic compound having the same chemical composition can be organized forming
non-crystalline (amorphous) forms and crystalline forms with different polymorphs.
These changes in the internal organization can exhibit different physical and functional
properties. For instance, many drugs which are fundamentally organic compounds,
receive regulatory approval for only a polymorph. One high profile case of
polymorphism in pharmaceutical compounds was ritonavir, a peptidomimetic drug
used to treat HIV-1 infection and introduced in 1996. In 1998, a lower energy, more stable
polymorph (form II) appeared, causing slowed dissolution of the marketed dosage form
and compromising the oral bioavailability of the drug. This event forced the removal of
the oral capsule formulation from the market [194, 195].

A vesicular system, with a specific chemical composition, can also exhibit different
structures at nanoscopic and supramolecular level. In the case of non-stable vesicular
systems, these structures tend to change over time and it is difficult to obtain the same
vesicle supramolecular organization preparing these systems by different synthetic
routes.

According to Marques [78], the formation and properties of the thermodynamically
stable vesicles, like Chol-CTAB quatsomes explained in the previous Section, have to be
independent of the method of preparation. In this regard, the purpose of this Section
was to explore whether stable and homogeneous Chol-CTAB (W10Et) quatsomes could

be prepared by several routes of preparation.

2.4.1. Preparation of Chol-CTAB (W10Et) vesicular systems

The preparation of stable Chol-CTAB (W10Et) quatsomes was attempted by several
preparation routes schematized in Figure 2.48. DELOS-SUSP and sonication methods
maintain the membrane components in solution during vesicle preparation, however
the TFH method involves an intermediate stage where the solvent is removed
(solvent-free state) and a film of cholesterol and CTAB is formed.

In all preparations, the final concentration of membrane components was 5.4 mg/ml
(7.3 mM cholesterol and 7.3 mM CTAB) and the same amount of alcohol, 10% in volume,

was added to the hydration water. All the samples were stored at 277 K and were
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characterized at least 14 days after sample preparation.

cholesterol + CTAB
(medium: 90% H,0 + 10% EtOH, vol. %)

o5 @
®
1 ) |
DELOS-SUSP | co, ‘ | TFH < Sonication
[+ 3 extrusion protocols| '
iy, oY,

stable and homogeneous
Chol-CTAB (W10Et)
quatsomes

Figure 2.48.: Scheme of the different explored routes for the preparation of cholesterol-CTAB
quatsomes in water with 10% of EtOH (v/v), Chol-CTAB (W10Et) quatsomes.

2.4.1.1. Preparation of Chol-CTAB (W10Et) quatsomes by DELOS-SUSP

The preparation of Chol-CTAB (W10Et) quatsomes by DELOS-SUSP was already studied
in the previous Section (see Section 2.3.2). Briefly, in order to prepare Chol-CTAB (W10Et-
DELOS) quatsomes, 76 mg of cholesterol in 2.88 ml of ethanol was pressurized with CO,
at Xco, = 0.6 and depressurized over 24 ml of Milli-Q water containing 72 mg of CTAB.

2.4.1.2. Preparation of Chol-CTAB (W10Et) quatsomes by Thin Film Hydration

methodology followed by extrusion

The preparation of stable and homogeneous Chol-CTAB (W10Et) quatsomes was also
attempted by the conventional Thin Film Hydration method (TFH) [178]. Vesicles were
prepared following the multi-step procedure schematized in Figure 2.49. The detailed
information about vesicles formation by the TFH method is included in Section 6.2.2 of

the Experimental Part.
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Thin Film Hydration (TFH)

( Cholesterol and CTAB dissolved in CHCI, )

CHCI, evaporation
(N, flow + vacuum )

v

hydration
(milli-Q water + EtOH)

freeze .
| x10
thaw

extrusion

YN

filter 800 nmx 1 filter 100 nmx 1 filter 100 nm x 21

Chol-CTAB Chol-CTAB Chol-CTAB
(W10Et-TFH800x1) (W10Et-TFH100x1) (W10Et-TFH100x21)
vesicles vesicles vesicles

Figure 2.49.: Schematic diagram showing the preparation of Chol-CTAB (W10Et) vesicles by the
TFH method.

2.78 mg of cholesterol and 2.62 mg of CTAB were dissolved in chloroform and mixed
in a 2 ml glass vial for a total lipid mass of 5.4 mg. The solvent was slowly evaporated
under N, flow to create a thin lipid film and the glass vial were placed in vacuum for at
least 3 hours in order to remove any remaining solvent. The lipid film was then hydrated
overnight using 1 ml of Milli-Q water with 10% of ethanol (vol. %), at room temperature.
Next, the sample was taken through 10 rounds of freeze/thaw cycles by transferring it
between liquid nitrogen and a water bath (313 K) and finally, the sample was extruded
reducing the size of the quatsomes by mechanical energy. In this extrusion-step, the
suspension is forced through a polycarbonate membrane filter with a defined pore size
to yield particles having a diameter near the pore size of the filter used. A commercially

available manual extruder (Avanti® Mini-Extruder, Avanti Polar Lipids, Alabaster, AL,
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USA), was used for that purpose (Figure 6.6 of the Experimental Part). Three different
extrusion protocols were conducted in order to investigate the effect in the final
nanostructure of both, the pore size of the polycarbonate membrane filter used and the
number of extrusions performed. The first one was to use a membrane filter with a pore
size of 800 nm and the sample was passed through the extruder one time. The second
protocol was to reduce the pore size of the membrane filter from 800 nm to 100 nm,
keeping constant the number of the extrusions (one time). And the third protocol was to
use a membrane filter with 100 nm pore size and the sample was passed through the
extruder twenty-one times. Consequently, three different Chol-CTAB samples were
obtained by TFH. The vesicular products obtained by these three different preparation
protocols have been called Chol-CTAB (WI10Et-TFH800x1), Chol-CTAB
(W10Et-TFH100x1) and Chol-CTAB (WI10Et-TFH100x21) (see Table6.3 of the

Experimental Part).

Usually in two steps of this Thin Film Hydration method, the hydration-step and the
extrusion-step, the working temperature should be above the thermotropic phase
transition (7},) of membrane components, in order to hydrate and extrude in their fluid
phase. This transition temperature was studied for preformed Chol-CTAB
(W10Et-DELOS) quatsomes (Section 2.4.1.1). The measurements were conducted using
a VP-DSC microcalorimeter equipment and are presented in Section 6.6 of the
Experimental Part. As explained, the Chol-CTAB quatsome bilayer adopted a
liquid-ordered (L,) phase and did not exhibit a thermotropic phase transition (73,),

therefore all the steps of this vesicle preparation can be conducted at room temperature.

2.4.1.3. Preparation of Chol-CTAB (W10Et) quatsomes by sonication

The last route tested for the preparation of stable and homogeneous Chol-CTAB (W10Et)
quatsomes was sonication (see Section 6.2.3 of the Experimental Part). 26.2 mg of CTAB
and 27.8 mg of cholesterol were added directly to 10 ml of Milli-Q water with 10 % ethanol
(vol. %). The resulting dispersion was sonicated at 298 K for 4 min until a homogeneous
dispersion was achieved (Figure 2.50). From now on these vesicles have been called Chol-
CTAB (W10Et-US) (Table 6.3 of the Experimental Part).
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Sonication

Chol-CTAB
(W10Et-US)

# ¢ : cholesterol + CTAB (solid) s

Figure 2.50.: Scheme of sonication method for the preparation of Chol-CTAB (W10Et) vesicles.

2.4.2. Qualitative and quantitative characterization of the

vesicular systems

All the above described Chol-CTAB vesicular systems prepared by different routes
(DELOS-SUSB sonication and TFH + extrusion) were fully characterized to determine if
they were formed or not as stable and homogeneous Chol-CTAB (W10Et) quatsomes.
The characterizations were conducted by DLS (Section 6.3.3 of the Experimental Part), to
study the vesicle size distribution, polydispersity and Z-potential (surface charge), by
cryo-TEM microscopy (Section 6.3.1 of the Experimental Part), to gain information on
the morphology of the obtained vesicles, and by SAXS (Section 6.3.11 of the Experimental

Part), to investigate the shape, lamellarity and homogeneity of such vesicles.

All the SAXS measurements were performed in the beamline NCD of synchrotron ALBA
(Cerdanyola del Vallés, Spain). The SAXS data were analyzed by Dr. Evelyn Moreno from
Nanomol group (ICMAB-CSIC). In Section A.4 of the Appendix, is detailed the description

of the theoretical model that we have used to interpret the scattering data of vesicles.

In Table 2.14 is gathered all the physicochemical characteristics of the obtained Chol-
CTAB vesicular systems studied by DLS. Additionally, the morphology of such vesicles
observed by cryo-TEM is also indicated (Figure 2.51).
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Table 2.14.: Physicochemical characteristics of Chol-CTAB (W10Et) vesicles prepared by DELOS-
SUSP, sonication and TFH + extrusion methods.

Chol-CTAB Size Stability Morohologvd

sample® Mean (nm)P PdI° Z-pot.(my)  CrPRolosy

WIOECTFH800x]  236.6+4.7 032540057 972467 “O'SLUVS
MVVs

WIOEL.TFH100x]  154.84 1.4 0.191+0013 831429 JSUVSLUVS
MVVs
WI0Et-TFH100x21 118.8+1.9 0.085+0.021 78.1 +4.6 SUVs
WI0Et-DELOS ~ 73.47 £ 0.94 0.262+0.006 110 6 SUVs
WI0Et-US 76.71 +0.05 0.241+0.009 100 +4 SUVs

4 Samples were stored at 277 K.

b Intensity weighted mean hydrodynamic size of the collection of vesicles
measured by dynamic light scattering.

¢ Polidispersity index showing the width of the particle size distribution.

4 Morphology of the vesicles observed by cryo-TEM. SUVs: Small unilamellar
vesicles. LUVs: Large unilamellar vesicles. MVVs: Multivesicular vesicles.

Figure 2.51.: Cryo-TEM images of Chol-CTAB (W10Et-TFH800x1), Chol-CTAB (W10Et-TFH100x1),
Chol-CTAB (W10Et-TFH100x21), Chol-CTAB (W10Et-DELOS) and Chol-CTAB (WI10Et-US)
vesicles. Samples were stored at 277 K prior to vitrify them with liquid ethane.
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8 TFH 800x1

i W10Et-TFHB0Ox1

TFH 100x1
S\l | wioEe-TFH100x1

TFH 100x21
W10Et-TFH100x21

log |, relative

DELOS-SUSP

W10Et-DELOS

Sonication
W10Et-US

Figure 2.52.: SAXS curves of Chol-CTAB (WI10Et-TFH800x1), Chol-CTAB (W10Et-TFH100x1),
Chol-CTAB (WI10Et-TFH100x21), Chol-CTAB (W10Et-DELOS) and Chol-CTAB (WI10Et-US)
vesicles. Data collected in the beamline NCD of the ALBA at 298 K.

SAXS data presented in Figure 2.52 and measured at 298 K for Chol-CTAB vesicles
prepared by DELOS-susp, sonication and TFH 100x21 methodologies display only broad
and diffuse peaks centred between 1.34 and 1.42 nm™! (g,,4.), which indicates that the
samples consist of unilamellar vesicles with a repeated distance between 4.42 and 4.69
nm (d = 2n/qmax)- As mentioned in a previous Section, in the case of unilamellar vesicles
this repeated distance includes the bilayer membrane and the ordered layer of hydration
water (see Figure 2.31) [176]. DLS measurements (Table 2.14) and cryo-TEM images
(Figure 2.51) also revealed that the obtained vesicles using these three preparation routes
were homogeneous in size, spherically-shaped and unilamellar. Thus by DELOS-SUSP,
sonication and TFH 100x21 routes, Chol-CTAB quatsomes in water with 10% of EtOH
(v/v) with a high level of structural homogeneity can be prepared. Besides, it is
important to note that the scattering curve of Chol-CTAB (WI10Et-US) quatsomes
prepared by sonication shows the well-defined high frequency oscillations studied in the
previous Section 2.3.1.4 and attributed to an extremely narrow size distribution. Thus
this finding suggests that sonication method allows vesicles with a higher level of
homogeneity with regard to particle size.

In contrast to the scattering curves of the above mentioned quatsomes, the SAXS data
of Chol-CTAB vesicles prepared by TFH 100x1 and TFH 800x1 methods (Figure 2.52) show
completely smeared curves. This fact might be due to the high polydispersity in thickness

membrane and size of the obtained systems. DLS measurements (Table 2.14) revealed
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larger particle size for the vesicles of those Chol-CTAB systems, and cryo-TEM images
(Figure 2.51) show the presence of a mixture of small unilamellar vesicles (SUVs), large
unilamellar vesicles (LUVs) and multivesicular vesicles (MVVs). Additionally, using the
TFH 800x1 route, nonspherical vesicles were also observed.

The differences between the final nanostructures of vesicles prepared by the TFH
method with different extrusion protocols, TFH 800x1, TFH 100x1 and TFH 100x21, can
be explained due to the phase separation that cholesterol and CTAB suffer during film
formation, a solvent-free state. As reported by Buboltz et al. [101], those preparation
methods involving a solvent-free state, such as a lipid film, may favor demixing of
membrane components and therefore an heterogeneous formation of the individual
vesicles in an ensemble.

This cholesterol and CTAB phase separation was already observed by Dr. Elisa Elizondo
from Nanomol group (ICMAB-CSIC) in her PhD work [187] and in [196]. These previous
studies, using a confocal fluorescence microscopy-based assay, revealed that by the TFH
800x1 route, Chol-CTAB vesicles with a low level of structural homogeneity were achieved
due to the lipid demixing of cholesterol and CTAB and the formation of cholesterol-rich

domains during film formation (Figure 2.53).
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Figure 2.53.: Histograms of vesicular samples prepared by DELOS-SUSP (left) and the hydration
method (right). In each histogram the distribution of the ratio of the two integrated intensities,
Insp/Ipip, of two dyes is represented. Each integrated intensity belongs to the NBD and DiD
dyes that are located in the vesicle membrane and mimic their components. The Inxpp/Ipip
ratio should be constant if all the individual vesicles had the same membrane composition
and identical supramolecular organization; so the narrower the distribution is, the higher the
homogeneity in the supramolecular arrangement of lipids in the membranes. Adapted from [196].

In the present Thesis, it was thought to investigate the effect of reducing the pore size

of the membrane filter of the extrusion step from 800 to 100 nm. This pore size reduction
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might break the cholesterol-rich domains formed during film formation and might help
to form Chol-CTAB vesicles with higher level of structural homogeneity. As explained
above, this pore size reduction was not enough to improve the structural homogeneity of
the Chol-CTAB (W10Et) vesicles (TFH 100x1), and better results were obtained when the
sample was passed through the extruder twenty-one times (TFH 100x21). Figure 2.54
shows a scheme of these obtained results and an example of the Chol-CTAB phase
separation in the solvent-free state compared with a typical lipid thin film of a liposomal
system, like Chol-DPPC.

filter 100 nm x 1

Thin Film Hydration (TFH) Hydray filter 800 nm x 1

Solvent &
evaporation ~ Freeze/thaw /
— “|  —) Extrusion
CHCl, \
=~ filter 100 nm x 21
Cholesterol and CTAB

phase separation

Chol-CTAB film Chol-DPPC film

Figure 2.54.: Scheme of the Chol-CTAB (W10Et) vesicle preparation by Thin Film Hydration (TFH)
using different extrusion protocols. Picture (bottom) showing an example the cholesterol and
CTAB phase separation in the thin film formation compared with a typical Chol-DPPC lipid thin
film of a liposomal system.

Therefore, it is clear that the preparation route of soft systems like Chol-CTAB (W10Et)
quatsomes could be very critical regarding the final nanostructure due to the cholesterol
hydrophobicity. Unilamellar and homogeneous Chol-CTAB (W10Et) quatsomes can be
obtained using routes that maintain the membrane components in solution during
vesicle preparation, such as DELOS-susp and sonication. In the case that the quatsome
preparation method involves an intermediate solvent-free state, such as the TFH route
where cholesterol and CTAB suffer a phase separation, vesicles with a low level of
structural homogeneity are achieved (TFH 800x1 and TFH 100x1). In order to obtain
homogeneous Chol-CTAB (W10Et) quatsomes by this route, a high mechanical energy
has to be applied to break the formed cholesterol-rich domains extruding the sample
twenty-one times (TFH 100x21).
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We next explored the behavior of the obtained Chol-CTAB (W10Et) vesicular systems as
function of temperature by SAXS. We studied the thermal stability of two opposite cases,
vesicles with a high degree of homogeneity prepared by the DELOS-SUSP method, and
vesicles with a low degree of homogeneity prepared by the TFH 800x1 route.

2.4.2.1. Thermal stability of Chol-CTAB (W10Et) vesicular systems prepared by

different routes

The small-angle X-ray scattering (SAXS) technique was also used to check the vesicle
thermal stability. Specifically, SAXS measurements of Chol-CTAB (W10Et) vesicles
prepared by DELOS-SUSP and TFH 800x1 methods (Figure 2.48) were conducted at
different temperatures.

The SAXS measurements of Chol-CTAB (W10Et-DELOS) quatsomes (Figure 2.55) were
performed at the X33 beamline of the European Molecular Biology laboratory (EMBL,
Hamburg, Germany) and were carried out at 298, 303, 308 and 313 K. As shown in
Figure 2.55, the shape of the curves is retained in all the measurements. Therefore, it can
be assumed that Chol-CTAB (W10Et) quatsomes prepared by DELOS-SUSP do not lose
their spherical morphology with temperature at least up to 313 K.

—— W10Et- DELOS 313 K
—— W10Et- DELOS 308 K
—— W10Et- DELOS 303 K
—— W10Et- DELOS 298 K

log |, relative

3
q(nm’)

Figure 2.55.: SAXS curves of Chol-CTAB (W10Et-DELOS) quatsomes measured at 298, 303, 308 and
313 K. Data collected at X33 beamline at the EMBL.

The SAXS measurements as function of temperature of Chol-CTAB
(W10Et-TFH800x1) vesicles were performed in the BM16 beamline of the European
Synchrotron Radiation Facility (ESRE Grenoble, France). These measurements were
conducted at 298 and 313 K. As displayed in Figure 2.56, the high stability of Chol-CTAB

87



Chapter 2 Quatsomes, new vesicular system

quatsomes studied before is not maintained when this vesicle system is prepared by TFH
800x1 route. Bragg peaks at 0.58 and 1.26 nm™! with a periodicity typical of planar
lamellar phases (q1= ¢g»/2) appeared at 313 K. This can be caused by a transition from
mainly unilamellar vesicular structures at 298 K to large ordered membrane stacks in
multilamellar vesicles at 313 K. Alternatively, it is also possible that the mainly
unilamellar vesicular structures obtained at 298 K undergoes a phase transition into a
planar lamellar phase at 313 K. In any case, this is an indication of the presence of

unstable vesicular phases obtained by TFH 800x1 method.

— W10Et-TFH800x1313 K
q = \W10Et-TFH800x1 298 K

log |, relative

qm™)

Figure 2.56.: SAXS curves of Chol-CTAB (W10Et-TFH800x1) vesicles measured at 298 and 313 K.
Data collected at BM16 beamline at the ESRE

The results evidenced that if the Chol-CTAB (W10Et) vesicles are homogeneous in
size, spherically-shaped and unilamellar (SUVs), such the quatsomes obtained by
DELOS-SUSP route (Figure 2.51), there is no variation in the vesicle membrane as
function of temperature at least up to 313 K. However, if the vesicles present a low degree
of structural homogeneity, as Chol-CTAB (W10Et) vesicles prepared by TFH 800x1 route,
changes in the membrane are observed when heating the sample.

On the other hand, we have shown with this work that SAXS is a powerful tool for the
characterization of vesicular systems able to give quantitative information of the relevant
parameters that define the nanostructure of vesicular assemblies. These parameters
would normally be inaccessible with microscopic experiments which provide only local
information which cannot be quantitatively analyzed.

In summary, the findings of this work demonstrated that stable and homogeneous
Chol-CTAB (W10Et) quatsomes can be prepared by several routes, such as DELOS-susp,

sonication and TFH 100x21. Furthermore, it has been exposed that such homogeneous
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quatsomes present an outstanding stability against temperature, in contrast to systems

with a low degree of structural homogeneity.

2.4.3. Summary

e It has been demonstrated that stable and homogeneous Chol-CTAB (W10Et)
quatsomes can be prepared by several routes, such as DELOS-susp, sonication and
TFH 100x21 (Figure 2.57).

DELOS-SUSP Thin Film Hydration (TFH)

cholesterol-CTAB
quatsomes

/ cholesterol (§
»""\

Solvent
evaporation
&

Hydration
I
I Freeze/thaw l
Extrusion
Cholesterol:CTAB (1:1 mol:mol) 1
7.3 mM Chol, 7.3 mM CTAB filter 800 nm x 1 filter 100 nm x 21

Final dispersant medium: Milli-Q
water containing 10% EtOH (vol. %)

filter 100 nmx1 ¢

=l Chol-CTAB

8 W10Et-US

(W10Et-DELOS) ( vesicles ]
vesicles Chol-CTAB

(W10Et-TFHB00xX1) chol-cTap (W10ELTFH100x21)

vesicles (W10Et-TFH100x1) Vesicles
vesicles

Figure 2.57.: Preparation routes to obtain stable and homogeneous Chol-CTAB (W10Et)
quatsomes.

» Preparation routes, which go trough solvent-free states where solid cholesterol is

formed, do not yield stable homogeneous quatsomes, unless a high mechanical

energy is applied.
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2.5. Preparation of quatsome-like vesicles using

components alternative to Chol-CTAB

It is well known that free CTAB has a certain degree of toxicity since this cationic
surfactant molecule can kill cells. Recent studies state that CTAB acts by two active
mechanisms: i) direct interaction with the phospholipid bilayer that destabilizes the cell
membrane, leading to cell death; and ii) catalytic action of CTAB’s dissociation products,
which might cause the quenching of the enzyme ATP synthase and thus lead to energy
deprivation and cellular death [197]. Although CTAB could be toxic, it is important to
recall that this toxicity depends on the assembling of this molecule, i.e. CTAB in
monomers (free), micelles and vesicles could have different degrees of toxicity. For that
reason, at present studies comparing these values are being performed by other
members of Nanomol group.

In this Thesis, we studied the formation of quatsome-like structures using single-chain
amphiphile molecules alternative to CTAB and other sterols than cholesterol by DELOS-
susp (see Section 6.2.1 of the Experimental Part). Molecules approved by the U.S. Food
and Drug Administration (FDA) and with current use in medical applications [198] were

attempted to use.

2.5.1. Single-chain amphiphile molecules other than CTAB

The molecular dynamics simulations of the Chol-CTAB synthon described in
Section 2.2.3 have shown that the size and the shape of the CTAB molecule are important
parameters in order to build the specific synthon with cholesterol to form bilayers. Then,
in this Section the formation of vesicles with mixtures of cholesterol and single-chain
amphiphile molecules with similar structure to CTAB was investigated.

In Table 2.15, the candidate molecules studied to replace the CTAB in the formation of
vesicles are given. In this study neutral molecules, anionic molecules and cationic
molecules were used. Moreover Table 2.15 gives the possible routes of administration of
such compounds based in previously FDA registered formulations using these molecules

[198], and their structuration in water. In Figure 2.59 are depicted all the candidate
molecules.

In order to form these new vesicle formulations, DELOS-SUSP method (Figure 2.58
and see Section 6.2.1 of the Experimental Part) was employed obtaining vesicles in water
with 10% of EtOH (vol. %). Unless explicitly indicated, the method consisted in the

loading of the 7.5 ml high-pressure autoclave with a solution containing 76 mg of
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cholesterol in 2.88 ml of ethanol. The solution was then pressurized with compressed
CO; at a molar fraction of Xco,= 0.6 until reaching a working pressure of 10 MPa, which
produced a volumetric expanded organic solution of cholesterol. Finally, the expanded
organic phase was depressurized over an aqueous solution (24 ml) containing one of the
new single-chain amphiphile molecules (Figure 2.59 and Table 2.15) at a concentration
over its critical micellar concentration (cmc).  For Chol-CTAB (W10Et-DELOS)
quatsomes, vesicles are formed after depressurization, consequently the
characterization of the new formulation systems was carried out in this stage. If the
single-chain amphiphile molecule used was insoluble in water, it was added in the
organic solution of the high-pressure autoclave. If possible experimentally, equimolar
ratios between surfactant and sterol were used for the preparation of quatsome-like
systems with a final concentration of 7.3 mM. All the obtained samples were stored at
277K

° Depressurization

=
i
©

/ cholesterol

different from CTAB

7 single-chain amphiphile molecule rl_"_'”'l

Figure 2.58.: Schematic representation of the DELOS-SUSP method to obtain new quatsome-like
systems using cholesterol and single-chain amphiphile molecules other than CTAB presented in
Table 2.15. If the single-chain amphiphile molecule used was insoluble in water, the compound
was added in the organic solution together with cholesterol.

The mean and polydispersity index (PdI) of the particle size distributions measured
by DLS for every measurable sample are presented in Table 2.16, including information
regarding the morphology of the vesicular formulations analyzed by cryo-TEM. The

stability of each vesicular system is described through the Z-potential values (see
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Table 2.15.: Candidate molecules alternative to CTAB for the formation of quatsome-like vesicles
[198-202].

. Route of 2 .
Molecule Chemical formula .. . Phase in water
administration

Neutral single-chain amphiphile molecules

Myristic acid NaCi2H5S04 Oral Water-insoluble
N-(2-(2-(vinylsulfonyl) Not studied,
ethoxy)ethyl) Ci18H35NO4S lauric acid Water-insoluble
dodecanamide (VS-1) derivative
N-(2-(2-(vinylsulfonyl) Not studied,
ethoxy)ethyl) Co4Hy45NO4S oleic acid Water-insoluble
oleamide (VS-2) derivative
1-(vinylsulfonyl) . .
octadecane (VS-3) CooHy4002S Not studied Water-insoluble

Anionic single-chain amphiphile molecules

Buccal/sublingual,
Ci14H25012 dental,oral, Micelles
topical, vaginal

Sodium dodecyl
sulfate (SDS)

Cationic single-chain amphiphile molecules

Intravenous,
Co3H4,CIN intramuscular, nasal, Micelles
oral, topical
Cetylpyridinium Oral, inhalation,
chloride (CPC) C21HzpCIN topical

Myristalkonium
chloride (MKC)

Micelles

2 Possible routes of administration of such compounds based in previously FDA
registered formulations using these molecules.
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Figure 2.59.: Molecular structure of the single-chain amphiphile molecules used for the formation
of quatsome-like structures with cholesterol.
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Table 2.16.: Physicochemical characteristics of the different quatsome-like vesicular structures
prepared by DELOS-SUSP method.

Quatsome-like® Molar Size Stability Morpho.d
structure ratio Mean(nm)® PdI® Z-pot.(mV) pho.
Chol:CTAB:VS-1 (5:4:1) 61.26+0.36 0.133+0.017 151 +5 SUVs
Chol:CTAB:VS-2 (5:4:1) 72.87+0.38 0.102 + 0.008 142 +3 SUVs
Chol:SDS (1:2) 146.1 + 3.5 0.307 £ 0.004 -139+5 SUVs
Chol:MKC (1) 1143456 0507+0076 lo4+s5  astorted
vesicles
Chol:MKC (1:2) 52.77+ 056 0.171 + 0.004 109 +£3 SUVs
Chol:CPC (1) 137.1498 03890070 129+2  aistorted
vesicles
Chol:CPC (1:2) 62.67 + 0.50 0.152 + 0.004 121 +4 SUVs

4 Samples were stored at 277 K.

b Intensity weighted mean hydrodynamic size of the collection of vesicles
measured by dynamic light scattering.

¢ Polidispersity index showing the width of the particle size distribution.

4 Morphology of the vesicles observed by cryo-TEM. SUVs: Small unilamellar
vesicles.

Table 2.16).

2.5.1.1. Use of neutral molecules

The production of quatsome-like structures was attempted using myristic acid
(Table 2.15 and Figure 2.59) and cholesterol. Myristic acid has a low solubility in water
(20 mg/L at 293 K), and consequently this compound does not form micelles in aqueous
environments. Due to this low water solubility, the preparation of vesicles using
DELOS-SUSP method was carried out dissolving both membrane components at
equimolar ratio (76 mg cholesterol and 45 mg myristic acid) in ethanol and adding this
organic solution inside the reactor (see Figure2.58). The depressurization of the
expanded solution over an aqueous phase gave a colloidal suspension like the one
shown in Figure 2.60a. @ The macroscopic appearance did not show the typical
translucent aqueous system obtained for vesicular colloidal systems. Instead, a white

opalescent suspension was obtained with a large amount of aggregate solid.
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The optical microscopy images (Section 6.3.7 of the Experimental Part) reveal solid
aggregates of several microns in size. The presence of these structures indicates that the
formation of vesicles is unlikely, therefore the formation of vesicles by DELOS-SUSP

using myristic acid was discarded.

Figure 2.60.: (a) Photograph showing the macroscopic aspect of the sample performed at 1:1
Chol:Myristic acid molar ratio prepared by DELOS-SUSP. (b) Optical microscopy images of such
sample.

In a second approach, we used neutral fatty acids derivatives to produce
quatsome-like vesicular structures by DELOS-SUSP. The fatty acids derivatives molecules
were synthesized by the group of Prof. Francisco Santoyo from the University of
Granada [202] and are presented in Table 2.15 and Figure 2.59 (see Section 6.9 of the
Experimental Part for synthesis and characterization of such compounds). All these
molecules comprise a molecule of lipid nature and a vinyl sulphone group. Since these
neutral molecules were insoluble in water, they were solubilized in the ethanolic phase
together with cholesterol, instead of being dissolved in the aqueous phase (see
Figure 2.58).

First of all, we tried to produce vesicles using an equimolar ratio between cholesterol
and the lauric acid derivative (VS-1) (76 mg cholesterol, 71 mg lauric acid derivative), but
a suspension with a large amount of aggregate solid was obtained (Figure 2.61a). In order
to incorporate some lauric acid derivative molecules (VS-1) in the quatsome membrane,
a new strategy was carried out by using a combination of CTAB and VS-1 at 4:1
CTAB:VS-1 molar ratio, to self-assemble with cholesterol and form the bilayer. This new
experiment was performed at 5:4:1 cholesterol:CTAB:VS-1 molar ratio and yielded a
translucent stable aqueous system (Figure 2.61b). The resulting vesicles presented sizes
with values around 61 nm when measured by DLS (Figure 2.61b and Table 2.16), and
homogeneous vesicle population as indicated by its small polydispersity index.
Furthermore, the obtained Z-potential value around 151 mV indicate that these vesicles
have an excellent stability along time. The morphology of the sample, studied through
the cryo-TEM images (Figure 2.61b), demonstrated homogeneous, spherically-shaped

and unilamellar nanovesicles. These results suggest that part of CTAB can be replaced by
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VS-1 for the formation of homogeneous quatsome-like vesicular structures with

cholesterol.
IEI @ Cholesterol:CTAB:VS-1 (5:4:1 mol:mol:mol)
Cholesterol:VS-1 " S S— S
(1:1 mol:mol) 12}

10¢

™

Figure 2.61.: (a) Photograph showing the macroscopic aspect of the suspension at 1:1
cholesterol:lauric acid derivative (VS-1) molar ratio. (b) Particle size distribution (left) and
cryo-TEM image (right) corresponding to vesicles obtained at 5:4:1 cholesterol:CTAB:lauric acid
derivative (VS-1) molar ratio by DELOS-SUSP. Insert: Photograph showing the macroscopic aspect
of the suspension.
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Taking into account this excellent result, the same strategy for the other two fatty
acids derivatives molecules, the oleic acid derivative (VS-2) and the
1-(vinylsulfonyl)octadecane (VS-3), was carried out. The new experiments were
performed at 5:4:1 cholesterol: CTAB:VS-2 molar ratio and at 5:4:1 cholesterol:CTAB:VS-3
molar ratio. As shown in Figure 2.62, DLS measurements and cryo-TEM revealed that
vesicles obtained using VS-2 were homogeneous, spherically-shaped and unilamellar, so
part of CTAB can also be replaced by VS-2 for the formation of homogeneous
quatsome-like vesicular structures with cholesterol. By contrast, the suspension
obtained using VS-3 was heterogeneous and size measurements did not meet DLS
quality criteria because of high polydispersity and presence of large aggregates.
Cryo-TEM pictures (Figure 2.63) revealed these large aggregates, consequently VS-3

could not be incorporated into quatsome membrane and it tended to precipitate.

It has to be noted that these results using neutral fatty acids derivatives should be
considered a preliminary step, further studies using other molar proportions will be

conducted soon.
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Cholesterol:CTAB:VS-2 (5:4:1 mol:mol:mol)
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Figure 2.62.: Particle size distribution (left) and cryo-TEM image (right) corresponding to vesicles
obtained at 5:4:1 cholesterol: CTAB:oleic acid derivative (VS-2) molar ratio by DELOS-SUSP. Insert:
Photograph showing the macroscopic aspect of the suspension.
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Figure 2.63.: Particle size distribution (left) and cryo-TEM image (right) corresponding to systems
obtained at 5:4:1 cholesterol: CTAB:VS-3 molar ratio by DELOS-SUSP. DLS measurements did not
meet quality criteria because of high polydispersity and presence of large aggregates. Insert:
Photograph showing the macroscopic aspect of the suspension.

2.5.1.2. Use of anionic molecules

Surface charge of vesicles is related to biological behaviors of these systems, such as
tissue diffusing, biodistribution, cell uptake, cytotoxicity, and protein binding [203].
Electrostatic interaction between vesicles and cells is very important in applications
such as gene delivery, cell uptake enhancing, and endosome escaping [204]. Although
cationic vesicles with positive charge appears to improve the efficacy of imaging, gene
transfer, and drug delivery [205, 206], a general disadvantage of these vesicles is that they
can cause cytotoxicity both in vitro and in vivo [204,207,208]. Due to this fact, anionic
vesicles with negative charge can be an alternative to cationic vesicles [209].

In this context, we tried to produce quatsome-like vesicles using an anionic molecule,
such as sodium dodecyl sulfate (SDS) (Table 2.15 and Figure 2.59).

The critical micelle concentration of SDS at 298 K is 8 mM (8 times higher than the
cmc of CTAB). Keeping constant the amount of cholesterol in the reactor (76 mg), it
cannot be used an equimolar proportion of cholesterol and SDS since the final SDS

concentration is below the cmc and micelles cannot be formed. In order to dispose of
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Chapter 2 Quatsomes, new vesicular system

SDS micelles in the aqueous phase, the experiment was performed at 1:2 cholesterol:SDS
molar ratio (113 mg SDS, 14.6 mM). As shown in the insert of Figure 2.64, this experiment
yielded a translucent stable aqueous system. The cryo-TEM images (Figure 2.64)
demonstrated that the obtained aqueous system was constituted by nanoscopic
unilamellar vesicles with two different sizes. These two population of vesicles are also
observed in DLS measurements (Figure2.64 and Table 2.16), where is presented a
bimodal size distribution centred in an average size of 60 nm and 120 nm. The
Z-potential value (Table 2.16) high and negative is an indicative of a good stability along
time. Although further phase behavior analysis of Chol-SDS system is required, these
results show the potential of the DELOS-SUSP process for the one-step production of
quatsomes using anionic single-chain amphiphile molecules and cholesterol.
Furthermore, it is worth mentioning that SDS is used in FDA approved
buccal/sublingual, dental, oral, topical and vaginal pharmaceutical formulations, so
Chol-SDS (W10Et-DELOS) quatsomes (Table 6.3 of the Experimental Part) can be
obtained by DELOS-SUSP if quatsomes with negative charge are required for biomedical

applications.
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Figure 2.64.: Particle size distribution (left) and cryo-TEM image (right) corresponding to vesicles
obtained at 1:2 cholesterol:SDS molar ratio by DELOS-SUSP. Insert: Photograph showing the
macroscopic aspect of the suspension.

It is worthy to remark that the formation of cholesterol-SDS quatsomes using our
sonication methodology published in [177] was also studied by Ghosh et al. [210]. They
reported the formation of unilamellar vesicles using equimolar proportions of

cholesterol and SDS (20 mM) in aqueous solutions.

2.5.1.3. Use of cationic molecules

Cationic liposomes are being used as gene vectors to successfully transfect a variety of
mammalian cell types in vitro and in vivo; the ability to form desirable electrostatic

interactions with DNA [211] makes them effective gene transfer vehicles [205, 206].
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Besides, cationic liposomes have emerged as a novel adjuvant and antigen delivery

system to enhance vaccine efficacy [212].

Within this framework, the formation of quatsome-like vesicles using cationic
molecules was investigated. Specifically, quaternary ammonium surfactant molecules
such as myristalkonium chloride (MKC) and cetylpyridinium chloride (CPC) (Table 2.15
and Figure 2.59) were used. Regarding medical applications, it is worth highlighting that
MKC is used in FDA approved intravenous, intramuscular, nasal, oral and topical
pharmaceutical formulations, and CPC in oral, inhaled and topical pharmaceutical
formulations, therefore these new molecules can extend the use of quatsomes for the

development of a large variety of nanomedicines.

Keeping constant the amount of cholesterol in the reactor (76 mg), and taking into
account that surfactant micelles should be formed in the aqueous phase (cmc below 7.3
mM), DELOS-SUSP experiments working at equimolar proportion between cholesterol
and these cationic surfactants were possible to perform (the cmc at 298 K is 2.16 mM for
MKC and 0.98 mM for CPC [200]). Thus, we investigated the preparation of
cholesterol:MKC (72 mg MKC, 7.3 mM) (Figure 2.65) and cholesterol:CPC (70 mg CPC,
7.3 mM) (Figure 2.66) vesicles by DELOS-SUSP in the same way used to form Chol-CTAB
(W10Et-DELOS) quatsomes.

Cholesterol:MKC (1:1 mol:mol)
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Figure 2.65.: Particle size distribution (left) and cryo-TEM image (right) corresponding to vesicles
obtained at 1:1 cholesterol:MKC molar ratio by DELOS-SUSP. Insert: Photograph showing the
macroscopic aspect of the suspension.
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Cholesterol:CPC (1:1 mol:mol)
12
10

£s
.ﬁ 6
E 4 '
2
e 1 A
1 10 100 1000 10000
Diameter (nm) i b

Figure 2.66.: Particle size distribution (left) and cryo-TEM image (right) corresponding to vesicles
obtained at 1:1 cholesterol:CPC molar ratio by DELOS-SUSP. Insert: Photograph showing the
macroscopic aspect of the suspension.

In both cases, the DELOS-SUSP experiment yielded a translucent stable aqueous
system (Figure 2.65 and Figure 2.66). Although the high Z-potential value (Table 2.16) is
an indicative of a good stability along time for both systems, dynamic light scattering
(DLS) measurements and cryo-TEM showed the formation of non-homogeneous

vesicles (Figure 2.65, Figure 2.66 and Table 2.16).

Taking into account that MKC and CPC are quaternary ammonium surfactant
molecules like CTAB, and considering the previous Chol-CTAB sonication study
performed at the beginning of this Chapter (Figure2.6) where non-homogeneous
vesicles were obtained with an excess of cholesterol in the system, DELOS-SUSP
experiments were conducted decreasing the amount of cholesterol. Specifically, the
production of small unilamellar vesicles was studied at 1:2 cholesterol:surfactant molar
ratio. In both experiments, the amount of cholesterol was reduced to the half of its initial

value (38 mg) and the concentration of the cationic surfactants was kept at 7.3 mM.

The characterization of the obtained sample at 1:2 Chol:MKC molar ratio is shown in
Figure 2.67. As can be observed, the formation of vesicles was achieved. Indeed,
dynamic light scattering (DLS) measurements and cryo-TEM images revealed that these
nanovesicles were homogeneous, spherically-shaped and unilamellar (Figure 2.67 and
Table 2.16). Furthermore, the Z-potential value given in Table 2.16 indicated that these

quatsomes have an excellent stability along time.
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Cholesterol:MKC (1:2 mol:mol)
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Figure 2.67.: Particle size distribution (left) and cryo-TEM image (right) corresponding to
quatsomes obtained at 1:2 cholesterol:MKC molar ratio by DELOS-SUSP. Insert: Photograph
showing the macroscopic aspect of the suspension.

On the other hand, the characterization of the obtained sample at 1:2 Chol:CPC molar
ratio is shown in Figure 2.68. Cryo-TEM images demonstrated that the obtained aqueous
system was constituted by spherically-shaped and unilamellar nanoscopic vesicles. DLS
measurements (Figure 2.68 and Table 2.16) showed that these nanoscopic vesicles
presented an unimodal size distribution centred in an average size of 63 nm and the

Z-potential value (Table 2.16) high and positive is an indicative of a good stability along

time.
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Figure 2.68.: Particle size distribution (left) and cryo-TEM image (right) corresponding to
quatsomes obtained at 1:2 cholesterol:CPC molar ratio by DELOS-SUSP. Insert: Photograph
showing the macroscopic aspect of the suspension.

Therefore, quatsomes with positive charge different from Chol-CTAB can be obtained
using mixtures of cholesterol and MKC and cholesterol and CPC. These new cationic
vesicles have been called Chol-MKC and Chol-CPC (W10Et-DELOS) quatsomes (see
Table 6.3 of the Experimental Part). It is worth mentioning that these new formulations
produced homogeneous vesicles in size and morphology and widely accepted.
Additionally, these systems are synthesized by a method that allows the encapsulation of
drugs in an easy way.

On the other hand, it is worth highlighting that the formation of cationic quatsomes
using our sonication methodology published in [177] was also studied by other

investigation groups. Specifically, it has been published the formation of cationic
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quatsomes using mixtures of benzyldimethylhexadecylammonium chloride (BHDC) and
cholesterol [213]; 1-hexadecyl-3-methylimidazolium chloride ([C;gmim]Cl) and
cholesterol [213]; tetradecyltrimethylammonium bromide (TTAB) and cholesterol [214]
and CPC and cholesterol [215].

2.5.2. Sterol other than cholesterol

In this Section, we investigated the formation of quatsome-like structures using the plant
sterol 3-sitosterol instead of cholesterol by DELOS-SUSP (Figure 2.69). In this experiment,
an equimolar ratio between [3-sitosterol and CTAB was used with a final concentration of
7.3 mM.
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Figure 2.69.: DELOS-SUSP method to obtain new quatsome-like structures using [3-sitosterol and
CTAB.

Briefly, using the equipment and the procedure described in Section 6.2.1 of the
Experimental Part, the method consisted in the loading of the 7.5 ml high-pressure
autoclave with a solution containing 82 mg of [-sitosterol in 2.88 ml of ethanol. The
solution was then pressurized with CO, at a molar fraction of Xco,= 0.6 until reaching a
working pressure of 10 MPa, which produced a volumetric expanded organic solution of
B-sitosterol. Finally, the expanded organic phase was depressurized over 24 ml of an
aqueous solution containing 72 mg of CTAB at a concentration over its critical micellar

concentration (cmc). After this stage, the resulting sample was characterized. Its size
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distribution, polydispersity index and Z-potential were determined using the dynamic
light scattering (DLS) equipment and these values are given in Figure 2.70.

The DLS measurements of these vesicles revealed a mean size of 152.5 + 2.4 nm (PdI
0.277 + 0.016). Besides, the obtained Z-potential value larger than + 30 mV indicate that
these quatsomes have an excellent stability along time. The morphology of this sample,
studied through the cryo-TEM images, showed homogeneous, spherically-shaped and
unilamellar nanovesicles (Figure 2.70). Thus, [-sitosterol-CTAB (W10Et-DELOS)
quatsomes (Table 6.3 of the Experimental Part) can be prepared using DELOS-SUSP.
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[a] Intensity weighted mean hydrodynamic size of the collection of vesicles measured by dynamic light scattering.

[b] Polidispersity index showing the width of the particle size distribution.

Figure 2.70.: Physicochemical characteristics (left) and cryo-TEM image (right) of (-
sitosterol: CTAB quatsomes at equimolar ratio prepared by the DELOS-SUSP method. Sample was
stored at 277 K.

Therefore, all these excellent results show the potential of the DELOS-SUSP process
for the one-step production of quatsome-like structures alternative to cholesterol-CTAB,

allowing to extend the use of quatsomes in nanomedicine.

2.5.3. Summary

* The same synergy observed for cholesterol and CTAB to form vesicular structures
has been observed for other mixtures of sterols and ionic surfactants. Specifically,
it has been shown that quatsome-like structures might be formed using mixtures
of cholesterol with SDS, an anionic surfactant, and with MKC and CPC, cationic
surfactants. Furthermore, quatsomes using an equimolar ratio between 3-sitosterol
and CTAB were achieved. These new formulations can extend the use of quatsomes

to many applications in nanomedicine.

 Part of CTAB in Chol-CTAB (W10Et-DELOS) quatsomes can be replaced by neutral
fatty acids derivatives for the formation of homogeneous quatsome-like vesicular

structures.
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Chapter 2 Quatsomes, new vesicular system

2.6. Scaling-up production of Chol-CTAB quatsomes
using DELOS-SUSP

While the use of vesicles as models of biomembranes is confined to the research
laboratory, their successful application in the entrapment and delivery of bioactive
agents will depend not only on a demonstration of the superiority of the vesicle carrier
for the intended purpose, but also upon technical and economic feasibility of the
vesicular formulation [216]. Despite all the existing methodologies for vesicle
manufacturing at labscale, only a very few liposomal products have reached the
pharmaceutical market. Among the reasons that prevent a wider use of these systems for
human benefit, the low reproducibility, the inefficient drug entrapment and the high
cost and difficulty of upscaling the production, are perhaps the more important ones. An
ideal methodology for producing vesicles at industrial scale would be one that allows
obtaining vesicle formulations with suitable and batch-to-batch reproducible
characteristics, involving a minimum number of steps and equipment, and also meeting
the requirements of the pharmaceutical industry and the good manufacturing practices
(GMP). Reproducibility under scaling-up has been checked to evaluate the potentiality
of the DELOS-SUSP as a platform for the production of nanovesicles that provides
sufficient quantities for clinical studies of potential nanomedicines. The production of
Chol-CTAB (WI10Et-DELOS) quatsomes was repeated under the same experimental
conditions explained in Section 6.2.1 of the Experimental Part but in a 40-fold larger high
pressure reactor (from 7.5 ml to 315 ml) using the same equipment configuration with
minor modifications in the automation procedure. For the scale-up experiments the
cholesterol was dissolved in ethanol and introduced in the reactor already warmed at
308 K. After 15 min of thermal equilibration, CO, was introduced to achieve the desired
working pressure and molar ratio of CO2 (Xcp,= 0.6). After 45 min, the CO;-expanded
solution was depressurized through a one-way automatic valve into a T mixer, to an
aqueous solution containing CTAB, pumped at 900 ml/min. Details of the experimental
procedure and the equipment configuration are given in Section6.2.1.2 of the
Experimental Part. With this scale-up the batch volume of the resulting vesicle
suspension was increased from milliliter up to liter scale, which could allow the
production of vesicle batches to be used in pre-clinical and even clinical studies when
the process is performed under GMPs. The influence of DELOS-SUSP scale-up on the
physicochemical characteristics of the quatsomes was analyzed in terms of size and

morphology. The results are reported in Table 2.17 and Figure 2.71 together with the
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results obtained in the small scale reactor for comparison.

Table 2.17.: Physicochemical characteristics of Chol-CTAB (W10Et-DELOS) quatsomes obtained
with different reactors.

Quatsome® Size Stability
Morphol
sample Mean(nm)b PdI¢ Z-pot.(mV) orpho Ogyd
Smallscale 75 17 094 026240006 1106 SUVs
reactor
L 1
ABESCAC 29194076 0.292£0.008  88.9 +3.6 SUVs
reactor

4 Quatsomes analyzed 14 days after sample preparation. Samples were
stored at 277 K.

b Intensity weighted mean hydrodynamic size of the collection of
vesicles measured by dynamic light scattering.

¢ Polidispersity index showing the width of the particle size distribution.

4 Morphology of the vesicles observed by cryo-TEM. SUVs: Small
unilamellar vesicles.

REACTOR VOLUME

mL BATCH VOLUME

Figure 2.71.: Scale-up of DELOS-SUSP method for the production of Chol-CTAB (W10Et-DELOS)
quatsomes in water using both a small (7.5 ml) and a large (315 ml) high pressure reactors. Cryo-
TEM images of quatsomes obtained with (a) the small scale and (b) the large scale.

As observed in Table 2.17, both reactors (7.5 ml and 315 ml) produced vesicles with

similar physicochemical characteristics. Besides, in the case of the large reactor, the
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manual depressurization valve was substituted for an automatic depressurization valve
that allows a better operational control and hence a higher vesicle homogeneity and
batch-to-batch reproducibility (Experimental Section 6.2.1.3). Cryo-TEM images of
quatsomes produced using the large scale reactor show unilamellar and spherical
nanovesicles confirming the great degree of homogeneity achieved (Figure 2.71).
Moreover it is important to highlight here that DELOS-SUSP operates under sterile
conditions due to the use of compressed CO,, which is another important issue in the
manufacturing of vesicles for human and animal use. The good reproducibility in terms
of physicochemical characteristics between batches produced with the two reactors,
demonstrate the feasibility of scaling-up the DELOS-SUSP method for the production of

quatsome based vesicular systems.

2.6.1. Summary

* The possibility of scaling-up the method for the preparation of quatsome-like
structures was demonstrated by the good reproducibility in terms of
physicochemical characteristics between batches of Chol-CTAB (W10Et-DELOS)

quatsomes with both, a mL scale reactor and a L scale reactor.
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2.7. Quatsomes as potential drug nanocarriers

Development of drug delivery systems to improve disease-specific targeting, to control
drug release rates and/or to produce a pharmaceutical formulation suitable for clinical
use is desirable. One of the strategies has been encapsulation of the active substance(s)
in the aqueous phase of a vesicle, or incorporation or binding to the membrane
components [217]. The precise definition of relevant physicochemical properties of a
vesicle-based delivery systems is critical to ensure its quality, and the pharmacological
properties strongly depend on the structural characteristics of the conjugates. The
European Medicines Agency described in [217] the general parameters that should be

defined for the approval of a vesicular pharmaceutical formulation.

The evidence presented in this Chapter suggests that quatsomes constitute an
attractive alternative to conventional liposomes. Using Chol-CTAB quatsomes as a
quatsome model, we have observed that such new vesicular structures show an
outstanding stability along time, since they can be stored for more than three years
without any change in their physicochemical properties. Furthermore these colloidal
objects remain stable with temperature changes and upon dilution, contrary to
surfactant micelles whose structures are strongly affected by these two parameters [218].
In addition, Chol-CTAB quatsomes have full recovery after lyophilisation. Moreover the
unilamellarity of quatsome-like structures and their homogeneous morphology makes
these systems ideal for the precise functionalization of their membranes, which is very
important for a robust and efficient drug targeting [44, 219, 220]. Another important
characteristic of quatsomes is that their membrane components are not expensive and
are available at a pharmaceutical grade. For instance, the surfactants forming the
quatsome membrane are widely used as disinfectants, algaecides, preservatives,
detergents and antistatic components [221]. Finally different kind of molecules can be
integrated in quatsomes, either by a covalent attachment to the sterol-like molecules or
by electrostatic interaction with the ionic heads of the surfactant units (Figure 2.72).
Alternatively, molecules can also be integrated by hydrophobic interactions with the
bilayer or by encapsulation into the inner aqueous lumen of these vesicles.

On the other hand, the DELOS-SUSP route to produce quatsomes is a green, robust
and easy scalable productive process that can work under GMP regulations. In addition,
this method allows an efficient integration of actives in such quatsomes. Moreover the
presence of a high ethanol percentage in the dispersant medium (10%, v/v) using this
route makes quatsomes promising carriers for attaining good skin penetrability [222].

For all these reasons, quatsomes could be considered as potential drug nanocarriers,
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especially for topical delivery.
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Figure 2.72.: Ionic molecules can be integrated in quatsomes by electrostatic interaction with the
ionic heads of the surfactant units, both positive and negative.

The goodness of DELOS-SUSP for the encapsulation of an active compound was
tested for the first time by Dr. Elisa Elizondo in her PhD thesis work [187]. Gentamicin
sulfate (GS) was used as a model hydrophilic drug which was dissolved in the aqueous
phase for its entrapment in cholesterol-CTAB quatsomes. Afterwards, a variety of
quatsome-based conjugates using DELOS-SUSP were investigated by Dr. Ingrid Cabrera
in her PhD thesis work [182]. In these studies, very stable loaded quatsome conjugates
with nanometric sizes, great degree of unilamellarity and with high entrapment
efficiencies were successfully prepared using the bovine serum albumin (BSA) protein
and an epidermal growth factor polypeptide (thEGF) [122,223]. Especially, it was found
that if this epidermal growth factor (protein used in regenerative medicine) is integrated
into quatsomes obtained by DELOS-SUSP method, a drastic increase in epidermal
regeneration activity of this protein is observed. This effect was successfully
demonstrated on the treatment of diabetic foot ulcers (DFU) (Figure 2.73) avoiding the
amputation of the limb. This new nanomedicine, based on rhEGF loaded quatsomes,
has been tested in animal models and in compassionate treatment in humans, obtaining
a complete ulcer scarring within just 8 weeks. Besides, the new nanoformulation has also
the advantage of allowing a topical administration of the drug, which is much less
painful than the conventional infiltration method currently used with the therapies
already on the market. Due to these remarkable results, the rhEGF loaded quatsomes
can be considered as a future potential nanomedicine for the topical treatment of
diabetic foot ulcer (DFU) and in general for complex wounds, and for that reason this
nanoconjugte has been protected under patent [124] application number
WO02014/019555.
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Figure 2.73.: thEGF loaded quatsomes can be considered as a future potential nanomedicine for
the topical treatment of diabetic foot ulcer (DFU).

It is worth highlighting that other functionalities of quatsome-like structures have
been studied by other investigation groups, where quatsomes were prepared using our
sonication methodology published in [177]. For instance, Ghosh et al. [214] studied the
protection of ESIPT (Excited-State Intramolecular Proton Transfer) fluorophores in
aqueous media using quatsomes, where they obtained remarkable results. Ghosh and
co-workers [210] also studied the strong electrostatic interaction between the surface
charge of quatsomes and the rhodamine 6G perchlorate (R6G ClO4). And Thomas et
al. [215] studied the use of quatsomes for the treatment of Staphylococcus aureus

biofilm, where quatsomes showed a dose-dependent anti-biofilm effect.

2.7.1. Summary

* Quatsomes fulfill the structural and physicochemical requirements to be a
potential encapsulation platform for time and site specific delivery of therapeutic
and diagnostic actives. These non-liposomal vesicles formed by sterols and ionic
surfactants have outstanding thermodynamic stability and a high vesicle to vesicle
homogeneity regarding size and lamellarity. ~They are therefore promising

nanocarriers in the development of new nanomedicines.
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From quatsomes to nanoribbons

3.1. Introduction

As stated in the Introduction of this Thesis, the actual form assumed by a colloidal
aggregate depends on the molecular structure, the geometry of the constituent
amphiphiles and the preparation route. This means that the component parts
spontaneously aggregate into a well-defined object based purely on the chemical
structure and geometry of the subunits and do not require external guidance to yield the
desired product [224]. Thus, depending on the balance between the
hydrophilic/hydrophobic parts of amphiphilic molecules, self-organization in the

solutions can be observed through various morphological structures.

For cholesterol and CTAB molecules in aqueous solution, Molecular Dynamic (MD)
simulations with atomistic detail have revealed in Chapter 2, that Chol-CTAB pair works
as a unique supramolecular architecture for the formation of more complex vesicular
colloidal phases. It is known that CTAB surfactant would form micelles, whereas
cholesterol would form rigid crystals when putting them in water. The key of the success
is that, when putting together in water the hydrophilic head of the cholesterol molecule
gets hide into CTAB structure, forming spontaneously vesicles. As can be observed, the
size and the shape of both CTAB and cholesterol molecules, and their noncovalent
inteaction are crucial in order to build complex structures. Within this framework, the
objective of this Chapter is to study the impact on self-assembling of the progressive
substitution of the cholesterol molecule, in an equimolar mixture Chol:CTAB, by novel
cholesterol molecules bearing vinyl sulphone and ferrocene groups, which were
synthesized for the development of functionalized quatsomes (Figure 3.1). These new
moieties modify the cholesterol polarity and this change in the composition of the
system can lead to a different colloidal self-assembly behavior. Therefore, other

supramolecular organizations different from vesicles can be formed.
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Chemical formula: C;7H,50
Cholesterol
(Chol)
MW = 386.65 g/mol

Chemical formula: C31H5,035 Chemical formula: C3gHsgFeO
Cholest-5-ene, 3-[2-(ethenylsulfonyljethoxyl-, (3B)- Ferrocenylmethyl cholesteryl ether
(Chol-VS) (Chol-Fc)
MW = 504.81 g/mol MW = 586.71 g/mol

Figure 3.1.: Molecular structures of the studied functionalized cholesterol derivatives. Cholest-5-
ene, 3-[2-(ethenylsulfonyl)ethoxy]-, (33)- (referred as Chol-VS) and ferrocenylmethyl cholesteryl
ether (referred as Chol-Fc).

On the one hand, we have studied the substitution of cholesterol by functionalized
cholesterol with a vinyl sulphone (VS) group, the Cholest-5-ene, 3-[2-(ethenylsulfonyl)
ethoxyl-, (3f)- molecule, from now on called Chol-VS. The election of Chol-VS was
motivated to perform thiol-Michael click reactions over this targeting molecule on the
surface of the quatsomes [225]. The Michael-type reaction, which commonly refers to
the conjugation reaction between activated electrophilic olefin and nucleophiles, has
been extensively applied in biomedical fields because it occurs rapidly without side
products under mild reaction conditions [226]. In addition, the VS group is quite stable
in aqueous solution [227]. Therefore, obtaining quatsomes functionalized with VS group
extend their applications in several fields such as nanomedicine (targeting quatsomes).

On the other hand, we have studied the same substitution but using functionalized
cholesterol with a ferrocene (Fc) group, the ferrocenylmethyl cholesteryl ether molecule,
hereinafter referred as Chol-Fc. The election of this functionalized cholesterol was
motivated to form redox-active quatsomes containing ferrocene moieties [228, 229].

Both functionalized cholesterol molecules, Chol-VS and Chol-Fc, were synthesized by
the group of Prof. Francisco Santoyo from the University of Granada (see Section 6.9 of

the Experimental Part for synthesis and characterization of such compounds).
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3.2. Self-assembling of cholesterol, Chol-VS and CTAB

in aqueous medium

In this Section it is described the molecular self-assembling of Chol, Chol-VS and CTAB
molecules in an aqueous medium, and the impact of Chol and Chol-VS content on it. A
new parameter called VS ratio has been defined as the moles of Chol-VS over the total
moles of cholesterol-like molecules (Chol + Chol-VS). Indeed, as it depicted
schematically in Figure 3.2, starting from equimolar mixtures of cholesterol and CTAB
(VS ratio = 0), which self-assemble as vesicles (see Chapter 2), we have progressively
substituted cholesterol by Chol-VS, increasing the VS ratio, and analyzed the impact of

this compositional change on the self-assembling of the system.

VS ratio increases

® Chol-VS; (O Chol

Chol/Chol-VS/CTAB
VSratio=0

Figure 3.2.: Schematic representation of the increase of VSratio in the preparation of Chol/Chol-
VS/CTAB aqueous mixtures. VS ratio is defined as the moles of Chol-VS over the total moles of
cholesterol-like molecules (Chol and Chol-VS). Chol;,;,;:CTAB 1:1 (molar ratio).

3.2.1. Preparation of Chol/Chol-VS/CTAB aqueous mixtures

Different aqueous mixtures increasing the VS ratio with a substitution of Chol by
Chol-VS (Figure 3.1) were prepared by DELOS-SUSP method (see Figure 3.3). In all
experiments, the molar ratio between CTAB and total moles of cholesterol-like
molecules was maintained constant, where in both cases the concentration was 6.4 mM.

All the prepared aqueous mixtures are detailed in Table 3.1.

Since the solubility behavior of Chol-VS in ethanol and CO, was not known, a gas
filter (FG) was used in the reactor configuration in order to collect any solid that cannot
be solubilized inside the reactor during the addition of CO, (see Section 6.2.1.1 of the

Experimental Part).
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Table 3.1.: Chol:Chol-VS molar ratios and VS ratios of the different mixtures prepared and further
characterized.

Chol:Chol-VS VS ratio®P
molar ratio (moles Chol-VS/moles Chol,,; ;)

1:0 0
1:0.13 0.11
1:0.23 0.19
1:0.33 0.25
1:0.48 0.32
1:0.96 0.49
1:1.9 0.66
1:2.8 0.74

0:1 1

4 The aqueous phase in all mixtures was composed
by Milli-Q with 20% of EtOH (v/v).

b Moles Chol;y;4; = moles Chol + moles Chol-VS;
moles Chol;,;,; = moles CTAB. [CTAB] = 6.4 mM.

Depressurization
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e
moles Choly, = moles Chol + 7 =

moles Chol-VS

Choliyia : CTAB (1:1 mol:mol)
Final dispersant medium: Milli-Q

water containing 20% EtOH (vol. %)

Figure 3.3.: Schematic representation of the DELOS-SUSP methodology used for the preparation
of the different Chol/Chol-VS/CTAB aqueous mixtures at different VS ratios (see Table 3.1).

The preparation method illustrated in Figure 3.3 consisted in the loading of a 7.5 ml

high-pressure autoclave (Section6.2.1 of the Experimental Part) with a solution
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containing cholesterol and Chol-VS (7.24 x 107° total moles of cholesterol-like
molecules) in 2.26 ml of ethanol. The solution was then pressurized with compressed
CO; at a molar fraction of X¢p,= 0.8 until reaching a working pressure of 10 MPa, which
produced a volumetric expanded organic solution. Finally, the expanded organic phase
was depressurized over 9 ml of an aqueous solution containing 26.4 mg of CTAB. The
concentration of total cholesterol-like molecules and CTAB was in both cases 6.4 mM in
water with 20% of EtOH (vol. %). It has to be noted that in order to use smaller quantities
of the synthesized Chol-VS compound in these systems, the total cholesterol-like
concentration and the CTAB concentration were smaller than in Chol-CTAB
(W10Et-DELOS) quatsomes (Table 6.3 of the Experimental Part). All the prepared
aqueous mixtures were stored at 277 K and were characterized at least 14 days after
sample preparation. It is worth mentioning that all the prepared colloidal mixtures,
summarized in Table 3.1, were translucent aqueous systems with a slight tendency
towards white opalescent solutions upon increasing the VS ratio. Besides, negligible
amounts of Chol-VS were found in the filter gas (FG) used in the reactor configuration
(Section 6.2.1.1 of the Experimental Part), thus the Chol-VS compound was easily

solubilized inside the reactor.

3.2.2. Supramolecular characterization of Chol/Chol-VS/CTAB

aqueous mixtures

The mean and polydispersity index (PdI) of the particle size distributions, corresponding
to the supramolecular structures present in the colloidal mixtures of Table 3.1, were
measured by dynamic light scattering (DLS). The obtained physicochemical
characterizations are summarized in Table 3.2. Additionally, the stability of each system

analyzed by Z-potential was also included.

It has to be noted that at high values of VS ratio, the size measurements of these
samples did not meet DLS quality criteria because of presence of large structures. Thus,
the volumetric particle size distribution of these aqueous mixtures was studied by light
scattering, which covers the full size range from 0.01 to 3500 uym (Table3.3, see

Section 6.3.5 of the Experimental Part).
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Table 3.2.: Physicochemical characteristics of the aqueous mixtures obtained at different VSratios.
Note: The aqueous mixtures were prepared by DELOS-SUSP and were characterized 14 days after
sample preparation. Samples were stored at 277 K.

vs? Size Stability
ratio Mean(nm)P PdI°¢ Z-pot.(mV)

0 61.96+ 0.72 0.160 + 0.004 143 +3
0.11 70.22+0.93 0.168 £+ 0.028 138 +3
0.19 70.70+0.09 0.104 £+ 0.002 127 +3
0.25 76.18+£0.25 0.086 +0.017 120 +4
0.32 73.84+0.53 0.150 + 0.005 115 +£2
0.49 Size>10 um¢ n/a 114 +8
0.66 Size>10 ym4 n/a 92.9+2.8
0.74 Size>10 ym4 n/a 86.3 +3.1

1 Size > 10 um? n/a 80.5 £2.0
3VS ratio = moles Chol-VS/moles Chol;y;ar;

moles Chol;,;4; = moles Chol + moles Chol-VS;
Chol;y;4:CTAB 1:1 (molar ratio).
b Intensity weighted mean hydrodynamic size
of the systems measured by dynamic light
scattering.
¢ Polidispersity index showing the width of the
particle size distribution.
4 Sample size exceeds the measuring range.

Table 3.3.: Volumetric particle size distribution measured with light scattering of Chol/Chol-
VS/CTAB aqueous mixtures with high VSratios. Note: Size distributions expressed in percentiles of
10, 50 and 90% of accumulated volume, corresponding respectively to D10, D50 and D90 values. D50
value corresponds to the median volumetric particle size distribution. VS ratio comprises the moles
of Chol-VS over the total moles of cholesterol-like molecules (Chol and Chol-VS). Chol;4;:CTAB 1:1

(molar ratio).
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VS | Light Scattering (zm)
ratio | D10 D50 D90
049 | 28 80.3 194
0.66 | 30.9 87.5 254
0.74 | 30.1 87.2 248
1 22.2 58.9 133




3.2 Self-assembling of cholesterol, Chol-VS and CTAB in aqueous medium

Chol/Chol-VS/CTAB aqueous mixtures at VS ratios from 0 to 0.25

The particle size distributions and cryo-TEM images of the Chol/Chol-VS/CTAB aqueous
mixtures with 0, 0.11, 0.19 and 0.25 VSratios are displayed in Figure 3.4.
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Figure 3.4.: DLS measurements and cryo-TEM images of Chol/Chol-VS/CTAB aqueous mixtures
with 0,0.11, 0.19 and 0.25 VSratios. Particle size distributions (left) measured 14 and 250 days after
sample preparation. Cryo-TEM images (right) of aqueous mixtures taken 14 days after sample
preparation. Chol;,;,;:CTAB 1:1 (molar ratio).
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Chapter 3 From quatsomes to nanoribbons

At 0 VS ratio, plain Chol-CTAB quatsomes were prepared, in this case called
Chol-CTAB (W20Et-DELOS) (Table 6.3 of the Experimental Part). Furthermore, as can be
inferred from Figure 3.4 and Table 3.2, despite the partial substitution of cholesterol
molecules by Chol-VS, in all mixtures with VS ratios between 0 and 0.25, homogeneous,
spherically-shaped and unilamellar nanovesicles were obtained 14 days after sample
preparation. By comparing the mean size of these systems (Table 3.2), we can observe a
moderate increase in the vesicle size as VS ratio increases, which might be due to the
presence of Chol-VS in the vesicle membrane. Besides, a slight tendency towards lower

Z-potential values might be appreciated upon augmenting VS ratio.

Additionally, in order to check the stability of these vesicles with time, their particle
size distributions were also measured 250 days after sample preparation. As shown in
Figure 3.4, minor variations in the size distributions were found for all mixtures,

indicating a good stability with time.

Therefore, if the VS ratio is lower or equal to 0.25, substitution of cholesterol by Chol-
VS molecules in the vesicle-like assemblies present in the aqueous mixtures was achieved
(Figure 3.5).

VS ratio increases

>

Q: vinyl sulphone group

+ Chol-VS; - Chol

Chol/Chol-VS/CTAB Chol/Chol-VS/CTAB  Chol/Chol-VS/CTAB Chol/Chol-VS/CTAB
VSratio=0 VS ratio=0.11 VS ratio=0.19 VS ratio = 0.25

Figure 3.5.: Vesicles with different densities of vinyl sulphone moieties on their bilayer surface can
be achieved by fine-tuning the VS ratio.

These are remarkable results because using Chol-VS, vesicles with a high degree of
structural homogeneity were obtained, and consequently a tuning of the density of vinyl
sulphone moieties on the surface of the vesicles can be easily performed. The possibility
to produce Michael reactions over these vinyl sulphone groups [226] extend the use of

these vesicles as platforms to prepare functional materials.

118



3.2 Self-assembling of cholesterol, Chol-VS and CTAB in aqueous medium

Chol/Chol-VS/CTAB aqueous mixture at VS ratio of 0.32

The particle size distributions of the Chol/Chol-VS/CTAB aqueous mixture obtained at
0.32 VSratio 14, 30 and 45 days after sample preparation are displayed in Figure 3.6.

VS ratio = 0.32

14} —— 14days
= 12r ~——— 30 days

Figure 3.6.: DLS measurements and cryo-TEM images of Chol/Chol-VS/CTAB aqueous mixture
at 0.32 VS ratio. Particle size distributions (top) measured 14, 30 and 45 days after sample
preparation. Cryo-TEM images (bottom) of aqueous mixture taken 14 and 40 days after
preparation. Chol;4;:CTAB 1:1 (molar ratio).

After 14 days of aging (Table 3.2 and Figure 3.6), DLS measurements showed an
unimodal size distribution centred in an average size around 74 nm. Cryo-TEM images
(Figure 3.6) revealed the presence of spherically-shaped and unilamellar nanovesicles.
30 days after sample preparation (Figure 3.6), the same size distribution around 74 nm
was found, however after 45 days (Figure 3.6), larger peaks in size were observed. Due to
this unexpected change, this aqueous mixture was studied again under cryo-TEM, and at
this time we discovered the presence of one-dimensional (1-D) supramolecular
structures known as flat nanoribbons (Figure 3.6) [224, 230-232]. These systems were
many micrometers in length, and widths varying from 20 — 300 nm. Additionally, as
shown in Figure 3.7, these ribbon-like structures presented different grey levels in the
cryo-TEM images, which indicates that they had different thicknesses.

Therefore, the experimental data obtained at 0.32 VS ratio revealed a coexistence
between vesicles and micrometer-long ribbons 45 days after sample preparation. It is

noteworthy that the formation of these nanoribbons at this VS ratio needs several weeks
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to be formed.
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Figure 3.7.: Detail extracted from a original cryo-TEM image of Chol/Chol-VS/CTAB aqueous
mixture at 0.32 VS ratio. A square is drawn through the desired section of the image and a plot
of the grey level vs. distance according to the square of the resulting 2D image is shown.

Chol/Chol-VS/CTAB aqueous mixtures at VS ratios from 0.49 to 0.74

DLS measurements of these Chol/Chol-VS/CTAB aqueous mixtures from 0.49 to 0.74 VS
ratios did not meet quality criteria because of presence of large structures. For that
reason, the volumetric particle size distributions of these aqueous mixtures were studied
by light scattering, which covers the full size range from 0.01 to 3500 um (Table 3.3, see
Section 6.3.5 of the Experimental Part).

Figure 3.8 shows the volumetric particle size distribution and cryo-TEM images of the
colloidal aggregates present in these aqueous mixtures analyzed 14 days after sample
preparation. As shown, light scattering measurements revealed for all aqueous mixtures
the presence of systems around 100 um. Besides, all cryo-TEM images exhibited the
coexistence of unilamellar spherical nanovesicles with thin micrometer-long ribbons. At
these VS ratios, these nanoribbons presented narrower thickness than the sample
studied before, varying from 5 — 80 nm. Moreover, it is worthy to remark that there were

no observed changes in size or shape of these supramolecular assemblies with time.
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VS ratio from 0.49 to 0.74

IE' ¥ —— 14 days, 0.74 VS ratio
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% 1000

VS ratio = 0.49 VS ratio = 0.66 VS ratio = 0.74

Figure 3.8.: (a) Light scattering measurements and (b) cryo-TEM images of Chol/Chol-VS/CTAB
aqueous mixtures from 0.49 to 0.74 VS ratios analyzed 14 days after sample preparation.
Cholyy;4;:CTAB 1:1 (molar ratio).

Due to the high presence of nanoribbons in these colloidal mixtures, a further
characterization of the Chol/Chol-VS/CTAB aqueous mixture at 0.49 VS ratio was carried
out by an alternate electron microscopy technique, the negatively stained TEM
(NS-TEM) using chemical fixation (Figure 3.9, see Section 6.3.13 of the Experimental
Part).

Figure 3.9.: NS-TEM images showing the thin micrometer-long ribbons obtained at 0.49 VS ratio
recorded 14 days after sample preparation.

This negatively stained TEM (NS-TEM) provides high contrast, is easy to perform and

is inexpensive [129]. Briefly, a sample drop was adsorbed onto a carbon-supported film,

excess solution was removed by blotting with filter paper, and the sample was fixed by
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adding uranyl acetate. Finally, the sample was air-dried and examined in the TEM at
room temperature. As shown in Figure 3.9, the nanoribbons can be clearly identified
with similar thickness as the observed before by cryo-TEM (Figure 3.8), the fact that
these structures could be observed by TEM demonstrated that these ribbon-like
assemblies were highly stable systems.

On the other hand, after characterizing these ribbon assemblies by microscopy
techniques, we then studied these systems by small-angle X-ray scattering (SAXS)
(Figure 3.10). SAXS analysis were performed of Chol/Chol-VS/CTAB aqueous mixtures
from 0 to 0.25 VS ratios, where only vesicles were formed, and at 0.49 VS ratio, where a
coexistence of vesicles and nanoribbons was observed 14 days after sample preparation.
Measurements were conducted at the SAXS beamline of the Elettra (Trieste, Italy) 1
month after sample preparation. The experimental procedures are detailed in
Section 6.3.11 of the Experimental Part. Data were analyzed by Dr. Evelyn Moreno from
the Nanomol group (ICMAB-CSIC).

V5 ratio = 0.49
VS ratio = 0.25
VS ratio=0.19
VS ratio=0.11
VS ratio=0

log|, relative

0.5 1 1.5 2 25 3 35 4 4.5 5
q(hm’)
Figure 3.10.: SAXS curves of Chol/Chol-VS/CTAB aqueous mixtures at different VS ratios. Data

collected at SAXS beamline of the Elettra at 298 K 1 month after sample preparation. Bragg peak
at 0.49 VSratio is marked by *.

As shown in Figure 3.10, the scattering curves corresponding to the aqueous mixtures
from 0 to 0.25 VS ratios display only broad and diffuse peaks centred around 1.30 nm™!
(Gmax)» which indicates that these samples consist of unilamellar vesicles with a
repeated distance of 4.83 nm (d = 2n/q4,) (this repeated distance includes the bilayer
membrane and the ordered layer of hydration water). The obtained scattering curves of
the aqueous mixture at 0.49 VS ratio, presented both contributions, the broad peak

associated to unilamellar vesicles and one Bragg peak at g ~ 1.51 nm™~! marked by *.
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From the g-value of this peak we can obtain the repeated distance by using the equation
d = 2r/q. Accordingly, the obtained d value is around 4.16 nm. Therefore, SAXS scattering
curves indicated a change in the nature of the self-assembled structures at 0.49 VS ratio
compared with the SAXS data obtained at lower VS ratios. This is in good agreement with
the cryo-TEM images (Figure 3.8), where a coexistence of vesicles and nanoribbons was

observed at this VS ratio.

Chol/Chol-VS/CTAB aqueous mixture at VS ratio of 1

Finally at 1 VSratio, the complete substitution of cholesterol by Chol-VS was done, so this
aqueous mixture was formed only by CTAB and Chol-VS (Figure 3.11).

VSratio=1
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Figure 3.11.: Light scattering measurements (top) and cryo-TEM images (bottom) of Chol/Chol-
VS/CTAB aqueous mixture at 1 VSratio analyzed 14 days after sample preparation. Chol,;,;:CTAB
1:1 (molar ratio).

Cryo-TEM images (Figure 3.11) displayed the presence of micrometer-long ribbons
with widths varying from 30 — 80 nm, however they did not show the presence of vesicles.
Accordingly, vesicle-like assemblies were not formed using only mixtures of CTAB and
Chol-VS. Unlike previous samples, these ribbons assemblies were thicker and shorter
since their ends were easy to found. Additionally, light scattering measurements
(Figure 3.11) also revealed systems with smaller sizes, around 65 um, compared with the
100 um systems measured before (Figure 3.8). In addition, it is worth highlighting that

such ends were rounded, giving some tubular aspect to these ribbon structures.
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Moreover, it is worthy to remark that there were no observed changes in size or shape of
these supramolecular assemblies with time.

The stability of these nanoribbons was studied upon sonication and dilution to get
further insight into the nature of these systems. The sample was sonicated 30 minutes in
a bath sonication and then it was analyzed under cryo-TEM. As shown in Figure 3.12a,
nanoribbons keep their structure upon sonication process. Moreover the sample was
10-fold diluted in Milli-Q water and immediately it was analyzed by both, cryo-TEM and
negatively stained TEM (NS-TEM) (see Section 6.3.13 of the Experimental Part). The
dilution process implied a final concentration of CTAB around 0.64 mM, which was
below the cmc of CTAB in water, approximately 1 mM [233]. The cryo-TEM and NS-TEM
images are displayed in Figure 3.12b,c. ~As can be checked by both microscope
techniques, the ribbon-like assemblies retained their structure after the dilution process,
even below the CTAB cmc, and again the possibility to observe these structures by
NS-TEM indicates that they were highly stable.

Therefore, it has been demonstrated that the nanoribbons obtained at 1 VSratio, when
only CTAB and Chol-VS were used, presented an outstanding stability, since they did not

change shape upon sonication and dilution.

Figure 3.12.: Images of Chol/Chol-VS/CTAB aqueous mixture at 1 VS ratio. (a) Cryo-TEM image
taken after 30 minutes of bath sonication. (b) Cryo-TEM and (c) NS-TEM images taken after
diluting the sample with Milli-Q water (10-fold).

Pure Chol-VS free of CTAB

An additional DELOS-SUSP experiment was performed to investigate the role of the
CTAB in the formation of the ribbon-like structures studied before. This new experiment
was carried out using only Chol-VS, thus neither CTAB nor cholesterol were employed.
Briefly, a solution containing 7.24 x 10~° moles of Chol-VS in 2.26 ml of ethanol was
loaded into the 7.5 ml high-pressure autoclave (Section 6.2.1 of the Experimental Part).

The solution was then pressurized with compressed CO; at a molar fraction of X¢o,= 0.8
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until reaching a working pressure of 10 MPa, which produced a volumetric expanded
organic solution. Finally, the expanded organic phase was depressurized over 9 ml of
Milli-Q water. After this stage, the macroscopic appearance did not show the typical
translucent aqueous system obtained before with the Chol/Chol-VS/CTAB aqueous
mixtures, instead the presence of suspended solid with large sizes was observed. This
sample was also studied by cryo-TEM, however, almost nothing could be detected.
Particles bigger than 1 micron are difficult to observe by this technique, since, either they
are removed during the drying step of the sample preparation procedure, or if present,
they cannot be observed due to the too thick layer of ice necessary to hold such objects,
which prevents the electrons to pass through. Since cryo-TEM was not useful for the
correct characterization of this sample, the manual microscope facility of the
Morphologi G3 was employed (see Section 6.3.8 of the Experimental Part). As shown in
Figure 3.13, if only Chol-VS is used in the DELOS-SUSP experiment, heterogeneous

Chol-VS solid particles regarding size and shape were obtained.

o0 o T

Figure 3.13.: Image of Chol-VS in water with 20% of EtOH (vol. %) captured using the manual
microscope facility of the Morphologi G3.

3.2.2.1. Viscosity (n) of Chol/Chol-VS/CTAB aqueous mixtures

The impact of the different nature of self-assemblies over the bulk viscosities of systems
was studied.

The bulk viscosities of the aqueous mixtures at different VS ratios were measured
using a rheometer from Thermo Electron Corporation at 298 K (see Section 6.3.15 of the
Experimental Part). The viscosity measurements were conducted 50 days after sample
preparation and 1 ml of each solution was used for the determination of bulk viscosity of
the obtained systems.

The variation of bulk viscosity of the medium is shown in Figure 3.14. From 0 to 0.25
VS ratios, when only vesicles were detected with a moderate increase in the vesicle size
as VSratio increases, a slight tendency towards lower bulk viscosity values was observed

upon increasing such ratio. It is well know that there is clear effect of vesicle size on the
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relative viscosity of vesicle suspensions. A smaller vesicle size and greater number of
vesicles mean an increase in the specific surface area of the disperse phase, hence a
higher viscosity due to the increase in particle-solvent and particle-particle
interaction [234]. Thus at 0 VS ratio, the aqueous mixture present a higher bulk viscosity
due to the smaller size of vesicles. From 0.32 to 0.74 VS ratios, when vesicles and
nanoribbons were detected, a clear tendency towards higher bulk viscosity values was
discovered upon rising the VS ratio, with a maximum at 0.74 VS ratio. Thus, the increase
of the long ribbon-like structures in the samples induces a higher bulk viscosity. At last,
at 1 VS ratio, when only CTAB and Chol-VS were employed, a decrease in the bulk
viscosity value was observed, probably due to the presence of shorter ribbon-like
structures.

Therefore, a clear change in the bulk viscosity was observed when the VS ratio
increases. It is worthy to remark that the maximum in bulk viscosity was achieved at 0.74

VS ratio, where a large presence of long nanoribbons was detected.
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Figure 3.14.: Variation of bulk viscosity of Chol/Chol-VS/CTAB aqueous mixtures at different VS
ratios.

3.2.3. Experimental summary

The molecular self-assembling of Chol/Chol-VS/CTAB aqueous mixtures with a
progressive substitution of cholesterol by Chol-VS, increasing the VS ratio, is studied (see
Figure 3.15). VS ratio has been defined as the moles of Chol-VS over the total moles of
cholesterol-like molecules (cholesterol and Chol-VS).

At VSratio of 0, when only cholesterol and CTAB were used, plain Chol-CTAB (W20Et-
DELOS) quatsomes were obtained. Increasing the VS ratio, from 0 to 0.25, substitution

of cholesterol by Chol-VS molecules in the vesicle-like assemblies present in the aqueous
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Chol/Chol-VS/CTAB VS ratio increases Chol/Chol-VS/CTAB
aqueous mixture ’ aqueous mixture
VS ratio = 0 + Chol-VS; - Chol VS ratio = 1

’: vinyl sulphone group

.-r‘--»’w =
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Figure 3.15.: (a) Schematic illustration and (b) cryo-TEM images of the different self-assembled
colloidal structures discovered in the studied Chol/Chol-VS/CTAB aqueous mixtures. VS ratio
comprises the moles of Chol-VS over the total moles of cholesterol-like molecules (cholesterol
and Chol-VS). Chol;;,;:CTAB 1:1 (molar ratio).
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mixtures was achieved. Thus, vinyl sulphone (VS)-functionalized vesicles were formed.
From 0.32 to 0.74 VSratios, a coexistence of vesicles and flat nanoribbons was discovered.
And at VS ratio of 1, when only CTAB and Chol-VS compounds were used, shorter flat

nanoribbons were detected.

Therefore, this study has demonstrated the formation of several supramolecular
structures as the VS ratio increases. We can state both, that at VS ratio of 0, CTAB and
cholesterol spontaneously aggregate into vesicles, and at VSratio of 1, CTAB and Chol-VS
spontaneously aggregate into nanoribbons. However, when the systems are prepared
using Chol, Chol-VS and CTAB, mixtures of the three compounds could be involved in

the formation of the vesicle-like and ribbon-like assemblies.

3.2.4. Molecular Dynamics (MD) simulations of Chol-VS

To have a molecular picture of the interaction between Chol-VS and CTAB, and to
understand why in this case these two molecules form nanoribbons instead of
vesicle-like structures, Molecular Dynamics (MD) simulations were performed. These
simulations were conducted by Silvia Illa, in her Master’s Thesis [235], under the
supervision of Dr. Jordi Faraudo, both from the Institut de Ciencia de Materials de
Barcelona (ICMAB-CSIC).

It is noteworthy that the functionalized molecule Chol-VS has never been studied
before by MD, thus first of all, the development of a model based on CHARMM force field
of cholesterol molecule functionalized with a vinyl sulphone group was performed. After
that, using Molecular Dynamics simulations with this model, it was predicted the
amphiphilic behavior of the Chol-VS molecule, determined its optimal surface area (ay)

and studied its interactions with CTAB in bulk water.

In Figure 3.16 is depicted the molecular structure of Chol-VS used in the MD

simulations.
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Chemical Formula: C3,Hs;035
Cholest-5-ene, 3-[2-(ethenylsulfonyl)ethoxyl-, (3B)-
(Chol-VS)

MW = 504.81 g/mol

Figure 3.16.: (a) Molecular structure and (b) atomistic structure with bonds-only format of Chol-
VS molecule.

Extensive simulations of Chol-VS molecule in different situations were performed in
Silvia Illa Master’s Thesis [235]. It was simulated: one molecule of Chol-VS at
water-chloroform interface, a monolayer of Chol-VS at water-chloroform interface and
one molecule of Chol-VS with one molecule of CTAB in bulk water. The main obtained

conclusions were the following:

* Chol-VS molecule is an amphiphilic molecule due to the hydrogen bond
interactions that this molecule can made with water. These interactions, with a
distance of 1.85 A (exact tabulated value of hydrogen bond interactions [236]),
were observed between oxygen atoms of Chol-VS and hydrogen atoms of water
(Figure 3.17).

Figure 3.17.: Hydrogen bond interactions between oxygen atoms of Chol-VS molecule and
hydrogen atoms contained in water.

» The approximately average value for the optimal surface area (ay) of Chol-VS was
37.28 A2 [235]. This value is necessary to calculate the packing parameter (p) [17,18]

of such molecule.

e Simulations of one Chol-VS molecule with one CTAB molecule in bulk water

showed that exists a clear tendency of the polar heads of such molecules to be
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close as the average distance is about 5-6 A. Figure 3.18 shows the distance
between the sulphur atom of the vinyl sulphone cholesterol (Chol-VS) molecule
with the nitrogen atom of the cetrimonium bromide (CTAB) with time. As shown,
almost all time both molecules were together in parallel with a head-head
conformation, that means, the hydrophilic part of both molecules were

side-by-side and the same with the chains, but they did not associate.
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Figure 3.18.: Distance between the polar heads of the CTAB/Chol-VS molecules vs. time in
ns. Distance calculated between the sulphur atom of the vinyl sulphone cholesterol (Chol-VS)
molecule with the nitrogen atom of the cetrimonium bromide (CTAB). Besides, screenshots of the
different conformations are also shown.

At this point, it was possible to make predictions by focusing on the packing
parameter (p) concept [17, 18] for the Chol-VS/CTAB system. In the same way that the
packing parameter of the Chol/CTAB bimolecular synthon was calculated in
Section 2.2.3 of the Chapter 2, obtaining a value around 0.85 typical for the formation of
vesicles, the packing parameter of the Chol-VS/CTAB synthon was also investigated.

The packing parameter links geometrical molecular characteristics with the shape
(curvature) of complexes that form by spontaneous self-assembly in solution. As stated
in the introduction of this Thesis, the packing parameter is defined as the ratio of
hydrophobic-to-hydrophilic cross-sectional areas, p = v/ayl;, where v is the volume of
the hydrocarbon chains of the molecule, /. is the length of the hydrocarbon chain, and a,

is the optimal cross-sectional area per headgroup at the polar hydrocarbon/water
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interface of the assembly. Thus, the packing parameter for amphiphilic molecules
determines the preferred curvature of the aggregates formed: p < 1/3 spherical micelles;
1/3 < p < 1/2, cylindrical micelles; 1/2 < p < 1, vesicles; p = 1, planar bilayers; p > 1,
reverse phases.

The packing parameters of cholesterol, CTAB and Chol-VS molecules are gathered in
Table 3.4. Furthermore, as mentioned before, the Chol-VS is amphiphilic, which means
that the hydrophobic part corresponds to the cholesterol chain and the hydrophilic part
to the functionalized part of the Chol-VS molecule. So as the hydrophobic part of
cholesterol and Chol-VS molecules are the same, the v and the [. values can be
considered equal.

In order to calculate the packing parameter of the Chol-VS/CTAB synthon and taking
into account the screenshot of the conformation of both molecules when having 5.6 A
distance (see Figure 3.18), the length of the hydrocarbon tail of this Chol-VS/CTAB
supramolecular synthon (I.) was taken as that of the Chol-VS molecule (1.73 nm) and its
volume (v) as the sum of both (0.54 + 0.40 = 0.94 nm?®). The value of g, for the synthon
can be also taken as the sum of both (64 + 37.28 = 101.28 A2) (see again the snapshot of
Figure 3.18).  Using these values, the obtained packing parameter (p) for the
Chol-VS/CTAB supramolecular synthon is 0.54, and this value corresponds to the
frontier between cylindrical micelles and vesicles. Thus, this information is very relevant
in order to understand the formation of the nanoribbons observed in the experimental

part of this study.

Table 3.4.: Packing parameter values of cholesterol, CTAB and Chol-VS. Note: [. is the length of
the hydrocarbon chain, v is the volume of the hydrocarbon chain and ay is the optimal cross-
sectional area per headgroup at the polar hydrocarbon/water interface of the assembly. The packing
parameter is calculated by p = viay ..

Molecule (m':lg) (nllcn) (gg) p="vlayl,
Cholesterol 0.40 1.73  19.00 1.22
CTAB 0.54 1.93 64 0.42
Chol-VS 0.40 1.73 37.28 0.62
Chol/CTAB synthon 094 1.73 64 0.85

Chol-VS/CTAB synthon  0.94 1.73 101.28 0.54

Finally, a new simulation was performed (simulation S1-VS, SectionA.2 of the
Appendix) to study the interaction between 64 molecules of CTAB and 64 molecules of

Chol-VS in water. Figure 3.19 shows a snapshot of this simulation on it is clearly visible
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Chapter 3 From quatsomes to nanoribbons

that mixed systems of CTAB and Chol-VS in water cause the formation of tubular
structures, where the hydrophobic parts of both molecules are orientated inside these
tubular assemblies, and the hydrophilic heads of Chol-VS and CTAB are in contact with

water.
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Figure 3.19.: Snapshot corresponding to the interaction between 64 molecules of CTAB and 64
molecules of Chol-VS in water (simulation S1-VS, Table A.2 of the Appendix). For the sake of
clarity, the hydrophobic parts of Chol-VS and CTAB are shown with bonds-only format, whereas
the hydrophilic parts are shown using the van der Waals atomic radius. The color code employed
is the standard crystallographic convention (i.e., red corresponds to oxygen, blue to nitrogen, cyan
to carbon, white to hydrogen and yellow to sulphur). Water molecules are not shown.

The formation of these tubular structures using Chol-VS and CTAB agrees with the
ribbon-like structures observed experimentally (Section 3.2.2). This association between
Chol-VS/CTAB is very different from that observed in the case of Chol/CTAB in
Section 2.2.3 of the Chapter 2. In the case of Chol/CTAB system, the cholesterol molecule
is wrapped with the CTAB surfactant, which behaves as a second hydrophobic tail for
CTAB. On the contrary, in the Chol-VS/CTAB case, the two molecules are together in
parallel, head to head in most of the time. This change in the interaction cause a
decrease in the packing parameter and consequently, the formed assemble tend to be
tubular structures (Figure 3.19).

Therefore, it was demonstrated experimentally and theoretically by MD simulations,
that cholesterol molecule bearing a vinyl sulphone group changes the way in which this
functionalized molecule assemble with CTAB. Experimental and theoretical studies
revealed the formation of long structures in one direction. According to the studied
packing parameter for the Chol-VS/CTAB system, mixtures of Chol-VS and CTAB
molecules in water induces to sphere-to-cylindrical transition of CTAB micelles; and
these cylindrical micelles probably direct the growth of the nanoribbons observed

experimentally (Figure 3.20).
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Figure 3.20.: Schematic illustration of the proposed mechanism for the formation of nanoribbons
observed experimentally.

3.2.5. Thiol-Michael click reactions over VS-functionalized vesicles

As stated in the introduction of this Chapter, the aim to incorporate Chol-VS molecules
into vesicles was motivated to perform thiol-Michael click reactions over these targeting

molecules on the surface of quatsomes (Figure 3.21).
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Figure 3.21.: Proposed mechanisms for (a) base-catalyzed and (b) nucleophile-catalyzed
thiol-Michael addition reactions. EWG is defined as an electron withdrawing group. Obtained
from [237].

+

The thiol-Michael addition reaction or the conjugate addition of thiols or thiolate
anions, to electron-deficient C=C bonds has garnered significant attention, primarily
due to its facile, powerful nature. Furthermore, even in very dilute systems, both the
nucleophile- and base-catalyzed thiol-Michael addition mechanisms do not lead to the
formation of significant side products. This ability to proceed to quantitative conversion
without side product formation even under dilute conditions renders the thiol-Michael

addition the reaction of choice for many materials chemistry applications [225, 226].
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As explained in Section 3.2.2, vesicles with different densities of vinyl sulphone
moieties on their bilayer surface were prepared trough Chol/Chol-VS/CTAB aqueous
mixtures by fine-tuning the VS ratio from 0 to 0.25 (Table 3.1). Vinyl sulphone is a good
electrophile group and an excellent Michael acceptor since this functional group has a
highly electron deficient vinyl. Additionally, the thiol-Michael addition product of vinyl
sulfone forms a very stable thioether sulfone bond [237]. Thus, preliminary Michael
reactions were conducted over VS moieties on the surface of vesicles. Specifically,
vesicles obtained in the Chol/Chol-VS/CTAB aqueous mixture at 0.25 VS ratio were
employed (Table 3.1). As a nucleophile group we used the 2-mercaptobenzothiazole
compound (MBT) (Figure 3.22), with a thiol group. We performed a base-catalyzed
thiol-Michael addition reaction (Figure 3.21a), thus in order to deprotonate the thiol
group of the MBT compound to form the thiolate anion, 25 mM NaHCOsbuffer at pH 8
was used as medium of this reaction. As explained in Section 2.3.1.3 of the Chapter 2, the
addition of NaHCO3 buffer to quatsomes leads to the formation of two-bilayer vesicles,

thus all these Michael reactions were conducted over two-bilayer quatsomes.

0 [+]
* :vinyl sulphone group = \/\\s{\

N
25 mM NaHCO; (pH =8)
+ N\ SH < b
5/ rt, 30 min

2-Mercaptobenzothiazole
(MBT)

Chol/Chol-VS/CTAB
V5 ratio = 0.25

Figure 3.22.: Schematic representation of the thiol-Michael addition of 2-mercaptobenzothiazole
(MBT) compound over functionalized vesicles with VS moieties.

The reaction was performed in neat conditions with a stoichiometry of thiol to vinyl
of 1 to 1. 100 ul of VS-functionalized Chol-CTAB quatsomes (0.25 VS ratio, see Table 3.1,
2.11x10"“moles Chol-VS) were diluted into 2900 pl of 25 mM NaHCO3 buffer (pH = 8)
containing 2.11x10"'moles of MBT compound. The reaction was left at room
temperature for 30 minutes. After the conjugation step, the free thiol was separated from
the total sample by centrifugation using centrifugal filter devices (Centricon, Merck
Millipore) with 30 KDa Nominal Molecular Weight Limit (NMWL). Finally, the amount of
MBT remaining in the sample was determined using UV-Vis spectroscopy
(Section 6.3.14).

It is worthy to remark that the MBT compound can be also integrated in vesicle-like
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systems by hydrophobic interactions. Additionally, since Chol-CTAB quatsomes present
a positive charged surface, the thiolate anion of the MBT can be also interact with vesicles
by electrostatic interactions. With the objective of determining the real amount of thiol
involved in the Michael reaction, the same reaction performed over VS-functionalized
Chol-CTAB quatsomes was also conducted over plain Chol-CTAB quatsomes (0 VS ratio,
see Table 3.1). Thus, we will be able to estimate the amount of MBT interacting with the
VS moieties using the reaction over plain Chol-CTAB quatsomes as a blank (Figure 3.23).

The two reactions were carried out at the same time.

5 25 mM NaHCO, (pH=8) - Hydrophobic interaction

5/ ¥ - Electrostatic interaction

rt, 30 min

2-Mercaptobenzothiazole
Chol/CTAB (MBT)

VSratio=0

“ 25 mM NaHCO, (pH=8) - Thiol-Michael addition
+ N\ SH - P - Hydrophobic interaction
rt, 30 min - Electrostatic interaction
2-Mercaptobenzothiazole
(MBT)

Chol/Chol-VS/CTAB
VS ratio =0.25

o [+]
* : vinyl sulphone group = \\\/\\s{,\

Figure 3.23.: Schematic representation of the interaction between 2-mercaptobenzothiazole
(MBT) with plain and VS-functionalized Chol-CTAB quatsomes.

For the separation of the free MBT, the centricons were equilibrated three times with
the 25 mM NaHCO3 buffer before their use. In all cases, 1,500 ul of reaction mixture was
loaded into the centricon and centrifugated at 6,500 rpm until the concentrated volume
was 500 ul. In order to eliminate all the free MBT, the centrifugation process was
repeated again adding 1,000 ul of 25 mM NaHCO3 bulffer to the 500 ul of sample. Finally,
the 500 ul of the concentrated final sample (vesicles containing MBT compound) was
diluted into 1,000 ul of 25 mM NaHCO3 buffer and was collected from the filter device
sample reservoir using a pipette. Then, the final amount of MBT present in the plain and
VS-functionalized vesicles was quantified by UV-Vis spectroscopy. It has to be noted that
MBT has an absorption band around A,,;,= 315 nm in alkaline medium [238].
Figure 3.24a shows the obtained UV-Vis abosrbance spectra for both reactions mixtures.

Besides, cryo-TEM images of the obtained systems are also presented in Figure 3.24b,c.
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As shown, a higher absorbance of MBT compound was discovered for the reaction with
VS-functionalized vesicles. In order to quantify the final amount of MBT presents in both
samples, two standard calibration curves at the same measuring conditions used for the
studied samples were conducted, one for the the plain Chol-CTAB vesicles (0 VS ratio,
see Table 3.1) and another one for the VS-functionalized Chol-CTAB vesicles (0.25 VS
ratio, see Table 3.1). See Section 6.7 of the Experimental Part for the prepared standard
calibration curves. The quantified MBT in the final reaction mixtures was 1.70x10~% and
3.32x107® moles for the plain and VS-functionalized Chol-CTAB vesicles, respectively. As
explained before, we can approximate that the difference between these two values are
the moles of MBT involved in the thiol-Michael addition. Thus, 1.62x10~% moles of MBT
might be involved in the thiol-Michael addition over the VS moieties of the
VS-functionalized Chol-CTAB vesicles. Besides, it is noteworthy that there is a shift in the
maximum wavelength of MBT in the presence of plain and VS-functionalized Chol-CTAB
quatsomes, which indicates a change in the polarity media surrounding the MBT

compound.
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Figure 3.24.: (a) UV-Vis absorbance spectra of the final reaction mixtures containing MBT (plain
Chol-CTAB vesicles (A;;4x = 312 nm), VS-functionalized Chol-CTAB vesicles (A;;4x = 319 nm)).
Cryo-TEM images of the final reactions mixtures of MBT with (b) plain and (c) VS-functionalized
Chol-CTAB quatsomes.

Therefore, though more experiments may be required to fully elucidate the
mechanistic of this thiol-Michael addition, our findings generally support that a higher
concentration of thiol compound (MBT) was found in the vesicles containing VS

moieties. This fact suggests that a thiol-Michael addition was accomplished over the
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VS-functionalized Chol-CTAB vesicles.

3.2.6. Summary

e The molecular self-assembling of Chol/Chol-VS/CTAB aqueous mixtures with a
progressive substitution of cholesterol by Chol-VS, leads to the formation of
several supramolecular structures. Experimental and theoretical studies revealed
the formation of long structures different from the vesicular structures observed by
mixtures of CTAB and cholesterol. According to the studied packing parameter for
the Chol-VS/CTAB system, mixtures of Chol-VS and CTAB molecules in water
induces to sphere-to-cylindrical transition of CTAB micelles; and these cylindrical
micelles, composed by CTAB and Chol-VS, probably direct the growth of the
nanoribbons observed experimentally. On the other hand, when
Chol/Chol-VS/CTAB aqueous mixtures were performed with small quantities of
Chol-VS, VS-functionalized Chol-CTAB vesicles were obtained. In that case, a
thiol-Michael click reaction over these targeting molecules was accomplished,
which opens a nice strategy for the preparation of functionalized stable

nanovesicles with huge applications in drug delivery and material science.
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3.3. Self-assembling of cholesterol, Chol-Fc and CTAB

in aqueous medium

In this Section it is described the molecular self-assembling of Chol, Chol-Fc and CTAB
molecules in an aqueous medium, and the impact of Chol and Chol-Fc content on it.
The followed strategy was the same use in the previous Section with Chol-VS. A new
parameter called FC ratio has been defined as the moles of Chol-Fc over the total moles
of cholesterol-like molecules (Chol + Chol-Fc). As it depicted schematically in
Figure 3.25, starting from equimolar mixtures of cholesterol and CTAB (FC ratio = 0),
which self-assemble as vesicles, we have progressively substituted cholesterol by
Chol-Fc, increasing the FC ratio, and analyzed the impact of this compositional change

on the self-assembling of the system.

FCratio increases

@ Chol-F; (OChol

Chol/Chol-Fc/CTAB
FCratio=0

Figure 3.25.: Schematic representation of the increase of FCratio in the preparation of Chol/Chol-
Fc/CTAB aqueous mixtures. FC ratio is defined as the moles of Chol-Fc over the total moles of
cholesterol-like molecules (Chol and Chol-Fc). Chol;,;,;:CTAB 1:1 (molar ratio).

3.3.1. Preparation of Chol/Chol-Fc/CTAB aqueous mixtures

Different aqueous mixtures increasing the FC ratio with a substitution of Chol by Chol-
Fc (Figure 3.1) were prepared by DELOS-SUSP (see Figure 3.26). In all experiments, the
molar ratio between CTAB and total moles of cholesterol-like molecules was maintained
constant, where in both cases the concentration was 6.4 mM. All the prepared aqueous

mixtures are detailed in Table 3.5.

Again, since the solubility behavior of Chol-Fc in ethanol and CO, was not known,
a gas filter (FG) was used in the reactor configuration in order to collect any solid that
cannot be solubilized inside the reactor during the addition of CO; (see Section 6.2.1.1 of

the Experimental Part).
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Table 3.5.: Chol:Chol-Fc molar ratios and FCratios of the different mixtures prepared and further
characterized.

Chol:Chol-Fc FC ratio®P
molarratio (moles Chol-Fc/moles Chol;,;,;)
1:0 0
1:0.13 0.11
1:0.24 0.19
1:0.37 0.27

4 The aqueous phase in all mixtures was composed
by Milli-Q with 20% of EtOH (v/v).

b Moles Chol,;,; = moles Chol + moles Chol-Fc;
moles Chol;,;,; = moles CTAB. [CTAB] = 6.4 mM.

Depressurization
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water containing 20% EtOH (vol. %)

Figure 3.26.: Schematic representation of the DELOS-SUSP methodology used for the preparation
of the different Chol/Chol-Fc/CTAB aqueous mixtures at different FCratios (see Table 3.5).

The preparation method illustrated in Figure 3.26 consisted in the loading of the 7.5
ml high-pressure autoclave (Section 6.2.1 of the Experimental Part) with a solution
containing cholesterol and Chol-Fc (7.24 x 10~ total moles of cholesterol-like
molecules) in 2.26 ml of ethanol. The solution was then pressurized with compressed
CO; at a molar fraction of X¢p,= 0.8 until reaching a working pressure of 10 MPa, which

produced a volumetric expanded organic solution. Finally, the expanded organic phase
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was depressurized over 9 ml of an aqueous solution containing 26.4 mg of CTAB. The
final concentration of total cholesterol-like molecules and CTAB was 6.4 mM in water
with 20% of EtOH (vol. %). All the prepared aqueous mixtures were stored at 277 K and
were characterized at least 14 days after sample preparation. It is worth mentioning that
all the prepared colloidal mixtures, summarized in Table 3.5, were translucent aqueous
systems with a slight tendency towards yellow solutions upon increasing the FC ratio.
Furthermore, negligible amounts of Chol-Fc were found in the filter gas (FG) used in the
reactor configuration (Section6.2.1.1 of the Experimental Part), thus the Chol-Fc

compound was easily solubilized inside the reactor.

3.3.2. Supramolecular characterization of Chol/Chol-Fc/CTAB

aqueous mixtures

The mean and polydispersity index (PdI) of the particle size distributions, corresponding
to the supramolecular structures present in the colloidal mixtures of Table 3.5, were
measured by dynamic light scattering (DLS). The obtained physicochemical
characterizations are summarized in Table 3.6. Besides, the stability of each system

analyzed by Z-potential was also included.

In these studies, the final concentration of Chol-Fc in each Chol/Chol-Fc/CTAB
aqueous mixture was controlled by the inductively coupled plasma optical emission
spectrometry (ICP-OES) technique (see Section 6.3.4 of the Experimental Part). Using
this analytical technique, the detection of trace metals [239] is possible to investigate.
Since Fe is only present in the Chol-Fc molecule, with an equimolar relation between Fe
and Chol-Fc, the final concentration of Chol-Fc in each aqueous mixture can be easily

controlled if one knows the final concentration of Fe.

Table 3.7 shows the theoretical and the quantified concentration values of Fe in each
Chol/Chol-Fc/CTAB aqueous mixture obtained at different FC ratios (see Table 3.5). As
can be ascertained, a clear tendency towards higher Fe concentrations can be
appreciated upon augmenting the theoretical FCratio. Additionally, it is noteworthy that
the the theoretical and quantified Fe (mg/l) concentration values were analogous in all

cases.
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Table 3.6.: Physicochemical characteristics of the aqueous mixtures obtained at different FC
ratios. Note: The aqueous mixtures were prepared by DELOS-SUSP and were characterized 14 days
after sample preparation. Samples were stored at 277 K.

FC? Size Stability
ratio Mean(nm)® PdI¢ Z-pot.(mV)
0 61.96+ 0.72 0.160 + 0.004 143 +3
0.11 48.93+0.25 0.154 +0.017 102 +0
0.19 62.28+0.15 0.217+0.013 122 +2
0.27 67.46+0.13 0.172 +0.019 111 +6

3 FC ratio = moles Chol-Fc/moles Chol;yzar;
moles Chol;,;,;; = moles Chol + moles Chol-Fc;
Chol;y;4;:CTAB 1:1 (molar ratio).

b Intensity weighted mean hydrodynamic size
of the systems measured by dynamic light
scattering.

¢ Polidispersity index showing the width of the
particle size distribution.

Table 3.7.: Theoretical and quantified Fe (mg/l) concentration values by ICP-OES of Chol/Chol-
Fc/CTAB aqueous mixtures.

FCratio® Theorical Fe (mg/l) Quantified Fe (mg/1)®

0 0 <0.8
0.11 43 28
0.19 67 52
0.27 81 60
4 FC ratio = moles Chol-Fc/moles Chol;yiu;

moles Chol;y;q; = moles Chol + moles Chol-Fc;
Chol;y;4:CTAB 1:1 (molar ratio).
b Concentration of Fe (mg/1) quantified by ICP-OES.

Chol/Chol-Fc/CTAB aqueous mixtures at FC ratios from 0 to 0.11

Since no Chol-Fc was employed at 0 FC ratio, this aqueous mixture is the same system
explained before where plain Chol-CTAB (W20Et-DELOS) quatsomes were prepared
(Section 3.2.2).  As previously mentioned, homogeneous, spherically-shaped and
unilamellar nanovesicles were obtained 14 and 250 days after sample preparation.

The particle size distribution and cryo-TEM images of the Chol/Chol-Fc/CTAB

aqueous mixture at FC ratio of 0.11 are presented in Figure 3.27 and Table 3.6. As can be

141



Chapter 3 From quatsomes to nanoribbons

inferred from Figure 3.27, despite the partial substitution of cholesterol molecules by
Chol-Fc, vesicles with a high degree of structural homogeneity were obtained 14 and 250

days after sample preparation.

FCratio=0.11

12} — l4days
——— 250 days

1 10 100 1000 10000
Diameter (nm)

Figure 3.27.: DLS measurements and cryo-TEM images of Chol/Chol-Fc/CTAB aqueous mixture
at 0.11 FC ratio. Particle size distributions (top) and cryo-TEM images (bottom) analyzed 14 and
250 days after sample preparation. Chol;,,;:CTAB 1:1 (molar ratio).

Since there were no observed other structures in this aqueous mixture, substitution
of cholesterol by Chol-Fc molecules in the vesicle-like assemblies was achieved. These
are interesting results because redox-active vesicles containing ferrocene moieties can be
prepared [228, 229, 240] (Figure 3.28).

FC ratio increases

>

+ Chol-Fc; - Chol

‘?’ : ferrocence group

Chol/Chol-Fc¢/CTAB Chol/Chol-Fc/CTAB
FCratio=0 FCratio=0.11

Figure 3.28.: Vesicles with different densities of ferrocene moieties on their bilayer surface can be
achieved by fine-tuning the FCratio.

142



3.3 Self-assembling of cholesterol, Chol-Fc and CTAB in aqueous medium

Chol/Chol-Fc/CTAB aqueous mixture at FC ratio of 0.19

The particle size distributions and the cryo-TEM images of the Chol/Chol-Fc/CTAB
aqueous mixture obtained at 0.19 FC ratio 14 and 250 days after sample preparation are

presented in Figure 3.29 and Table 3.6.

FCratio=0.19

12} — l4days

Figure 3.29.: DLS measurements and cryo-TEM images of Chol/Chol-Fc/CTAB aqueous mixture
at 0.19 FC ratio. Particle size distributions (top) and cryo-TEM images (bottom) analyzed 14 and
250 days after sample preparation. Chols,;:CTAB 1:1 (molar ratio).

DLS measurements showed an unimodal size distribution centred in an average size
around 62 nm after 14 days and 250 days of aging. However, cryo-TEM images
(Figure 3.29) revealed the presence of different self-assembled structures at these aging
times. 14 days after preparation, spherically-shaped and unilamellar nanovesicles were
obtained, however after 250 days, the presence of twisted nanoribbons with a Gaussian
or saddle-like curvature was discovered [230, 231, 241]. Cryo-TEM images (Figure 3.29)
showed that these systems were many micrometers in length and the pitch length was
totally uniform along all the observed ribbons. According to the literature, these twisted
structures are normally formed by certain chiral amphiphilic molecules, thus the
Chol/Chol-Fc/CTAB aqueous mixture at this FCratio is forming a specific synthon which
self-assembles with a certain degree of chirality [242-244]. Further studies to understand
the composition of this chiral synthon and the formation of these twisted nanoribbons
will be performed soon by MD simulations. Besides, the handedness of these chiral

nanoribbons and their pitch characteristics will be also studied in the near future.
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On the other hand, the stability of these twisted nanoribbons was studied upon
dilution. The sample was 10-fold diluted in Milli-Q water and immediately it was
analyzed by cryo-TEM. This dilution process implied a final concentration of CTAB
around 0.64 mM, which was below the cmc of CTAB in water, approximately 1 mM [233].
The cryo-TEM images are displayed in Figure 3.30. As can be checked by this technique,
the twisted nanoribbons retain their structure after this dilution process, even below the

CTAB cmyg, therefore these nanoribbons were highly stable self-assembled structures.

Figure 3.30.: Cryo-TEM images taken after diluting the Chol/Chol-Fc/CTAB aqueous mixture at
0.19 FC ratio with Milli-Q water (10- fold).

Chol/Chol-Fc/CTAB aqueous mixture at FC ratio of 0.27

Figure 3.31 and Table 3.6 present the particle size distributions of Chol/Chol-Fc/CTAB

aqueous mixture at 0.27 FC ratio 14 and 250 days after sample preparation.

FCratio =0.27
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Figure 3.31.: DLS measurements and cryo-TEM images of Chol/Chol-Fc/CTAB aqueous mixture
at 0.27 FC ratio. Particle size distributions (top) and cryo-TEM images (bottom) analyzed 14 and
250 days after sample preparation. Chol;;:CTAB 1:1 (molar ratio).
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As shown, at both aging times, DLS measurements revealed an unimodal size
distribution centred in an average size around 67 nm. At this FC ratio cryo-TEM images,
also displayed in Figure 3.31, show the coexistence of vesicles and a large amount of
particles with a plate-like morphology after 14 days of aging. Further, as the images
taken after 250 days shown, these particles became larger with time. Due to an increased
degree of cholesterol substitution by Chol-Fc molecules in this aqueous mixture, these
plate-like particles might be precipitated hydrophobic nanocrystals of Chol-Fc
compound. It is noteworthy that at this FC ratio, there were no observed twisted
nanoribbons at any studied time, thus in this aqueous mixture, the Chol-Fc compound
tend to precipitate and no interaction with the other components, CTAB and Chol, was

achieved.

Unlike the preparation of aqueous mixtures using Chol-VS, where experiments were
performed until equimolarity of Chol-VS and CTAB (VS ratio = 1), further experiments
increasing the FC ratio were not performed due to the detection of this large amount of

Chol-Fc hydrophobic nanocrystals.

3.3.3. Experimental summary

The molecular self-assembling of Chol/Chol-Fc/CTAB aqueous mixtures with a
progressive substitution of cholesterol by Chol-Fc (increasing the FC ratio) is studied. In
Figure 3.32 are schematically represented the different types of self-assembled structures
which are progressively formed. In all the prepared aqueous mixtures, the molar ratio
between CTAB and the total moles of cholesterol-like molecules (cholesterol and

Chol-Fc) was maintained constant at equimolar ratio.

At 0 FC ratio, when only cholesterol and CTAB were used, plain Chol-CTAB (W20Et-
DELOS) quatsomes were obtained. Increasing the FC ratio, from 0 to 0.11, substitution
of cholesterol by Chol-Fc molecules in the vesicle-like assemblies present in the aqueous
mixtures was achieved. Thus, ferrocene (Fc)-functionalized vesicles were formed. At 0.19
FC ratio, a coexistence of vesicles and twisted nanoribbons with a Gaussian or saddle-
like curvature was discovered. And finally, at 0.27 FC ratio, the presence of vesicles and

plate-like nanocrystals was observed.
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Figure 3.32.: (a) Schematic illustration and (b) cryo-TEM images of the different self-assembled
colloidal structures discovered in the studied Chol/Chol-Fc/CTAB aqueous mixtures. FC ratio
comprises the moles of Chol-Fc over the total moles of cholesterol-like molecules (cholesterol and
Chol-Fc). Chol;,;4;:CTAB 1:1 (molar ratio).

Therefore, this study has demonstrated that the substitution of cholesterol by Chol-Fc

in Chol/Chol-Fc/CTAB aqueous

mixtures leads to the formation of several

supramolecular assemblies as the FC ratio increases. Among these structures, it is worth

highlighting the formation of the interesting twisted nanoribbons at 0.19 FC ratio.

3.3.4. Preparation of Chol/Chol-Fc/CTAB aqueous mixture at
0.19 FC ratio by other routes

Since twisted nanoribbons were obtained in Chol/Chol-Fc/CTAB aqueous mixture at 0.19

FC ratio by DELOS-SUSP (Table 3.5), the formation of these supramolecular structures
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was also studied by other routes of preparation. Specifically, experiments with the TFH

route [178] with different extrusion protocols were conducted (see Figure 3.33).

In order to prepare the Chol/Chol-Fc/CTAB aqueous mixture at 0.19 FC ratio by TFH,
the same final concentration of compounds used before by DELOS-SUSP were employed
(Section 3.3.1). The followed procedure is explained in Section 6.2.2 of the Experimental

Part.

DELOS-SUSP Thin Film Hydration (TFH)

Depressurization
" — Solvent 1
Mo ;
2 ) [ evaporation /
A Chal-Fy
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&
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7 CTAB “
=
e I
@ I_DI Freeze/thaw 1
\ i‘ Aqueous phase Extrusion
e
Chol/Chol-Fc/CTAB ' 1 N\
aq ueous mixtures 1 filter 800 nm x 1 filter 100 nm x 9
0.19 FC ratio filter 100 nm x 1
Cholyge, : CTAB (1:1 mol:mol)
Final dispersant medium: Milli-Q DELOS-SUSP
water containing 20% EtOH (val. %) TFH 800x1 TFH 100x9

TFH 100x1

Figure 3.33.: Scheme of the different explored routes for the preparation of twisted nanoribbons
at 0.19 FCratio (Table 3.5).

After the hydration step with Milli-Q water containing 20% of EtOH (vol. %)
(Figure 3.33), the precipitation of a yellow solid was evident as shown in Figure 3.34a.
Despite this fact, the sample preparation was followed by extrusion using three different
protocols. The first one was to use a membrane filter with a pore size of 800 nm and the
sample was passed through the extruder one time. The second protocol was to reduce
the pore size of the membrane filter from 800 nm to 100 nm, keeping constant the
number of the extrusions (one time). And the third protocol was to use a membrane
filter with 100 nm pore size and the sample was passed through the extruder nine times
(more extrusiones were impossible as solid would simply obstruct the filter pores). As
shown in Figure 3.34b,c, a large proportion of the yellow solid observed before was

retained in the membrane filters used in the extrusion process.
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Figure 3.34.: Formation of Chol/Chol-Fc/CTAB aqueous mixture at 0.19 FC ratio by TFH followed
by different extrusion protocols. (a) Picture of the sample after the hydration step showing the
precipitation of a yellow solid. (b-c) Pictures showing the yellow solid retained in the membrane
filters after extrusion process.

First of all, the final concentration of Fe in each Chol/Chol-Fc/CTAB aqueous mixture
prepared by TFH was quantified by ICP-OES technique after sample preparation (see
Section 6.3.4 of the Experimental Part) (Table 3.8).

Table 3.8.: Theoretical and quantified Fe (mg/l) concentration values by ICP-OES of Chol/Chol-
Fc/CTAB aqueous mixtures at 0.19 FCratio prepared by different routes.

Methodology FCratio® Theoretical Fe (mg/l) Quantified Fe (mg/l)b

DELOS-SUSP 0.19 67 52
TFH 800x1 0.19 67 6.5
TFH 100X1 0.19 67 4.7
TFH 100x9 0.19 67 4.6

a FCratio = moles Chol-Fc/moles Chol;,,;; moles Chol;,;,; = moles Chol
+ moles Chol-Fc; Chol;,;4;:CTAB 1:1 (molar ratio).
b Concentration of Fe (mg/1) quantified by ICP-OES.

As shown in Table 3.8, as the pore size of the membrane filter used in the extrusion step
decreases and higher number of extrusions have been carried out, the present amount of
Fe in the aqueous mixtures decreases. In addition, comparing the concentration value of
Fe in the DELOS-SUSP and TFH aqueous mixtures, there is a reduction of at least 8 times
using the TFH method. Moreover, Figure 3.35 displays a picture showing the macroscopic
appearances of the DELOS-SUSP and TFH (800x1) aqueous mixtures. As illustrated, the
DELOS-SUSP sample was yellower than the one prepared by TFH due to the high presence
of Chol-Fc. Thus, all these evidences demonstrated that by TFH method there is a loss
of Chol-Fc compound in the final aqueous mixtures. Accordingly we can state that the
yellow solid observed before in the sample preparation (Figure 3.34) was solid Chol-Fc,

which was precipitated in the hydration step likely due to its hydrophobicity.
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FCratio=0.19
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TFH 800x1 | DELOS-SUSP

Figure 3.35.: Picture showing the macroscopic appearances of Chol/Chol-Fc/CTAB aqueous
mixtures at 0.19 FC ratio prepared by DELOS-SUSP and TFH (800x1) methods.

ICP-OES technique has shown that a small incorporation degree of the Chol-Fc
compound in Chol/Chol-Fc/CTAB aqueous mixtures was achieved when the TFH
methodology was used. However, the three Chol/Chol-Fc/CTAB aqueous mixtures
prepared by TFH method using different extrusion protocols were characterized by DLS
and cryo-TEM 250 days after sample preparation, where the twisted nanoribbons were
observed before with the DELOS-SUSP method. The mean and polydispersity index
(PdI) of the particle size distributions and the cryo-TEM images of the aqueous mixtures

are displayed in Table 3.9 and Figure 3.36, respectively.

Table 3.9.: Physicochemical characteristics of Chol/Chol-Fc/CTAB aqueous mixtures at 0.19 FC
ratio prepared by TFH with different extrusion protocols. Note: Characterizations were carried out
250 days after sample preparation. Samples were stored at 277 K.

FC? Size
ratio Mean(nm)P PdI¢
TFH 800x1 0.19 124.6+ 2.1 0.288 + 0.021
TFH 100x1 0.19 93.69+1.45 0.154 + 0.006
TFH 100x9 0.19 74.08 £0.80 0.100 £ 0.009

Methodology

4 FC ratio = moles Chol-Fc/moles Chol;yrar;
moles Choly;4; = moles Chol + moles Chol-Fc;
Chol;y;4:CTAB 1:1 (molar ratio).

b Intensity weighted mean hydrodynamic size of the
systems measured by dynamic light scattering.

¢ Polidispersity index showing the width of the
particle size distribution.

As can be ascertained from Figure 3.36, only vesicular systems were observed in all
the prepared TFH aqueous mixtures. Besides, vesicles with higher degree of structural
homogeneity were achieved reducing the pore size of the filter membrane and increasing

the number of extrusions. Thus, owing to the small degree of incorporation of Chol-Fc
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compound in the TFH aqueous mixtures at 0.19 FC ratio, twisted nanoribbons were not

discovered in any preparation.

Figure 3.36.: Cryo-TEM images of Chol/Chol-Fc/CTAB aqueous mixtures at 0.19 FCratio prepared
by TFH followed by extrusion: (a) 800 nm x 1 time, (b) 100 nm x 1 time and (c) 100 nm x 9 times.

Therefore, ICP-OES technique has shown that a higher incorporation degree of the
Chol-Fc compound in Chol/Chol-Fc/CTAB aqueous mixtures was achieved when the
DELOS-SUSP methodology was used, consequently twisted nanoribbons were only
formed when using this method. For that reason we can state that the DELOS-SUSP
process is the best option among the ones studied here if hydrophobic molecules, like

Chol-Fc, have to be integrated in aqueous mixtures.

3.3.5. Redox-active Fc-functionalized vesicles

The Chol/Chol-Fc/CTAB aqueous mixture at 0.19 FC ratio prepared by DELOS-SUSP
(Table 3.5) revealed in Section3.3.2 the formation of only vesicles after sample
preparation (14 days). Due to the presence of Chol-Fc in the system, these vesicles
should contain ferrocene moieties and should be redox-active systems, thus they were
studied by cyclic voltammetry (CV) technique (Figure 3.37). Furthermore, Chol-CTAB
quatsomes prepared also by DELOS-SUSP at 0 FC ratio (Table 3.5) were characterized by

CVin order to study the plain (non-redox active) quatsomes.
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Figure 3.37.: (a) Cryo-TEM image of Fc-functionalized Chol-CTAB vesicles (0.19 FCratio prepared
by DELOS-SUSP (Table 3.5)) 14 days after sample preparation. (b) Schematic representation of the
Fc-functionalized Chol-CTAB vesicles containing ferrocene moieties.

The CV measurements were conducted by Dr. Ntria Crivillers from Nanomol group
(ICMAB-CSIC) after sample preparation (see Section 6.3.2 of the Experimental Part). The
Fc? of the Chol-Fc molecule can be easily oxidized to Fc*(ferricenium, Figure 3.38)
which can be reversibly reduced back to the neutral form [240, 245]. In this technique the
sample is subject to cyclic potential sweeps at the same time that its electrochemical
activity is recorded with an increase of current. Usually an ionic medium is necessary to
carry out a cyclic voltammetry experiment but, taking into account the presence of the
CTA" and the counterion Br~ in the solution, the sample was measured without the
addition of an electrolyte. Platinum wires were used as working and counter electrodes
and a Ag wire was used as reference electrode. The samples were subjected to 2 potential

cycles sweeping the voltage between 0.0 V and + 0.6 V at scan rate of 0.4 V/s.

- o+t
= | |=
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Figure 3.38.: Reversible mono electronic oxidation of ferrocene.

Figure 3.39 displays the cyclic voltammograms of plain and Fc-functionalized Chol-
CTAB vesicles (0 and 0.19 FC ratio). As shown, the plain quatsomes did not reveal any
redox peak, however the Fc-functionalized Chol-CTAB vesicles exhibited one reversible
redox wave due to the redox system FcY/ Bet at EM2 = 0.28 V (vs. Ag (wire)) with a peak to
peak separation (AE,,) of 0.120 V. A fast, reversible, one electron transfer would ideally
have a AE), =0.059 V at 298 K. The discrepancy from this ideal value is attributed to slow

electron transfers and solution resistance.
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Figure 3.39.: Cyclic voltammograms of plain and Fc-functionalized Chol-CTAB vesicles (0 and 0.19

FC ratio).

By CV technique, we have demonstrated successful incorporation of redox-active

Chol-Fc molecules into vesicles in an aqueous solution. Therefore, redox-active systems
can be prepared by DELOS-SUSP using Chol/Chol-Fc/CTAB aqueous mixtures.

3.3.6. Summary

e This study has demonstrated that the substitution of cholesterol by Chol-Fc in

Chol/Chol-Fc/CTAB aqueous mixtures leads to the formation of both, redox-active

vesicles and novel self-assembled twisted nanoribbons. By TFH methodology, the

incorporation of hydrophobic molecules, like Chol-Fc, is much harder than by

DELOS-SUSP as a result twisted nanoribbons were not obtained by this method.
Therefore, DELOS-SUSP method is the the best option among the ones studied

here if hydrophobic molecules have to be integrated in aqueous mixtures.
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3.4. One-dimensional (1D) self-assembled

nanostructures

One-dimensional (1D) nanostructures, especially ribbons and nanotubes with a single
dimension that is much longer than the others [224], are still regarded as exotic structures
that fall outside the well-accepted paradigms of the field of self-assembly, as opposed to
the self-assembly of amphiphilic molecules into conventional aggregates/phases such as
micelles, vesicles, and lyotropic liquid crystals, which is a mature and well-understood
subject [230].

Upon the studies described in this Chapter, we can state that working with CTAB and
cholesterol in Milli-Q water with 20% of EtOH (vol. %), the substitution of cholesterol by
cholesterol derivatives functionalized with new moieties changes the packing parameter
of the aqueous mixtures and several self-assembled colloidal nanostructures can be
observed. Specifically, using the both studied cholesterol derivatives, Chol-VS and
Chol-Fc, and working with the DELOS-SUSP method, one-dimensional (1D)
nanoribbons were formed by hydrophobic interactions, which are the driving force for
the self-organization [230] (Figure 3.40). Besides, other weak interactions like hydrogen
bonding or aromatic 7 — m stacking can also assisted the formation of these

nanoribbons [224].

Self-assembly of small molecules into one-dimensional (1-D) nanostructures offers
many potential applications in electronically and biologically active materials. The
potential of 1-D nanostructure is great given their inherent ability to serve as conduits of
charge and to align elements in their surroundings such as molecules, macromolecules,
and even cells. Additionally, 1-D objects are ubiquitous in biology and serve critical
functions such as the fibrils in the structural and signaling machinery of extracellular
matrices, the cellular cytoskeleton, axons, dendrites, and many others. Moreover, 1-D
nanostructures, readily form three-dimensional networks giving rise to gel matter from
solutions. Gel-like matter with high content of one-dimensional soft nanostructures is
the substrate to create functionality in mammalian biology (organs, tissues), and there
must be an equivalent phase space of synthetic structures that could be accessed and

designed for novel functions [224,232].

In nanotechnology, 1-D assemblies were further used as scaffolds for creating
nanowires [246] and nanowires complexes carrying electric signals, for creating layered
nanoparticles [247], as well as for mineralization. In addition, helical nanostructures, like

twisted nanoribbons, are important targets for use in biomaterials, nonlinear optics, and
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stereoselective catalysis [232].

Chol/CTAB
aqueous mixtures

Chol/Chol-VS/CTAB
aqueous mixtures

Chol/Chol-Fc/CTAB
aqueous mixtures

Figure 3.40.: Nanoribbons revealed in the Chol/Chol-VS/CTAB aqueous mixtures and Chol/Chol-

Fc/CTAB aqueous mixtures studied in this Chapter.

Therefore, the obtained flat and twisted nanoribbons described in this Chapter have a

lot of potential applications in many different fields.
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Highly fluorescent silicon nanocrystals

stabilized in water using quatsomes

4.1. Introduction

One of the fundamental goals in biology is to understand the complex spatio-temporal
interplay of biomolecules from the cellular to the integrative level [248]. To study these
interactions, researchers commonly use fluorescent labelling for both in vivo cellular
imaging and in vitro assay detection [249]. However, the intrinsic photo-physical
properties of organic and genetically encoded fluorophores, which generally have broad
absorption/emission profiles [249] and low photobleaching thresholds, have limited
their effectiveness in long-term imaging and ‘multiplexing’ (simultaneous detection of
multiple signals) without complex instrumentation and processing [248, 250]. Against
this background, quantum dots, nanocrystals of a semiconducting material with
diameters in the range of 2-10 nanometers, have the potential to overcome these
difficulties [251-254].

The luminescence characteristics of molecular dyes and quantum dot nanocrystals
are a consequence of their electronic structure. Whilst molecules have a discrete energy
level spectrum and solids have continuous bands of energy levels, nanoparticles are
intermediate and can be viewed either as large molecules or small pieces of the solid.
The color of luminescence from these systems depends on the energy gap between the
highest occupied molecular orbital and the lowest unoccupied molecular orbital.
Nanoparticles in the size range where the electronic properties are changing between
solid-like and molecular have luminescence characteristics strongly dependent on their
size. These particles are commonly known as quantum dot nanocrystals because the
size-dependent changes in electronic structure are related to the constraint imposed on
the electron wavefunctions by the surface as the particle radius decreases — an effect
known as quantum confinement [251, 255].

Quantum dot nanocrystals possess several distinct advantages over their organic
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counterparts. Firstly, a narrow emission spectrum reduces spectral overlap. This
increases the feasibility of distinguishing multiple fluorophores simultaneously.
Secondly, the broad excitation spectrum of quantum dots facilitates the use of a single
excitation wavelength to excite quantum dots of different colors. Thirdly, the large
separation between the excitation and emission wavelength of quantum dots (the
Stokes’ shift) enables the whole emission spectra to be collected, resulting in improved
sensitivity of detection. Quantum dot nanocrystals are often brighter than conventional
dyes due to the compounded effects of extinction coefficients that are an order of
magnitude larger than those of most dyes, comparable quantum yield, and similar
emission saturation levels [248, 252]. They are also not prone to variations in
luminescence efficiency due to self-quenching. However, their main advantage resides
in their resistance to bleaching over long periods of time (minutes to hours): this allows
the acquisition of images that are both crisp and have high contrast. This increased
photostability is particularly useful for three-dimensional (3D) optical sectioning, where
bleaching of the fluorophores during acquisition of successive z-sections is a major
issue [252]. Some applications of quantum dot nanocrystals as multimodal contrast

agents in bioimaging are summarized in Figure 4.1 [251,252].
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Figure 4.1.: Applications of quantum dot nanocrystals as multimodal contrast agents in
bioimaging. Obtained from [252].

Although quantum dot nanocrystals have been studied extensively for biomedical

imaging applications due to their fluorescence properties as well as photostability, many
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systems utilize heavy metals such as cadmium that have shown to be toxic [252,253]. In
this context, silicon nanocrystals (SiNCs) offer a biocompatible alternative to toxic
quantum dots that exhibit emission in the visible to near-infrared region
(NIR) [251,256-258]. Although silicon is an indirect band gap material, at the nanoscale
the emission spectrum can be tuned according to the nanocrystal size, with 2.8 nm
SiNCs emitting orange [251, 259, 260]. These nanocrystals can be stably dispersed in
organic solvents following the covalent attachment of capping ligands which result in
hydrophobic SiNCs, but as far as we are concern, these hydrophobic SiNCs have never
been stably dispersed in water [251, 256,258,261, 262].

Silicon nanocrystals for use in medical applications must be dispersible in water and
one common approach to achieve this for hydrophobic particles is to use colloidal
nanoparticles, such as micelles, vesicles and polymer nanoparticles, as vehicles for their
stabilization in aqueous media [258, 262-270].

In this context, the purpose of this Chapter was to explore whether fluorescent SiNCs
could be integrated into Chol-CTAB quatsomes, with the intention of providing a system
that has long term stability for delivering the nanocrystals into aqueous environments.
As mentioned in Chapter 2, the morphology of Chol-CTAB quatsomes is unaffected
upon increasing the temperature or by dilution, making them ideal candidates for use in
vivo. Besides, these Chol-CTAB quatsomes are an interesting option to stabilize SiNCs,
since they are highly stable aqueous colloidal structures, they have antibacterial and
anti-biofilm properties [215], and they were already used successfully for the preparation
of stable vesicle-biomolecule conjugates [122, 124, 223] and for the protection of ESIPT
fluorophores in aqueous media [214]. These results make them promising nanocarriers
in the development of new nanovesicle-nanocrystal hybrids.

Within this framework, during this Thesis a short research stay was conducted during
four months at the University of Texas at Austin, under the supervision of Prof. Brian A.
Korgel. There I worked together with the PhD student Dorothy Silbaugh. In this research
stay I became familiar with the nanoparticle preparation and manipulation and we

studied the possibility to create quatsome-nanocrystal hybrids.
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4.2. Incorporation of silicon nanocrystals into
Chol-CTAB quatsomes

4.2.1. Preparation of SiNCs

The silicon nanocrystals (SiNCs) were synthesized according to previously reported
methods [256]. The preparation of these nanocrystals is explained in the Section 6.8.1 of
the Experimental Part. These SiNCs were prepared using 1-octene (MW = 112.24 g/mol)
as a ligand (Figure 4.2).

/\/\/\/ 1-octene (ligand)
/ MW = 112.24 g/mol

Figure 4.2.: Molecular structure of the ligand use in the silicon nanocrystal preparation.

The obtained SiNCs were imaged using transmission electron microscopy (TEM) (see
Section 6.3.13 of the Experimental Part) and they are shown in Figure 4.3a-c. Results from
measuring 150 SiNCs from TEM images determined that the average size was 2.80 nm

with a standard deviation of 0.60 nm (Figure 4.3d).

1 2 3 4 5
Diameter (nm)

Figure 4.3.: TEM images (a-c) of octene-coated SiNCs prepared. A sample of 150 nanocrystals (25
each from 6 images) were measured from the TEM images and the histogram is shown in (d), with
the average size found to be 2.80 nm with a standard deviation of 0.60 nm.

To calculate the final concentration of these SiNCs in chloroform, a known volume of
sample was dried and weighed to determine the mass of the nanocrystals in this volume.
The obtained concentration was approximately 6.75 mg/ml in chloroform. Besides, the
relative amount of Si and organic capping ligand in the nanocrystal sample was
determined using thermal gravity analysis (TGA) (Figure 4.4). During TGA, organic
ligands are removed, leaving inorganic Si core oxidized to SiO,. The relative mass of Si
and organic ligand in the sample was determined from the remaining mass of SiO, and

the total weight loss was due to the removal of the organic ligands. It was determined
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that the prepared SiNCs had an estimated mass fraction of ligand of 63% and silicon core
of 37%.
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Figure 4.4.: Results of thermogravimetric analysis of silicon nanocrystals coated with octene
ligand.

TGA data can be used to calculate the average number of ligand per nanocrystal by

assuming spherical nanocrystal with density of bulk material (2.329 x 10~2!g/nm?) [271].

N 4 4 (1-Siy%) 6.02x10% @.1)
) = —r’psix X '
ligand/nanocrystal 3 psi Si % MWiigana

In Equation 4.1, r is average radius of Si nanocrystal determined by TEM, pg; is the
bulk density of Si, Siy,, ;% is weight percentage of Si in the Si nanocrystal determined by
TGA, and MWj;gana is molecular weight of 1-octene. The ligand packing density can be
calculated dividing the average number of ligand per NC by the surface area of the NC
(4nr?). For a 2.8 nm diameter nanocrystal, the calculated average number of ligand per
NC was 244.67, and the ligand density on the surface of the NC was approximately 9.93

ligands/nm?.

The molar mass of these nanocrystals (Myc, in units of grams per mole of

nanocrystals) was calculated using the following expression:

1 x6.02x1023NC
Siy % mole

4
Mpnc = gnrgpsl-x =43,554.9g/mole 4.2)

A schematic representation of the synthesized silicon nanocrystals (SiNCs) is shown in

Figure 4.5.
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SiNC 2.80 nm

ligand density = 9.93 ligands/nm?

Figure 4.5.: Schematic representation of the synthesized SiNCs.

Finally, Figure 4.6 displays the prepared octene-coated SiNCs under ambient light and
365 nm UV light. As shown, the SiNC exhibit bright photoluminescence (PL) upon
excitation by UV light.

Figure 4.6.: Photographs of prepared SiNCs dispersed in chloroform under ambient light and 365
nm UV light to show the nanocrystal fluorescence.

4.2.2. Chol-CTAB quatsome preparation

Chol-CTAB (WI10Et-DELOS) quatsomes (Table6.3 of the Experimental Part) were
synthesized using the DELOS-SUSP procedure (see Section 6.2.1 of the Experimental
Part). Briefly, 76 mg of cholesterol in 2.88 ml of ethanol was pressurized with CO; at X¢o,
= 0.6 and depressurized over 24 ml of Milli-Q water containing 72 mg of CTAB. The final
concentration of quatsomes in this vesicular phase, 7.3 mM Chol-CTAB quatsomes,
included 7.3 mM cholesterol and 7.3 mM CTAB in high purity water containing 10%
ethanol (vol. %).

The dynamic light scattering (DLS) measurements of these quatsomes revealed a mean
size of 78.36 + 0.69 nm (PdI 0.345 + 0.004). As displayed in Figure 4.7a, unilamellar and

spherical nanovesicles were obtained.

Besides, these vesicles were observed under 365 nm UV light, and as shown in

Figure 4.7b, these plain vesicles did not fluoresce.
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(2]

Figure 4.7.: (a) Cryo-TEM image of obtained Chol-CTAB (W10Et-DELOS) quatsomes in water with
10% EtOH (vol. %). (b) Photographs of such quatsomes under ambient light and 365 nm UV light
showing that these plain vesicles did not fluoresce.

4.2.3. Incorporation methodology and operational parameters

In order to incorporate the obtained SiNC (Section 4.2.1) into Chol-CTAB quatsomes,
different approaches were studied. First of all, attempts were made to add SiNCs directly
into the DELOS-SUSP process to form quatsomes, but the result was a non-fluorescent
dispersion (data not shown). Most likely, the SiNCs degraded during the process due to
the pressure and temperature used in the DELOS-SUSP procedure, or perhaps the
nanocrystals were not incorporated into quatsomes and instead became stuck in the
DELOS-SUSP setup. Afterwards, other attempts were carried out assembling the SiNCs
with pre-made Chol-CTAB (W10Et-DELOS) quatsomes (Section 4.2.2). Specifically,
vortexing and bath sonication were used at room temperature to provide energy to the
system. As shown in Figure 4.8, attempts to use 5 minutes of vortexing to incorporate 20
ul SiNCs in chloroform (6.75 mg/ml) to 750 ul of Chol-CTAB quatsomes (7.3 mM)
resulted in very limited fluorescence in solution. However, as presented in the same
Figure, 5 minutes of bath sonication using the same amount of components provided a

fluorescent sample.

Ambient light 365 nm UV lamp

Figure 4.8.: Comparison of (i) 5 minute bath sonication to (ii) 5 minute vortex to incorporate 20 ul
SiNCs in chloroform (6.75 mg/ml) into 750 yl of Chol-CTAB quatsomes (7.3 mM), under ambient
light and 365 nm UV light. Vortexed vial appeared cloudy and did not fluoresce.

Due to this remarkable finding using 5 minutes of bath sonication (Misonix 1510R-
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MT or Bransonic M1800 bath sonicator, 40 kHz), further experiments were explored to
disperse the SiNCs in Chol-CTAB (W10Et-DELOS) quatsomes (Figure 4.9).

+ i — »

Quatsomes SiNC

Bath sonicate

Figure 4.9.: Schematic representation of the studied process for incorporating SiNCs into
quatsomes through bath sonication.

First of all, the volumes and concentrations of SiNCs added to quatsomes were
examined to maximize incorporation of nanocrystals while not disrupting the quatsome
structures (see Figure 4.10). To each of 5 vials, 750 ul Chol-CTAB (W10Et-DELOS)
quatsomes (7.3 mM Chol-CTAB) was added. Then, 135 yg of SiNCs was added to each
vial, though at different concentrations and thus in different volumes of chloroform, and
the samples were sonicated 5 minutes at room temperature. The ratio between
quatsomes and SiNC was maintained constant. The amounts added were: (i) 10 ul of
13.5 mg/ml SiNC in chloroform, (ii) 20 ul of 6.75 mg/ml SiNC in chloroform, (iii) 40 ul of
3.375 mg/ml SiNC in chloroform, (iv) 80 ul of 1.6875 mg/ml SiNC in chloroform, (v) 200
ul of 0.675 mg/ml SiNC in chloroform. Images of the vials taken over several days after
preparation indicate that while all exhibited fluorescence from SiNC incorporation, only
the vial prepared with 20 yl of 6.75 mg/ml SiNC in chloroform did not have any
precipitate (Figure 4.10). In vial (i) an orange-brown precipitate was observed after one
day, likely containing SiNCs that were not incorporated into the quatsomes. In vials (iii),
(iv), and (v) the solutions became cloudy white and the bottoms of the vials had white
precipitate. Water and chloroform are immiscible solvents, thus the high volume fraction
of chloroform added with the SiNCs had a destabilizing effect on the quatsomes and

caused the structures to break apart.
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Before sonication 0 days 1 day 1 week 6 weeks

Vial (i)
after 1 day

Figure 4.10.: Results of adding different volume ratios of SiNCs (in chloroform) : quatsomes (in
water with 10% EtOH), under ambient light (top row) and on a 254 nm UV lamp (bottom row).
In each sample 135 pg of SiNCs was added, though in different concentrations, and thus volumes
over 750 ul of Chol-CTAB (W10Et-DELOS) quatsomes. Samples from left to right are: (i) 10 ul
of 13.5 mg/ml SiNC in chloroform, (ii) 20 yl of 6.75 mg/ml SiNC in chloroform, (iii) 40 ul of 3.375
mg/ml SiNC in chloroform, (iv) 80 ul of 1.6875 mg/ml SiNC in chloroform, (v) 200 ul of 0.675 mg/ml
SiNC in chloroform. Within one day after preparation (f), vial (i) had orange-brown precipitate
consistent with SiNCs, while vials (iii), (iv), and (v) had white precipitate and remained very cloudy.

Therefore, experiments to determine how the chloroform may interact with the
quatsomes found that the volume ratio of quatsomes to SiNCs in chloroform influenced
the assemblies stability. A small amount of chloroform is known to enhance the
incorporation of dodecanethiol-capped Au nanocrystals into liposomes [264], and a
similar interaction may be occurring with quatsomes, resulting in successful
incorporation without destroying the quatsomes when 20 ul of chloroform is added.

Therefore, the best results were obtained adding 20 ul of 6.75 mg/ml SiNC in
chloroform into 750 ul of Chol-CTAB (W10Et-DELOS) quatsomes, consequently this ratio

was used in the following experiments.

4.2.4. Stability of dispersions of silicon nanocrystals in Chol-CTAB

quatsomes

Once the preparation operational parameters were properly defined, samples of SiNCs
dispersed with Chol-CTAB (W10Et-DELOS) quatsomes in water with 10% ethanol were
prepared through 5 minutes of bath sonication, along with control samples prepared
with only CTAB, no quatsomes, or no SiNCs, as outlined in Table 4.1 and Figure 4.11a-e.
Besides, 10-fold diluted Chol-CTAB (W10Et-DELOS) quatsomes in water with 10%
ethanol, with a final concentration of 0.73 mM Chol-CTAB, were also used to disperse the

SiNCs in order to investigate the influence of the SINC/quatsome ratio. Thus, Chol-CTAB
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quatsomes with CTAB concentration above (7.3 mM) and below (0.73 mM) the critical
micelle concentration (cmc) of CTAB, where used as dispersants (samples (1) and (2)). It
has to be noted that the cmc of CTAB in water with 10% EtOH is 1.5 mM [233].

Besides, taking into account that molar mass of the SiNCs used was 43,554.9 g/mole
(calculated in Section 4.2.1), the molar ratio of components in each sample was calculated

and is given in Table 4.1.

Table 4.1.: Description of samples (1-5) monitored in stability testing.

Sample SiNCs Dispersant Molar ratio
of components
750 pl of 7.3 mM quatsomes 1 SiNC:
1) Szi%’élsoifi;foﬁgfg rrnnll (7.3mM CTAB, 7.3 mM Chol) 1695 CTAB:
in water (10% EtOH) 1695 Chol
750 pl of 0.73 mM quatsomes 1 SiNC:
@) siONéls?£6é£fo?;%é Irnnfl (0.73mM CTAB, 0.73mM Chol) 170 CTAB:
in water (10% EtOH) 170 Chol
3) 20 ul of 6.75 mg/ml 750 ul of 7.3 mM CTAB 1 SiNC:
SiNCs in chloroform in water (10% EtOH) 1695 CTAB
@ 20 ul of 6.75 mg/ml 750 ul of )
SiNCs in chloroform water (10% EtOH)
750 pl of 7.3 mM quatsomes

5) 20 ul of chloroform (7.3 mM CTAB, 7.3 mM Chol) -
in water (10% EtOH)

The fluorescence stability, the absorbance spectroscopy (see Section 6.3.14 of the
Experimental Part) and the photoluminescence spectroscopy (PL) (see Section 6.3.9 of
the Experimental Part) of all these samples were monitored for 12 weeks (Figure 4.11).
Immediately following bath sonication the solutions containing Chol-CTAB quatsomes
and CTAB micelles (samples (1), (2), (3)) appeared cloudy, however after one day the
turbidity dissipated. The initial turbidity likely occurred as a result of the high energy
applied causing changes in the supramolecular structures. In the case where SiNCs were
directly added to water, the nanoparticles precipitated to the bottom of the vial after 5
minutes of bath sonication, which was anticipated for hydrophobic nanocrystals added

to an aqueous solution.
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Figure 4.11.: Fluorescence stability tracking of SiNCs incorporated into quatsomes and control
solutions, over time. All the dispersant media were water with 10% ethanol. The five samples
monitored were (1) SINCs in 7.3 mM Chol-CTAB quatsomes (with CTAB concentration above cmc),
(2) SiNCs in 0.73 mM Chol-CTAB quatsomes (with CTAB concentration below cmc), (3) SiNCs in
7.3 mM CTAB micelles, (4) SiNCs in water with 10% EtOH, and (5) chloroform in 7.3 mM Chol-
CTAB quatsomes. Vials were prepared by adding 20 ul SiNC (in chloroform, 6.75 mg/ml) to 0.75
ml of solution, and then bath sonicated for 5 minutes. Photographs of vials under ambient light
(top) and on a 365 nm UV lamp (bottom) taken (a) immediately, (b) one day, (c) 2 weeks, (d) 8
weeks, and (e) 12 weeks after preparation. Absorbance (f) measured at 320 nm for samples with
SiNCs and average PL wavelength (g) for samples with SiNCs (excited at 320 nm) demonstrate the
stability of the nanoparticle fluorescence in quatsomes.

As can be ascertained from Figure 4.11, samples prepared with Chol-CTAB quatsomes
above (7.3 mM) and below (0.73 mM) the 1.5 mM CTAB cmc, sample (1) and sample (2),
respectively, [233] were both observed to maintain similar absorbance and PL over time
(Figure 4.11f,g). The lack of a significant blue shift (only 56 nm over twelve weeks) in the
PL spectra indicates that the nanoparticles are protected from oxidation or degradation
that would normally occur if the nanocrystals were directly dispersed into aqueous
solutions, as seen in sample (4). Besides, as shown in Figure 4.11, SiNCs could also be
dispersed with 7.3 mM CTAB micelles with good dispersion and fluorescence stability. To
get further insights into the structures formed in samples (1), (2), and (3), they were also
studied under cryo-TEM.

It is noteworthy that in sample (5), where 20 ul of chloroform without SiNCs was
added to quatsomes and bath sonication was performed, no precipitation of material
was observed, suggesting that the amount of chloroform could not destabilize the

quatsome structure.

165



Chapter4  Highly fluorescent silicon nanocrystals stabilized in water using quatsomes

4.2.4.1. Sample (1): SiNCs dispersed in Chol-CTAB quatsomes (molar ratio
SiNC:CTAB:Chol 1:1695:1695)

Sample (1), where 20 ul of SiNCs (6.75 mg/ml) were dispersed in 750 ul of 7.3 mM Chol-
CTAB quatsomes, was monitored for twelve weeks by cryo-TEM (Figure 4.13).

As can be inferred from Figure 4.13, although many of the quatsomes are free of
nanocrystals, there was still a significant amount of association between the SiNCs and
the quatsomes. The nanocrystals formed aggregates that were either on one side of one
or multiple quatsomes or that appeared to form spherical structures with similar sizes as
the quatsomes without NC aggregates. Besides, there were no observed changes in size
or shape during this time period.

Figure 4.12 illustrates such structures, where examples are shown for spherical
structures of SiNCs with similar sizes as plain quatsomes (red arrows), quatsomes with
SiNCs on one side (green arrows), and quatsomes connected by SiNC aggregates (blue

arrows).

]
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Figure 4.12.: Cryo-TEM images of fluorescent dispersions of quatsomes and SiNCs. Examples
are shown for spherical structures of SiNCs with similar sizes as plain quatsomes (red arrows),
quatsomes with SiNCs on one side (green arrows), and quatsomes connected by SiNC aggregates
(blue arrows). Empty quatsomes with no SiNCs incorporated are also present in each image.

In order to compare the fluoresence properties of SiNCs dispersed in chloroform and
the same SiNCs dispersed in Chol-CTAB quatsomes, the absorbance (Section 6.3.14 of
the Experimental Part), photoluminescence (PL) and photoluminescence excitation

(PLE) (Section 6.3.9 of the Experimental Part) of both systems were measured and
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0 days

2 days

7 weeks

12 weeks

Figure 4.13.: Cryo-TEM images of the structures observed after incorporation of SiNCs into
quatsomes (7.3 mM Chol-CTAB) through 5 minutes of bath sonication (sample (1)). Sample
prepared at 1:1695:1695 SiNC:CTAB:Chol molar ratio. Images were taken (a-c) on day sample
prepared, (d-f) 2 days after sample prepared, (g-i) 7 weeks after sample prepared, (j-1) 12 weeks
after sample prepared.
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plotted together (Figure 4.14).
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Figure 4.14.: Normalized absorbance (solid lines), PL (320 nm excitation) (dashed lines), and PLE
(660 nm emission for SiNC in chloroform, 670 nm emission for SiNC in quatsomes) (dotted lines)
spectra for octene coated SiNCs dispersed in chloroform (black) or incorporated into quatsomes
(red) in an aqueous media.

As shown in Figure 4.14, the spectra of each sample are similar, indicating that the
incorporation of the nanocrystals into the quatsomes, in an aqueous media, did not

change the fluorescence properties of the nanocrystals when dispersed in chloroform.
This type of optical properties of SiNC in an aqueous medium have not been observed
previously, as far as we know, and demonstrate the goodness of quatsomes for the

stabilization of SiNC in aqueous media.

4.2.4.2. Sample (2): SiNCs dispersed in Chol-CTAB quatsomes (molar ratio
SiNC:CTAB:Chol 1:170:170)

Sample (2), where a higher SiNC/quatsome molar ratio was used compared with sample
(1), was also investigated under cryo-TEM. As outlined in Table 4.1, 750 pl of 0.73 mM
Chol-CTAB quatsomes was combined with 20 pl of 6.75 mg/ml SiNCs in chloroform The
images obtained (Figure 4.15) indicate that the structures formed are similar to those
when 7.3 mM Chol-CTAB quatsomes was used, including one sided and full quatsome
aggregates. The fact that the Chol-CTAB quatsomes at 7.3 mM and 0.73 mM have similar
stability suggests that these systems have a high ability to stabilize nanocrystals even

when working with very different SINC/quatsome molar ratios.
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Figure 4.15.: Cryo-TEM images of sample (2), SiNCs in low concentration of quatsomes (below
CTAB cmc). 750 pl of 0.73 mM Chol-CTAB quatsomes was combined with 20 pl of 6.75 mg/ml
SiNCs in chloroform, and the mixture was bath sonicated for 5 minutes. Sample prepared at
1:170:170 SiNC:CTAB:Chol molar ratio.

4.2.4.3. Sample (3): SiNCs dispersed in CTAB micelles (molar ratio
SiNC:CTAB 1:1695)

Unlike samples (1) and (2), where vesicles were used to stabilize the SiNCs, CTAB
micelles were used for the same purpose in sample (3). As stated in Figure 4.11, SiNCs
could also be dispersed with 7.3 mM CTAB micelles with good dispersion and
fluorescence stability. For that reason, sample (3) was also studied under cryo-TEM. The
obtained images (Figure4.16) showed that the CTAB-stabilized nanocrystals were
irregularly shaped aggregates that were both very small and very large, thus the shape of
the nanocrystal aggregates were quite different than those stabilized by the quatsomes.
For medical applications consistent size and concentration of load delivery is important,
and thus the wide size distribution observed with CTAB micelles would not be ideal for

those applications.
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Figure 4.16.: Cryo-TEM images of sample (3), CTAB stabilized SiNCs. 750 ul of 7.3 mM CTAB
micelles in water was combined with 20 pl of 6.75 mg/ml SiNCs (in chloroform), and the mixture
was bath sonicated for 5 minutes. Sample prepared at 1:1695 SiNC:CTAB molar ratio.

4.2.5. Stability of SiNCs dispersed in Chol-CTAB quatsomes and

in CTAB micelles upon dilution

Medical diagnostic or theranostic applications where fluorescent NCs dispersions are
used as contrast agents, usually involve the dilution of the fluorescent formulations.
Therefore, it is very important for this kind of formulations to demonstrate that they
keep they physicochemical and fluorescent properties upon dilution.

The stability of SiNCs dispersed with Chol-CTAB quatsomes and CTAB micelles at
equal CTAB concentrations was assessed by dialysis into water, as shown in Figure 4.17.
Sample (1) (SiNCs dispersed with Chol-CTAB quatsomes) and sample (3) (SiNCs
dispersed with CTAB micelles) of Table 4.1 were used for this investigation. The molar
ratio between SiNC:CTAB was 1:1695 in both samples.

One day after bath sonication of SiNCs with either 7.3 mM Chol-CTAB quatsomes
(sample (1)) or 7.3 mM CTAB micelles (sample (3)) in 10% ethanol, the samples were
each added to dialysis tubing (SnakeSkin Dialysis Tubing, 22 mm 10 K molecular weight
cutoff, Life Technologies) and sealed at both ends with locking closures. The dialysis
bags were then immersed in 1 L of DI water under magnetic stirring. After 24 hours the
water was changed, and this process was repeat for a total of six water changes.
Following completion of the dialysis the remaining solutions inside the dialysis tubing

were transferred to glass vials.
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(3) (1)

Figure 4.17.: Dilution by dialysis of SiNCs dispersed in 7.3 mM CTAB micelles (sample (3), left in
each photograph) or 7.3 mM Chol-CTAB quatsomes (sample (1), right in each photograph). (a)
Photographs of vials containing both samples one day after preparation with 5 minutes of bath
sonication, prior to addition into dialysis tubing, under ambient light (top) and on 254 nm UV
lamp (bottom). (b) Photograph of dialysis tubing with solutions after 6 rounds of dialysis, under
ambient light (top) and on a 254 nm UV lamp (bottom). (c) Photograph of solutions removed
from dialysis tubing after 6 rounds of dialysis, under ambient light (top) and on 254 nm UV lamp
(bottom). (d) Cryo-TEM images of sample (1) with Chol-CTAB quatsomes and SiNCs following 6
rounds of dialysis.

Both dispersions were initially fluorescent, but as shown in Figure 4.17c, only the
quatsome dispersion remained fluorescent after dialysis. This suggests that the CTAB
surfactant is only weakly associated with the SiNCs in the micelles, and that with
repeated dilutions the structures disassemble. In contrast, quatsome-SiNC assemblies
imaged by cryo-TEM after six rounds of dialysis still show structures similar to the freshly
prepared materials, which indicates that even after multiple dilutions these assemblies
are stable (Figure 4.17d). This finding shows the benefit of the Chol-CTAB quatsome
assemblies as compared to the CTAB micelles: while both maintain fluorescence for 12
weeks (Figure 4.11), only the quatsome-SiNC hybrids keep their structure upon dilution,
which makes them more adequate for fluorescence labeling for in vivo imaging

applications.

4.2.6. Comparison to liposomal structures

Stabilization of SiNC with charge-neutral DOPC and anionic DOPG liposomal systems
was attempted, for comparison purposes with SiNC stabilized with Chol-CTAB (W10Et-
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DELOS) quatsomes.

DOPC liposomes were prepared by DELOS-SUSP (see Section6.5.2 of the
Experimental Part). The final concentration of DOPC in the liposomal system was 3.6
mM in high purity water containing 17% ethanol, thus these systems were called DOPC
(W17Et-DELOS) liposomes (see Table 6.4 of the Experimental Part).

The DOPG liposomes were formed by TFH method with extrusion with a 100 nm
membrane pore size, extruding the sample 21 times (see Section6.5.3 of the
Experimental Part). The final concentration of DOPG in the liposomal system was 7 mM
in 10 mM HEPES buffer with 10 mM NaCl, thus these systems were called DOPG
(HEPES-TFH100x21) liposomes (see Table 6.4 of the Experimental Part).

DLS measurements (Table 4.2) and cryo-TEM images of DOPC and DOPG liposomes
(Figure 4.18b,f) revealed that in both systems, unilamellar and spherical nanovesicles

were obtained.

Once the DOPC and DOPG liposomes were prepared and characterized, SiNCs were
incorporated into them the same manner as the quatsomes: 20 ul of 6.75 mg/ml SiNCs
(0.135 mg) was added to 750 pl of either 3.6 mM DOPC or 7 mM DOPG liposomes and

then bath sonicated for 5 minutes.

Table 4.2.: Physicochemical characteristics of DOPC (W17Et-DELOS) liposomes and DOPG
(HEPES-TFH100x21) liposomes measured after preparation.

Liposomal® Size

Morphology!
system Mean(nm)P PdI¢ orpholo
. bOPC 58.05 +1.73 0.230 + 0.008 SUVs
liposomes
. DOPG 71.19+£0.86 0.298 + 0.008 SUVs
liposomes

@ Samples were stored at 277 K.

b Intensity weighted mean hydrodynamic size of the
collection of vesicles measured by dynamic light
scattering.

¢ Polidispersity index showing the width of the particle
size distribution.

4 Morphology of the vesicles observed by cryo-TEM.
SUVs: Small unilamellar vesicles.
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Figure 4.18.: Results from preparing DOPC (neutral) and DOPG (anionic) liposomes separately
and then adding 20 pl SiNCs in chloroform (6.75 mg/ml) and bath sonicating for 5 minutes.
Photographs of vials of (a) DOPC and (e) DOPG were taken under ambient light and on a 365
nm UV lamp (i) before bath sonication, (ii) immediately after sonication, (iii) after 1 day, and (iv)
after 3 days, showing that DOPC precipitated out of solution while the DOPG solution remained
turbid. Cryo-TEM images of the liposomes before adding nanocrystals showed that the (b) DOPC
and (f) DOPG liposomes formed small unilamellar vesicles (SUVs). Cryo-TEM images (c-d) of the
DOPC liposomes after bath sonication, in the presence of SiNC, showed that NCs incorporated
with the lipid, forming large complexes. Cryo-TEM images (g-h) of the DOPG liposomes after bath
sonication, in the presence of SiNC, showed that the NCs aggregated outside of empty liposomes,
and no incorporation with the liposomes was observed.

As the cryo-TEM images shown in Figure 4.18c,d, the charge-neutral DOPC liposomes
become multilamellar and large SiNC aggregates are observed. Besides, the fluorescence
stability tracking of the vial containing the DOPC liposomes and SiNCs (Figure 4.18a)
revealed after 3 days, a white precipitate at the bottom vial that was likely large lipid

structures.

Figure 4.18e-h indicates that the anionic DOPG liposomes retained their initial size,
but no SiNCs were observed to associate with the liposomes. The dispersion, however,
was fluorescent and separate lipid-stabilized aggregates of SiNCs were observed. These

dispersions loose their fluorescence after the third day.

These results indicate that SiINCs do not incorporate into size-monodisperse DOPC or
DOPG liposomes through the bath sonication process that has been demonstrated as an

efficient process for the formation of quatsome-SiNC hybrids.
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4.2.7. SiNCs incorporation into Chol-CTAB quatsomes free of

ethanol

To assess the impact of the presence of ethanol in the quatsome-SiNC suspension,
Chol-CTAB (W-US) quatsomes were prepared with no ethanol using the sonication
methodology previously described in Chapter 2 (Section 2.3.1.2) (see Table 6.3 of the
Experimental Part). Briefly, 38.6 mg of cholesterol and 36.4 mg of CTAB were weighed
into a glass bottle and suspended in 10 ml of Milli-Q water. The dispersion was then

sonicated at 298 K for 4 minutes to form a homogeneous dispersion.

After allowing the mixture to stabilize for one week at 298 K, silicon nanocrystals were
incorporated using the standard incorporation process (20 pl SiNCs 6.75 mg/ml in
chloroform added to 750 pl quatsomes, then bath sonicated for 5 minutes). The samples
appeared consistent with quatsome-SiNC assemblies studied before using quatsomes
with 10% of EtOH prepared by DELOS-SUSP method. Cryo-TEM images of the samples
show the nanocrystals incorporated into some of the quatsomes. This data shows that
the presence of ethanol is not a requirement for the formation of quatsome-SiNC

structures.

Figure 4.19.: Results of incorporating SiNCs into Chol-CTAB (W-US) quatsomes formed with
only water (no ethanol). (a-c) Cryo-TEM images showing assembly of SiNCs into quatsomes.
(d) Photographs of vials containing the quatsomes under ambient light (left) and on a 365 nm
ultraviolet lamp (right), showing the characteristic fluorescence from the silicon nanocrystals.
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4.2.8. Effects of bath sonication on quatsome structure

To explore the effects of bath sonication on the quatsome structures, 1 minute, 5 minutes,
15 minutes, and 30 minutes of bath sonication were used following addition of 20 ul SiNCs
in chloroform (6.75 mg/ml) to 750 ul of 7.3 mM Chol-CTAB (W10Et-DELOS) quatsomes.

As can be ascertained from Figure 4.20, both cryo-TEM images and DLS data
indicated that bath sonication affect the size of the quatsomes in solution. While the
quatsomes maintained similar size distributions after bath sonication for 1 or 5 minutes,
a high decrease of the quatsome sizes was observed with sonication times of 15 or 30
minutes. Therefore, this study revealed that the bath sonication process can decrease
quatsome sizes due to a redistribution of quatsome membrane molecules. A similar
peak narrowing phenomena was observed in vesicle assemblies formed by cholesterol
and zwitterionic surfactants [272].

Furthermore, it is worth highlighting that in all samples studied with different bath
sonication times (Figure 4.20), association between the SiNCs and the quatsomes was

observed.
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Figure 4.20.: (a) DLS data of samples using different bath sonication times to incorporate SiNCs
into Chol-CTAB (W10Et-DELOS) quatsomes. Cryo-TEM images of the samples bath sonicated for
(b) 1 minute, (c) 5 minutes, (d) 15 minutes, and (e) 30 minutes revealed that at the longer time
points of 15 and 30 minutes, quatsomes appear smaller in size.
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4.3. Incorporation of gold nanocrystals into Chol-CTAB

quatsomes

In order to explore the capability of quatsomes for the water stabilization of other NC, in

this Thesis was attempted the formation of quatsome-gold nanocrystal (AuNC) hybrids.

4.3.1. Preparation of AuNCs

Gold nanocrystals were synthesized using previously reported methods [263]. The
preparation of these nanocrystals is explained in the Section 6.8.2 of the Experimental
Part. The AuNCs were prepared using 1-dodecanethiol (MW = 202.40 g/mol) as a ligand
(Figure 4.21).

/\/\/\/\/\/\ 1-dodecanethiol (ligand)
HS MW = 202.40 g/mol
Figure 4.21.: Molecular structure of the ligand use in the gold nanocrystal preparation.

Gold nanocrystals prepared were imaged under transmission electron microscopy
(TEM) (see Section 6.3.13 of the Experimental Part) to confirm size and shape
characteristics (Figure 4.22a,b). Results from measuring 150 AuNCs from TEM images
determined that the average size was 1.77 nm with a standard deviation of 0.41 nm
(Figure 4.22c¢).
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Figure 4.22.: (a-b) TEM images of the obtained gold nanocrystals. A sample of 150 nanocrystals
were measured from the TEM images and the histogram is shown in (c), with the average size
found to be 1.77 nm with a standard deviation of 0.41 nm.

To calculate the final concentration of these AuNCs in chloroform, a known volume of
sample was dried and weighed to determine the mass of the nanocrystals in this volume.
The obtained concentration was approximately 3 mg/ml in chloroform.

AuNCs, as prepared per the methods described in the Experimental Part, have an

estimated mass fraction of ligand of 27% and Au core of 73% [264]. These data can be
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used to calculate the average number of ligand per nanocrystal by assuming spherical

nanocrystal with density of bulk material (19.3 x 10~2'g/nm?) [271].

(11— Auy,%) 6.02x10%3

Niigandinanocrystal = —7”3PAux X (4.3)
& Y 3 Auy% MWiigana

In Equation 4.3, r is average radius of Au nanocrystal, p 4, is the bulk density of Au,
Auy % is weight percentage of Au in the Au nanocrystal (0.73), and MWjgana is
molecular weight of 1-dodecanethiol. The ligand packing density can be calculated
dividing the average number of ligand per NC by the surface area of the NC (4nr?). For a
1.8 nm diameter nanocrystal [264], the calculated average number of ligand per NC was
64.83, and the ligand density on the surface of the NC was approximately 6.37
ligands/nm?. It is worth highlighting that this is less dense than the coverage for silicon
nanocrystals, which was estimated approximately 9.93 ligands/nm?.

A schematic representation of the synthesized gold nanocrystals (AuNCs) is shown in
Figure 4.23.

AuNC 1.8 nm
&N

ligand density = 6.37 ligands/nm?

Figure 4.23.: Schematic representation of the synthesized AuNCs.

4.3.2. Stability of dispersions of AuNCs in Chol-CTAB quatsomes

We attempted to disperse the 1.8 nm diameter dodecanethiol-capped gold nanocrystals
(AuNCs) with quatsomes. 20 pl of 3 mg/ml AuNCs, which initially appeared brown-black
in chloroform, was added to 750 ul 7.3 mM Chol-CTAB (W10Et-DELOS) quatsomes
(Section 4.2.2) and the mixture was bath sonicated for 5 minutes. Immediately after
sonication, the solution appeared cloudy and had a grey hue, indicating that the
nanocrystals were dispersed throughout the solution with no visible precipitate
(Figure 4.24a). The group of Prof. Brian A. Korgel has previously demonstrated that
AuNCs incorporate into the lipid bilayer of phosphatidylcholine liposomes [263, 264],
however the dispersions of AuNCs with Chol-CTAB quatsomes were not stable and
changed from a grey to purple color after just a few days. A plasmon peak at around 520
nm emerged in the absorbance spectra, indicating that nanocrystals had aggregated or

coalesced, since 1.8 nm gold nanocrystals that are well dispersed do not exhibit a
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plasmon peak, while aggregates or particles of larger sizes result in plasmonic resonance
in the range of 500-600 nm, depending on the particle size, shape, and surrounding

conditions [264].
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Figure 4.24.: Results of incorporating 1.8 nm dodecanethiol capped AuNCs into quatsomes
through 5 minutes of bath sonication (750 pl of 7.3 mM Chol-CTAB quatsomes with 20 pl of AuNC
3 mg/ml in chloroform). (a) Photographs of vial with AuNC and quatsomes over 8 weeks showed
a gradual change in color from brown-grey to purple. From left to right: (i) before sonication, (ii)
immediately after sonication, (iii) after 1 day, (iv) after 2 weeks, (v) after 4 weeks, and (vi) after 8
weeks. UV-Vis data for samples over time (b) showed increase in plasmon peak intensity (samples
diluted 1/20 for measurements). Cryo-TEM images (c,d) of purple AuNC-quatsome dispersion,
showing coalesced gold nanoparticles separate from empty quatsomes. (e) Measurements of
nanocrystal size indicating that while the gold nanocrystals in chloroform had an average size of
1.77 nm with a standard deviation of 0.41 nm, after the dispersion turned purple the AuNC average
size was 6.72 nm with a standard deviation of 3.00 nm.

Indeed, cryo-TEM of the purple solution (Figure 4.24c,d) found that the nanocrystals
had coalesced into larger particles separate from the empty quatsomes. Results from
measuring 150 Au coalesced particles from cryo-TEM images determined that the

average size was 6.72 nm with a standard deviation of 3.00 nm (see Figure 4.24e).
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4.4. Proposed interaction mechanism between NC and

quatsome structure

4.4.1. Molecular Dynamics (MD) simulations of SiNCs and AuNCs

In order to better understand at molecular level, why SiNC can be stabilized in aqueous
media in the presence of Chol-CTAB quatsomes and why AuNC cannot, all-atomic
Molecular Dynamics (MD) simulations of the two types of NCs were performed by Dr.
Jordi Faraudo from the Institut de Ciencia de Materials de Barcelona (ICMAB-CSIC).

Molecular Dynamics (MD) simulations were used to numerically solve the Newtonian
equations of motion for the atoms of a model of both Si and Au nanoparticles with their
respective capping molecules at the given thermodynamic conditions. All simulations
were done using the NAMD 2.9 (CUDA version) software [141]. Simulations were
performed for both Si and Au nanoparticles with their respective capping molecules in
two different solvents (water and chloroform) at a temperature of 298 K and pressure of 1
atm. According to experimental data, a Si particle was made of a core of 342 Si atoms (in
order to obtain a NC diameter of 2.8 nm as in experiments) and 242 capping molecules
(1-octene). An Au particle was made of 281 Au atoms (in order to obtain a NC diameter of
1.8 nm as in experiments) and 65 capping molecules (1-dodecanethiol). This
corresponds to a coverage of 9.8 molecules/nm? for SiNCs and 6.4 molecules/nm? for
AuNCs. Typical simulation systems, which included passivated particles and solvent,
contained several tens of thousands of atoms. The interactions between atoms were
modeled employing the standard CHARMM force field for Si, Au and water and the
CGenFF version of the CHARMM force field [273] for chloroform, 1-octene and
1-dodecanethiol. More details on the preparation of systems, system details and
simulation protocols can be found in the Section A.3 of the Appendix.

In Figure4.25, images of snapshots from the MD simulations are shown
corresponding to the two kinds of particles considered in this work (SiNC and AuNC with
their organic capping ligands) in the two different solvents involved in the experiments
(water and chloroform). As seen in Figure 4.25, the structure of the capping layer of the
two NGCs is very different. Silicon nanocrystals have a very compact, solid-like layer of
octane molecules, which form ordered patterns that are clearly visible both in water and
chloroform. In both cases, octane molecules covering SiNCs are found in an extended
configuration, which corresponds to a fully extended chain. In contrast, gold
nanocrystals have a disordered, fluid-like, hairy layer of 1-dodecanethiol capping

molecules, which is more disordered in chloroform than in water. The simulations
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indicated that 1-dodecanethiol molecules covering AuNCs do not follow well defined
orientations, in contrast with the case of 1-octene molecules capping SiNC (see
Section A.3 of the Appendix).

Figure 4.25.: Snapshots from MD simulations using the Visual Molecular Dynamics (VMD)
program [142]. A SiNC capped with 1-octene molecules in (a) chloroform and (b) water. An Au
NC capped with 1-dodecanethiol in (c) chloroform and (d) water. Si and Au atoms are shown
with their Van der Waals radius. Capping molecules are shown in bond representation. Solvent
molecules are drawn translucent. The results show that SiNCs have denser packed ligand layers
than the AuNCs, and that in chloroform the ligands are more extended.

The simulations also computed the thickness of the coating organic layer, which takes
into account ligand lengths and their orientation (angle) with the surface (see
Section A.3 of the Appendix for a description of the procedure). The obtained thickness
of the organic layer was 1.14 nm for SiNCs (for both solvents), which results in a particle
with a total diameter of 5.1 nm. For the thickness of the layer of 1-dodecanethiol of
AuNCs we obtain 0.89 nm and 1.14 nm in water and chloroform respectively, which gives
total particle diameters of 3.7 nm and 4.2 nm, respectively. Therefore, according to the
simulations, the two particles have similar sizes but with very different organic coating
layer structures, a compact layer on SiNCs versus a hairy layer on AuNCs. The origin of
this different structure of the coating layer can be attributed to a nanoscale effect due to
the higher curvature of the AuNCs as compared with SiNCs (higher curvature
corresponds to smaller radius). Indeed, additional simulations performed over a flat

surface (infinite radius, zero curvature) with the same capping ligand density as in the
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case of AuNCs and SiNCs give a compact, solid-like organic layer in both cases (see

Section A.3.3 of the Appendix).

4.4.2. Proposed mechanism for the formation of quatsome-SiNC

assemblies

As it is depicted in Figure 4.25 and discussed in the paragraphs below, the different
interaction of SINC and AuNC with quatsomes, can be attributed to the different
structure of the coating layer of both nanocrystals (Figure 4.26a).

The proposed mechanism is summarized schematically in Figure 4.26b,c. Both kinds
of particles (based on Au and Si) have a hydrophobic coating, so they tend to aggregate
when dispersed in water due to the strong attractive hydrophobic interaction. As the
aggregates or clusters of particles form, they interact with other clusters of particles and

with the hydrophilic surfaces of quatsomes.
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Figure 4.26.: Proposed mechanism for the formation of quatsome-SiNC assemblies. In the
diagram, CTAB is the blue headed structure, cholesterol is the yellow structure, AuNC are shown
as red spheres and SiNC are shown as grey spheres. The ligands are shown schematically. (a)
Scheme of the different structure of the organic layer covering SiNC and AuNC (compact versus
hairy layer). (b) Scheme of the interactions of Au particles and quatsomes. (c) Scheme of the
interactions of Si particles and quatsomes, and the formation of the stable SiNC covered with a
monolayer of quatsomes.

Let us consider first the case of Au particles (Figure 4.26b). The clusters of Au particles
experience a repulsive interaction with the quatsome vesicles due to the hairy organic
layer of the Au particles. This is due to the fact that the molecules of the hairy layer have
less possible configurations near a surface (in this case, the surface of the quatsomes)
than far from the surface, inducing a repulsion of entropic origin. This kind of repulsive

interaction, known as “brush repulsion” plays a substantial role in self-assembly
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processes of nanoparticles [274]. As a result, the Au particles aggregate into large
clusters, without incorporation to the quatsomes.

In the case of Si particles (Figure 4.26¢), the brush repulsion interaction is absent
because the capping layer is compact in this case. Instead, we think that the interaction
of a quatsome vesicle with a cluster of Si particles is more similar to the interaction of a
vesicle with a hydrophobic solid surface. In this case, the layers of the quatsome vesicles
were spread onto the surface of the clusters of Si particles. This spreading process
requires first the breaking of vesicles and the input of energy. Vesicles are dynamic
structures that can be reformed or reduced in size with the addition of sonication
energy [275,276]. We found that when Chol-CTAB quatsomes with SiNCs were sonicated
for 15 or 30 min, they were smaller than those sonicated for 1 minute or 5 minutes
(Section 4.2.8). Thus, it can be hypothesized that when quatsomes are sonicated they are
broken down through a redistribution of membrane molecules. When the sonication is
performed in the presence of hydrophobic SiNCs with a “compact organic layer”
coverage, this redistribution would allow small aggregates of SiNCs to become stabilized
by the hydrophobic part of Chol-CTAB monolayers (Figure 4.26c). The resulting
self-assembled structure (clusters of Si particles covered by a quatsome monolayer) is
now stable in water and acquires the radius corresponding to the spontaneous curvature
of the quatsome building blocks (the bimolecular entities made by the association
between CTAB and cholesterol explained in Section 2.3.1 of the Chapter 2). The result of
this process is the coexistence between quatsome vesicles and these self-assembled
clusters of Si covered by CTAB and cholesterol with a diameter similar to that of
quatsome vesicles.

Although the nanoparticles are aggregated in quatsomes, it is still apparent that the
synergy between cholesterol and CTAB, found before in plain quatsomes (Chapter 2),
leads to the stable interaction between quatsomes and SiNCs. When CTAB micelles were
sonicated with SiNCs, the SiNCs appeared as either very small or very large, irregularly
shaped clusters (Figure 4.16).

Additionally, cryo-TEM images of SiNCs incorporated into Chol-CTAB quatsomes in
Figure 4.12 show that the SiNC aggregations are approximately the same size as
quatsomes without any SiNCs. Since the size of quatsomes is influenced by the
interaction between cholesterol and CTAB, the size of SiNCs aggregated suggests that
they are associated with the same Chol-CTAB units. Further, as shown in the dilution
experiment in Figure 4.17, only SiNC dispersed in quatsomes remain stable after several
rounds of dilution, while SiNC dispersed in CTAB micelles result in precipitation of the

SiNCs after multiple dilutions. Thus, it is specifically the quatsomes where cholesterol
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and CTAB interact as bimolecular building blocks that contribute to stabilizing the
SiNCs.

4.4.3. Summary

Silicon nanocrystals with core diameters of approximately 2.8 nm and octene capping
ligands were incorporated into pre-formed Chol-CTAB quatsomes using a 5 minute bath
sonication procedure, as outlined in Figure 4.27a. The quatsome dispersion, initially
cloudy blue/grey, became light yellow following addition of the SiNCs and bath
sonication, with no visible precipitate or phase separation (Figure 4.27b). Under 365 nm
ultraviolet lamp illumination the colloidal dispersion exhibited orange fluorescence

characteristic of the silicon nanoparticles, which keeps stable at least up 12 weeks.
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Figure 4.27.: (a) Schematic representation of the process for incorporating SiNCs into quatsomes
through bath sonication. (b) Cryo-TEM and TEM images of quatsomes, SiNCs, and assemblies,
respectively, as well as photographs of vials under ambient light (left) and on a 365 nm ultraviolet
lamp (right) and diagrams of structures.

Therefore, a method to disperse fluorescent SiNCs in aqueous media with long-term
stability was developed, utilizing Chol-CTAB quatsomes, which are non-liposomal
vesicular structures. The stable SINC aqueous dispersions can be made with five minutes
of bath sonication. The NCs remain dispersed in water for several weeks and maintain
the fluorescence properties of the SiNCs for several weeks and after dilution with the
addition of water. The experimental data show that the association of SiNCs with
Chol-CTAB quatsomes is unique to the nanocrystal type (as compared to AuNCs) as well

as the method of preparation.
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Quatsomes, which have been shown to have extremely long term stability of at least
three years in aqueous solutions (see Section 2.3.2.1 of the Chapter 2), provide a vehicle
for the dispersion of hydrophobic SiNCs into in vitro or in vivo environments, even under
dilute conditions.

The biocompatibility of quatsomes and near infrared emitting SiNCs make these
structures excellent candidates for biomedical imaging applications. Furthermore,
quatsomes have been shown to enhance protein activity and to protect proteins against
premature degradation in topical pharmaceutical formulations, as well as to treat
biofilms [124, 215]. Therefore, the incorporation of both biomolecules and SiNCs into
quatsome structures offers the possibility of exploring the behavior of these systems in

biological environments and their use for theranostics.
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Conclusions

From the work accomplished in this PhD Thesis on the preparation of stable

self-assembled colloidal nanostructures using cholesterol as molecular building block,

we conclude the following:

Stable unilamellar nanovesicles, named quatsomes, are formed with aqueous
mixtures of cholesterol and ionic surfactants, which form crystals and micelles,
respectively, when they are alone in aqueous media. These nanovesicular
structures have a huge range of applications from drug nanocarriers, in

nanomedicine development, to nanoscopic templates, in material preparation.

Cholesterol and CTAB form a bimolecular synthon, which self-assembles forming
thermodynamically stable quatsomes with spontaneous curvature. Chol-CTAB
quatsomes have a high vesicle to vesicle homogeneity regarding size, lamellarity

and bilayer structure, in comparison to other vesicular systems, such as liposomes.

Aqueous mixtures of cholesterol derivatives with ionic surfactants, self-assemble
as quatsome-like structures or other colloidal structures, such as one-dimensional
(1D) nanoribbons, depending on the chemical nature of the molecular components

and its proportion.

Fine decoration of quatsomes surface with functional groups (i.e. reactive and
electroactive groups) has been achieved by partial substitution of cholesterol
molecules, forming quatsomes structures, with cholesterol-functionalized
molecular units. This finding adds a large versatility to these stable nanovesicles
for the preparation of colloidal systems with controlled and well-defined structure

at nanoscopic level.

It has been demonstrated that DELOS-SUSP method, based on the use of
compressed CO,, is a mild methodology for the one-step preparation of
cholesterol-rich colloidal nanostructures, without the need of further downstream

processing.
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Chapter 5 Conclusions

* Hydrophobic SiNCs have been stabilized for the first time in aqueous media
through their interaction with Chol-CTAB quatsomes. This finding opens the
possibility to use these high fluorescent NCs as labels for fluorescent in vitro and in

vivo techniques.

This Thesis therefore contributes to improve the knowledge about cholesterol-based
supramolecular assemblies and demonstrates the enormous potential of CF-based
methodologies for the production of stable self-assembled colloidal nanostructures with

high content of cholesterol.
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6.1. Materials

5-Cholesten-3(3-ol (Chol, purity 95%) and sodium bicarbonate (NaHCO3, purity 99%)
were obtained from Panreac (Barcelona, Spain). Cetyltrimethylammonium bromide
(CTAB, ultra for molecular biology) was purchased from Fluka-Aldrich. Myristalkonium
chloride (MKC, purity = 98%), cetylpyridinium chloride (CPC, purity = 99,5%), myristic
acid (purity = 99,5%), sodium dodecyl sulfate (SDS, purity = 98,5%) and
2-mercaptobenzothiazole (MBT, purity = 97%) were obtained from Sigma-Aldrich (Tres
Cantos, Madrid).  [>-Sitosterol was obtained from Arboris (Savannah, Georgia).
1,2-Dipalmitoyl-sn-glycero-3- phosphocholine (DPPC) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were supplied by Avanti Polar Lipids
(Alabaster, AL, USA).

Ethanol and chloroform, HPLC grade, were obtained from Teknokroma (Sant Cugat
del Valles, Spain) and carbon dioxide (purity 99.9%) was supplied by Carburos Metédlicos
S.A. (Barcelona, Spain). The water used was pretreated with the Milli-Q Advantage A10
water purification system (Millipore Ibérica, Madrid, Spain). PBS buffer (pH = 7.4) with
a 100 mM concentration of salts (0.094 M in NaCl, 0.0031 M in Na,HPQy, 0.0009 M in
NaH,PO,) was used for vesicle preparation.

Studies of quatsome-nanocrystal hybrids: Hydrogen silsesquioxane (HSQ) was
purchased from Dow Corning. Hydrofluoric acid (HE 48%) was purchased from Macron
Fine Chemicals. Ethanol was purchased from Pharmco-Aaper. Cetyl trimethyl
ammonium bromide (CTAB, high purity grade) was purchased from Amresco.
Cholesterol was purchased from Anatrace. 1-Dodecanethiol (98%) was purchased from
Acros Organics. l-octene (98%), gold(Ill) chloride trihydrate (= 99.9%),
tetraoctylammonium bromide (TOAB, 98%), and sodium borohydride (= 98.0%) were
purchased from Sigma-Aldrich. Hydrochloric Acid (HCI), hexanes (= 98.5%), chloroform
(= 99.8%), and toluene (= 99.5%) were purchased from Fisher.

1,2-dioleoyl-sn-glycero-3-phosophocholine (DOPQC) and
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1,2-dioleoyl-sn-glycero-3-(1’-rac-glycerol) (DOPG) in chloroform were purchased from
Avanti Polar Lipids. Water used in all experiments was high purity water (18.2 M{2/cm)

and was obtained from a Millipore Synergy Ultrapure water system.

All chemicals were used without further purification.

6.2. Preparation and processes of cholesterol-rich

colloidal self-assemblies

6.2.1. Preparation by DELOS-SUSP

6.2.1.1. Equipment and procedure for preparation at lab-scale

Equipment  The equipment used for the preparation of cholesterol-rich colloidal
self-assemblies by DELOS-SUSP using a 7.5 ml reactor is schematized in Figure 6.1. The
configuration comprises a 7.5 ml reactor (RX), whose temperature is controlled by an
external heating jacket; a thermostated syringe pump (model 260D, ISCO Inc., Lincoln,
US) (P) to introduce CO; inside RX through valve V-4; a depressurization valve (V-7),
from which the expanded liquid solution is depressurized into the aqueous phase placed
in a collector (C) located after V-7. N, can be introduced through V-6 directly from a
pressurized reservoir. A one-way valve is located after V-6 to prevent contamination of
CO; in the Ny line. V-2, V-3 and V-5 are divinding the CO, and N, pipelines with other
equipment. There is also a pressure indicator (PI) and other one-way valve before the

reactor.

The gas filter (FG) is an optional filter and is located before V-7. It has to be in
consideration that the use of the gas filter implies an increase of the reactor volume to 11
ml (RX+FG).
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Figure 6.1.: Scheme of the lab-scale set-up used for the DELOS-SUSP experiments.

Experimental procedure The preparation of cholesterol-rich colloidal self-assemblies
by DELOS-SUSP was performed according to the following procedure. A volume V of a
solution of the components (except ionic surfactants) in EtOH is introduced into the
reactor, which has been previously driven to the working temperature (7, = 308 K). After
30 minutes, once the solution has achieved T, the autoclave is pressurized with
compressed CO, through valve V-4, producing a volumetric expanded liquid solution
with the desired molar fraction of CO,, X,, at the working pressure (P,). The
“solute/EtOH/CO,” system is left to equilibrate during at least one hour, keeping CO,
pump on and V-4 opened in order to maintain a constant P, inside the reactor. The
CO,-expanded solution is then depressurized from P,, to atmospheric pressure through
the valve V-7 over an aqueous solution (with the ionic surfactants). A current of N, at Py,
is used as embolus to push down the expanded solution in order to maintain constant
pressure in the reactor during depressurization. The average time per experiment was

around 2 hours.

6.2.1.2. Equipment and procedure for preparation at pilot plant scale

Equipment  To scale-up the production of nanovesicles by DELOS-SUSP we used the
system schematized in Figure 6.2. In this configuration, CO; is pumped through a high
pressure pump, B-1, which head is cooled by a cooling unit. Before entering into the 315
ml reactor, R, CO; is heated to the working temperature, T,,, using a heat exchanger,

HCO,. The amount of CO, added to the reactor through valve V-1 is measured by a mass
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flowmeter, FCO,. Inside R a variable speed stirrer (VF) warrants the homogeneity of the
mixture in the volumetrically expanded phase. The vessel temperature is controlled
using an external fluid heating jacket. R is connected through V-6 to a filter, F1, which
has been previously pressurized with N, at the working pressure (P,,) through V-7 in
order to separate the solid that could precipitate due to the antisolvent effect of CO,
before the depressurization step. FI is connected to a T-mixer (VM-2), where the
depressurized solution is mixed with the aqueous phase after opening the
depressurization valve V-8. V-8 is remotely controlled. During the depressurization step,
the aqueous phase is pumped at a constant flow using B-3. Vesicles are collected in T
after their formation. The system is also equipped with pressure, PII, PI2, PIC, and
temperature, T1, T11, indicators, as well as with safety devices like rupture disks, DRI and
DR2.

DR1

Liquid pump (Patm)

B3

Figure 6.2.: Scheme of the 315 ml set-up used for the DELOS-SUSP experiments.

Experimental procedure For the scale-up preparation of Chol-CTAB (W10Et-DELOS)
quatsomes (Table 6.3), 3.8 g of cholesterol were dissolved in 144 ml of EtOH and
introduced in a 315 ml reactor already warmed at 308 K. After 15 min of thermal
equilibration, CO, was introduced to achieve the desired P, (10 MPa) and Xc(,(0.6).
After at least 45 min, the CO;-expanded solution was depressurized through a one-way
automatic valve into a T mixer, to which 1,200 ml of an aqueous solution containing 3.4 g
of CTAB were pumped at 900 ml/min, to form the vesicles. Average time per experiment

was 2 hours and the quatsomes prepared were stored at 277 K until characterization.
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6.2.1.3. Differences between the equipment configurations for the small and

large scale reactors

Apart from the capacity of the high pressure vessels (7.5 ml vs 315 ml), there are other

differences between both equipment configurations (Figure 6.3).

7.5 ml system 315 ml system

H)

Manual Authomatic
depressurization depressurization
valve valve

Aqueous
phase

‘ |

Aqueous
phase

Figure 6.3.: Differences between the small scale and the large scale equipment configurations.

One of the variations is in regard to the mixing of the alcoholic solution with CO, in the
high pressure container. While unnecessary at small scale, a mechanical stirrer is used for
a quicker achievement of the thermodynamic equilibrium of the CO,-expanded solution
in the 315 ml system. The depressurization configuration also changed at larger scale,
where the manual depressurizing valve used in the 7.5 ml system is substituted by an
automatic one, whose flow rate can be better controlled. Another important divergence
concerns the way in which the CO;-expanded solution and the aqueous phase are mixed.
Whereas the depressurization of the 7.5 ml container is performed directly over a vessel
containing the aqueous phase, good mixing between the two solutions at larger scale is
ensured by depressurizing the expanded solution into a T mixer to which the aqueous

phase is simultaneously pumped.
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6.2.1.4. Solubility behavior of cholesterol in CO,-expanded ethanol

In order to prepare any vesicular system using DELOS-SUSP is necessary that the lipids
forming the membrane are completely soluble in the CO,-expanded organic solvent,
presenting one phase at the working conditions of pressure, P,,, temperature, 7, and
CO2 molar fraction, X;. Therefore for the preparation of cholesterol-rich vesicles by
DELOS-SUSP method is always necessary to analyze the solubility behavior of the used
sterol in CO,-expanded solvents, by means of a detailed phase diagram study. Figure 6.4
shows the solubility curve of cholesterol in CO;,-expanded ethanol. A co-solvent
behavior of CO, is observed until X; = 0.76, which means that below this molar fraction
one single phase is obtained when the CO, is added over a saturated solution of

cholesterol in pure ethanol.
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Figure 6.4.: Solubility curve (solid line) of cholesterol in ethanol/CO, at 10 MPa and 308 K (blue
curve). The dashed line represents the solubility variation of a three component system, in which
no interaction among the components exist, in an ideal process. X; is the intersection point
between the ideal solution line and the real solubility curve. Adapted from [187].

6.2.2. Preparation by Thin Film Hydration (TFH)

The preparation of nanovesicles by hydration methodology was performed according to
the following procedure. The appropriate quantities of the membrane components
dissolved in chloroform are mixed in a glass vial and the solvent is slowly evaporated
under a N, flow to create a lipid thin film. The glass vial is then placed in vacuum for at
least 4 hours for removing the possible entrapped solvent. Once dried, the lipid film is
hydrated overnight using the appropriate aqueous medium. Next, the sample is taken
through 10 rounds of freeze/thaw cycles by transferring it between liquid nitrogen (77 K-
1 min) and water bath (313 K- 5 min) for finally being extruded through a polycarbonate
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filter with a specific pore size. The filters used in our experiments had pore size of 800
nm and 100 nm and were purchased from Avanti Polar Lipids. A commercially available
manual extruder (Avanti® Mini-Extruder, Avanti Polar Lipids, Alabaster, AL, USA), was
used for that purpose (Figure 6.6). The obtained vesicles were stored at 277 K until

characterization.

Thin Film Hydration (TFH) /

Hydration
Solvent
evaporation

7| : membrane components

Figure 6.5.: Scheme of the vesicle preparation by Thin Film Hydration (TFH) method.
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Figure 6.6.: Schematic illustration of the parts comprising the manual mini-extruder.

6.2.3. Preparation by sonication

The preparation of nanovesicles by sonication methodology was performed according to
the following procedure. The dry membrane components were added directly to 10 ml of
an aqueous solution. The resulting dispersion was sonicated at 298 K, using a Vibracell
Sonifier titanium probe working at 20 kHz (Sonic and Materials Corporation) for 4 min

until a homogeneous dispersion was achieved (Figure 6.7).
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sonication

‘ ’ : solid membrane components

Figure 6.7.: Photograph of the Vibracell Sonicator used in the experiments (left) and scheme of
sonication method for the preparation of vesicles (right).

6.2.4. Lyophilization of Chol-CTAB (W10Et-DELOS) quatsomes

Lyophilization or freeze drying is a process in which water is removed from a product
after it is frozen and placed under a vacuum, allowing the ice to change directly from
solid to vapor without passing through a liquid phase. Lyophilization or freeze-drying
has been done in collaboration with Telstar Company (Terrasa, Spain). The lyophlization
equipment consists of a heating plate and a condenser connect to a vacuum pump. The

process consists of three separate, unique, and interdependent processes:

» Freezing: proper freezing will ensure a good cake. The objective is to produce a
frozen matrix with sufficient crystal structure to allow the sublimating material to

escape. The freezing was conducted at -55 °C with a 1 °C/min rate.

e Primary drying: the pressure is reduced to a value lower its critical temperature
and as a consequence there is a phase transitions from solid to gas: sublimation.
Sublimation drives the unbound moisture out the product. This is usually the

longest process. It was performed at -35 °C and 0.06 mbar for 24 hours.

» Secondary drying: it is also called, desorption. In this process, the ionically bound
water goes out of the material and this occurs by heating the product. It was
carried out at 25 °C and 0.01 mbar for 9 hours. The resulting cake obtained after

lyophilization of the suspensions was well formed.
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6.3. Instruments, techniques and procedures used for

the characterization of the colloidal systems

6.3.1. Cryogenic transmission electron microscopy (cryo-TEM)

The morphology of the self-assembled colloidal nanostructures was studied by
cryogenic transmission electron microscopy (cryo-TEM). Cryo-TEM images were
obtained using a JEOL JEM-2011 transmission electron microscope (JEOL LTD., Tokio,
Japan) operating at 120 kV. A small drop of sample was placed on a copper grid coated
with a perforated polymer film. Excess solution was thereafter removed by blotting with
filter paper. Immediately after film preparation, the grid was plunged into liquid ethane
held at a temperature just above its freezing point (94 K). The vitrified sample was then
transferred to the microscope for analysis. To prevent sample perturbation and the
formation of ice crystals, the specimens were kept cool (77 K) during both the transfer
and viewing procedures.

In cryo-TEM images, unilamellar vesicles appear as uniformly dark circular rings;
contrast in the image is generated by the variation of the projection of the electron beam,
which is normal to the image in these figures, through the vesicle membrane. Where the
vesicle bilayer is oriented parallel to the electron beam (edges of the vesicle), the
projection through the bilayer is greater than where the bilayer is perpendicular to the
electron beam (center of the vesicle).

In quatsome-nanocrystal hybrid studies (Chapter 4), cryogenic transmission electron
microscopy (cryo-TEM) images were taken using an FEI Tecnai Biotwin TEM operated
at 80 kV accelerating voltage, and acquired digitally. Cryo-TEM samples were prepared
using a Leica EM GP by dropping 3 ul of sample onto Quantifoil R1.2/1.3 holey carbon on
300 mesh copper grids (Electron Microscopy Science) inside the environmental control
chamber set to 25 °C and 90% humidity. After a blotting time of 3.5 seconds, the grid was
plunged into liquid ethane to vitrify the sample. The grid was then transferred to a Gatan
626 Cryo-Transfer Holder under liquid nitrogen. FEI low dose software was used to obtain

images of cryo-TEM samples.

6.3.2. Cyclic voltammetry (CV)

600 ul of samples were recorded using a VersaSTAT 3 potenciostat (Princetown Applied
Research, USA). Samples were measured without the addition of an electrolyte. Platinum

wires were used as working and counter electrodes and a Ag wire was used as reference
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electrode. The samples were subjected to 2 potential cycles sweeping the voltage between
0.0 Vand + 0.6 V at scan rate of 0.4 V/s.

6.3.3. Dynamic light scattering (DLS) and zeta potential
(Z-potential)

Particle size and zeta potential (Z-potential) were measured using a dynamic light
scattering analyzer combined with non-invasive backscatter technology (NIBS) (Malvern
Zetasizer Nanoseries, Malvern Instruments, U.K.). This DLS instrument employs a 4 mW
He-Ne laser (A = 633 nm) and is equipped with a thermostatic sample chamber, besides
the detector angle is fixed at 173°.

Samples (1 ml) were analyzed without any modification or dilution. The reported size
and Z-potential values are the average result of 3 consecutive measurements on the
same sample. In this work, sizes and particle size distributions have been presented in
terms of scattering intensity. They provide information about the % of light scattered by
particles, of each size in a sample. These are the most recommendable data when using
dynamic light scattering, since they are the original data provided by the analyzer and no
assumptions are involved for calculating particle size.

DLS measures the time-dependent fluctuations of light scattered from particles
experiencing Brownian motion, which results from collisions between suspended
particles and solvent molecules. Since the Brownian motion depends on the size of the
particles, the rate at which the intensity fluctuations occur also depends on this
parameter. Thus, small particles, which are “kicked” further by the solvent molecules
and have faster Brownian motions, cause the intensity to fluctuate more rapidly than the
large ones [19,277]. Analysis of these intensity fluctuations enables the determination of
the diffusion coefficients (D) of the particles which are converted into a size distribution
through the Stokes-Einstein equation:

kT

d(H) = 37D (6.1)

where d(H) is the hydrodynamic radius of the particles under study, kis the Boltzmann
constant, 7T is the temperature, and 7 is the solvent viscosity.

The hydrodynamic radius (Stokes radius) of the particle is defined as the apparent size
of the hydrated sphere and is calculated from the radius of a sphere that diffuses at the
same rate, that is, that has the same translational diffusion coefficient as the particle being

measured. The translational diffusion coefficient will depend not only on the size of the
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particle “core” but also on any surface structure, as well as the concentration and type of
ions in the medium [19].

In the present Thesis, the polydispersity index (PdI) of the analyzed samples is also
reported. If one were to assume a single size population following a Gaussian
distribution, then the polydispersity index would be related to the standard deviation (o)

of the hypothetical Gaussian distribution in the fashion shown below:

(6.2)

From a theoretical point of view Z-potential is the potential difference between the
dispersion medium and the stationary layer of fluid attached to the dispersed particle,
and is indicative of the degree of repulsion between adjacent particles in such
dispersion. When the potential is low, attraction exceeds repulsion and the dispersion
will break and flocculate. So, colloids with high zeta potential (negative or positive) are
electrically stabilized while colloids with low zeta potentials tend to coagulate or
flocculate as outlined in Table 6.1. From a practical point of view, when the zeta potential
value of a suspension is higher, in absolute value, than 30 mV it is possible to say that this
suspension is stable over time as the electrical charges present on the particle surface
make them repel each other. On the contrary, if the zeta potential does not exceed this

value, the particles will tend to aggregate and finally flocculate with time.

Table 6.1.: Table showing an indicative relationship between the stability of nanoparticle (or
vesicle) suspensions and their Z-potential values.

Z-potential Stability behaviour of
(mV) the suspensions
0-+5 Rapid coagulation or flocculation
+10-+30 Incipient instability
+30 - £40 Moderate stability
+40 - +60 Good stability
> +60 Excellent stability

Zeta potential is measured by applying a voltage across a pair of electrodes at either
end of a cell containing the particle dispersion. Particles will migrate toward the
oppositely charged electrode with a velocity proportional to the magnitude of their zeta

potential. This velocity is measured and expressed as particle velocity in a unit electric
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field (electrophoretic mobility). This mobility (Ug) is converted to the zeta potential ()
using the Henry equation (see Equation 6.3) by inputting the dielectric constant (¢) and
viscosity (n) of the dispersant and Henry’s function (F(xa)), which according to the

Smoluchowski approximation is 1.5 for aqueous media.

3 2e(F(xa)

U,
E 31

(6.3)

6.3.4. Inductively coupled plasma optical emission spectrometry
(ICP-OES)

The ICP-OES measurements were performed using an inductively coupled plasma optical
emission spectrometer (Optima 4300DV, Perkin Elmer), at Servei d’Analisi Quimica (SAQ)
of the Universitat Autonoma de Barcelona (UAB).

Inductively coupled plasma-optical emission spectrometry (ICP-OES) is a powerful
tool for the determination of metals in a variety of different sample matrices [239]. With
this technique, liquid samples are injected into a radiofrequency (RF)-induced argon
plasma where the kinetic energy of ions Ar*can generate high temperatures (8000 °C).
The argon plasma serves to atomize, ionize, and excite the elements in the sample. The
emitted radiation is sorted by wavelength in a spectrometer and the intensity is
measured at each wavelength.

It is important to note that in the method development to quantify the concentration
of Fe in the studied Chol/Chol-Fc/CTAB aqueous mixtures, a repeatability study was

conducted where small errors (%RSD 1.1 - 2) were identified.

6.3.5. Light scattering (LS)

The volumetric particle size distribution was investigated by light scattering (LS) using a
particle size analyzer (Mastersizer 2000, Malvern Instruments, UK). Mastersizer 2000
uses the technique of laser diffraction to measure the size of particles. It does this by
measuring the intensity of light scattered as a laser beam passes through a dispersed
particulate sample. This data is then analyzed to calculate the size of the particles that
created the scattering pattern. Laser diffraction measures particle size distributions by
measuring the angular variation in intensity of light scattered as a laser beam passes
through a dispersed particulate sample. The angular scattering intensity data is then
analyzed to calculate the size of the particles responsible for creating the scattering

pattern, using the Mie theory of light scattering. The Mie theory was developed to
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predict the way light is scattered by spherical particles and deals with the way light
passes through, or is adsorbed by, the particle. Therefore, the more isotropic is the
particle, the best accuracy will be obtained.

Milli-Q water was used as dispersant medium in all the experiments. The
experimental procedure for particle size distribution analysis by LS comprises cleaning
the measuring system with pure dispersant medium, laser alienation, measuring the
pure dispersant medium particle size as background and finally analysing the sample
under study.

In this case, size is presented in terms of volume. It provides information about the %
of the volume of the total sample that is occupied by particles of each size present in such
sample. Volumetric particle size distributions are expressed in percentiles of 10, 50 and
90% of accumulated volume (D10, D50 and D90). D50 value corresponds to the median

volumetric particle size distribution.

6.3.6. Optical density measurements

Optical density (OD) is the absorbance per unit length, i.e., the absorbance divided by the
thickness of the sample. Optical density is given as:

A
0D, = TA (6.4)

where (1) is the distance that light travels through the sample (the sample thickness),
measured in cm, and (A,) the absorbance at wavelength (1). The wavelength selected
to measure the optical density should be one in which the system does not absorb. A
measurement of optical density is like a measurement of the turbidity of the system, i.e.,
it is a measure of light diffracted by the sample. Through optical density measurements,
it is possible to detect phase changes in liquid systems to micro- and nanoscopic level
[137,138].

The optical density values for a given sample are closely linked to the concentration
and size of its constituent phases. Thus, a solution of a compound with a homogeneous
liquid single phase will have a optical density value equal to 0, whereas a heterogeneous
system that is not optically transparent, such as an emulsion, a vesicular system, or a
suspension of particles present optical density values other than zero. However, those
formed by an optically transparent single phase but with some structuration at
nanoscopic level, as micelles, have optical density values different from zero and lower
than those formed by heterogeneous systems with several phases.

The optical density has been used to study changes in the supramolecular
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organization of different mixtures of cholesterol and CTAB. The variation of optical
density induced by the addition of cholesterol in the system was studied by analyzing
their ultraviolet-visible absorption spectra recorded on a Perkin-Elmer Lambda 2 UV/Vis
spectrophotometer (Perkin-Elmer, USA), using a pair of cuvettes with 1 cm optical path
and thermostated at 298 K. The wavelength selected to measure the optical density of the
Chol/CTAB systems was A = 500 nm, at which neither cholesterol nor CTAB absorb.

6.3.7. Optical microscopy

Optical microscope images were performed using an Olympus Bx51 microscope

equipped with a CCD camera Olympus DP20.

6.3.8. Morphologi G3 particle characterization system

Particles were characterized using the manual microscope facility of the Morphologi G3

(Malvern Instruments, UK).

6.3.9. Photoluminescence (PL) and photoluminescence excitation
(PLE)

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were acquired
on a Varian Cary Eclipse fluorescence spectrophotometer (Agilent Technologies). Spectra
were measured at room temperature by diluting the SiNC aqueous colloidal dispersions
by a factor of 20 with water in glass cuvettes, and the average PL emission wavelength was

calculated from the PL curve.

6.3.10. Powder X-ray diffraction (PXRD)

Diffraction patterns of samples were recorded on a Siemens D5000 powder diffractometer
(Bragg-Brentano geometry) using Cu Ko radiation (A = 1.5406 A), at a voltage of 40 kV and
an intensity of 35 mA. Samples were mounted on a flat glass sample holder and were

scanned in reflection mode from 2.0° to 60° of 26, at a scan rate of 0.02° 20 s~ 1.

6.3.11. SWAXS measurements

The X-ray scattering experiments devoted to study the vesicular nanostructures were
performed at the X33 beamline of the European Molecular Biology Laboratory (EMBL,
Hamburg, Germany), the SAXS beamline of the Elettra (Trieste, Italy), the BM16
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beamline of the the European Synchrotron Radiation Facility (ESRE Grenoble, France)
and the beamline NCD of synchrotron ALBA (Cerdanyola del Vallés, Spain). It is reported
that the vesicular membrane have a thickness around 5 nm. Consequently we require a
g-range around 1.2 nm™! which is achieved by standard sample to detector distance
between 1 to 3 m.

In all the experiments, standard silver behenate and polyethylene samples were used
for the calibration of SAXS and WAXS diffraction spacing, respectively. Background
correction was accomplished by subtracting the integrated images of buffer in the
solution cell from that of the sample using a scaling factor to line up the higher g region.
The powder rings arising from the random orientation of vesicles were integrated
radially using the Fit2d [278] software resulting in the so-called I-g plot, a one
dimensional profile of X-ray intensity I(q) versus scattering vector q. Final one
dimensional data was evaluated using the ATSAS [279] and SCATTER [280] software
packages.

The scattering data of Chol-CTAB (W-US) quatsomes and Chol-CTAB (W10Et-DELOS)
quatsomes at different temperatures were measured in the Beamline X33 of the EMBL.
A sample to detector distance of 2.7 m was used for SAXS (g-range around 0.06-6 nm™!)
and of 1.2 m was used for WAXS (g-range around 3.8-17.5 nm™!). The wavelength of the
beamline was 1.5 A. Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) patterns were simultaneously recorded using a 2D Photon counting Pilatus 1M-W
and a 2D Photon counting Pilatus 300K-W detectors, respectively. 8 patterns of 30 s each
were acquired per sample.

The scattering data of Chol-CTAB (W-US) quatsomes at different concentrations and
Chol/Chol-VS/CTAB aqueous mixtures were measured in the Elettra Synchrotron of
Trieste (Italy). The wavelength of the beamline was 1.54 A (8 KeV). A sample to detector
distance of 1.005 m was used (g-range around 0.1-6.6 nm™!) and the small-angle X-ray
scattering (SAXS) patterns were recorded using a PILATUS3 1M detector. 4 patterns of 30
s each were acquired per sample. All the experiments were done at 298 K.

The scattering data of Chol-DPPC (W-TFH100x21) liposomes and Chol-CTAB (W10Et-
TFH800x1) quatsomes at different temperatures were measured in the beamline BM16 of
the ESRE The samples were exposed to polarized monochromatic X-rays of a wavelength
0f0.979 A (12.6 keV) for 120 s. The given scattering plot corresponds to an averaged over 5
identical sequences after verifying a precise reproducibility. Small-angle X-ray scattering
(SAXS) patterns were recorded using a Mar CCD camera detector. A sample to detector
distance of 1.4 m was used (g-range around 0.03-7 nm™!). A Julabo chiller (Julabo GmbH,

Germany) with a mineral oil refrigerator was used for controlling the temperature with a
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+ 0.1 °C precision. Samples were loaded into a fixed temperature controlled flat cell with
mica windows and a beam path thickness of 3 mm.

The scattering data of Chol-CTAB (W10Et-US), Chol-CTAB (WI10Et-DELOS),
Chol-CTAB (WI10Et-TFH800x1), Chol-CTAB (WI10Et-TFH100x1) and Chol-CTAB
(W10Et-TFH100x21) quatsomes were measured in the beamline NCD of the ALBA. The
wavelength of the beamline was 1.0 A (12.4 keV). A sample to detector distance of 2.584
m was used (g-range around 0.09-5 nm™!) and the small-angle X-ray scattering (SAXS)
patterns were recorded using a Quantum 210r CCD camera detector. 30 patterns of 30 s

each were acquired per sample. All the experiments were done at 298 K.

6.3.12. Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) data were acquired on a Mettler Toledo TGA/DSC 1.
SiNCs dispersed in chloroform were drop cast and dried into a 70 pl alumina crucible
(Mettler Toledo). The sample was then heat under 50 ml per minute air flow at a rate of 10

°C per minute from 25 °C to 800 °C and then held at 800 °C for 30 minutes.

6.3.13. Transmission electron microscopy (TEM)

The morphology of the samples was analyzed using a JEOL JEM-2011 (Jeol LTD, Tokio,
Japan) transmission electron microscope operating at 120 kV with samples placed in
standard carbon Holey grids. Besides, in some cases negatively stained TEM (NS-TEM)
using chemical fixation was performed. Briefly, a sample drop was adsorbed onto a
carbon-supported film, excess solution was removed by blotting with filter paper, and
the sample was fixed by adding uranyl acetate. Finally, the sample was air-dried and
examined in the TEM at room temperature.

The SiNC and the AuNC TEM images (Chapter 4) were taken using an FEI Tecnai
Biotwin TEM operated at 80 kV accelerating voltage, and acquired digitally. Samples
were prepared by drop casting the nanocrystals from organic solvent dispersions onto

200 mesh carbon-coated copper grids (Electron Microscopy Science).

6.3.14. UV-Vis spectroscopy

Absorbance spectra were acquired on a Varian Cary 50 Bio ultraviolet-visible
spectrophotometer, a Varian Cary 500 ultraviolet-visible-near infrared
spectrophotometer (Agilent Technologies) or a Perkin-Elmer Lambda 2 UV/Vis
spectrophotometer (Perkin-Elmer, USA).
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6.3.15. Viscosity

Viscosity measurements were performed at 298 K using a rheometer HAAKE Rheostress
600 (Thermo Fisher Scientific, Madrid, Spain).

6.4. Phase behavior study of the different
cholesterol/CTAB mixtures

6.4.1. Preparation of the different cholesterol/CTAB mixtures

The amounts of cholesterol and CTAB weighted in each Chol/CTAB mixtures are
summarized in Table 6.2. For all preparations, the CTAB concentration was kept
constant 10 times above its critical micelle concentration (cmc), at a theoretical value of
10 mM. In order to facilitate the description of each Chol/CTAB mixture in the

performed study in Section 2.2 of the Chapter 2, it has been used a nominal Q value.

Table 6.2.: Amounts of cholesterol, CTAB and Chol/CTAB molar ratio (Q) of the different prepared
mixtures.

Cholesterol CTAB X Q = Chol/CTAB
(mg) (mg) Chol (mol/mol)
0 36.27 0 0

0.04 36.35 0.001 1x1073

0.43 36,51 0.011 1.1x1072(=1x107%
3.71 36.69 0.0870 0.0953 (=~ 0.1)
19.25 36.30 0.3333 0.4999 (~ 0.5)
38.60 36.38  0.5001 1.000 (= 1)
58.71 36.21 0.6044 1.528 (=1.5)
117.65 36.74 0.7512 3.019 (= 3)

6.4.2. Measurement of membrane thickness of vesicles

Various vesicles of different cryo-TEM images were analyzed for estimating the thickness
of their membrane using the Digital Micrographs 3.9.2 (Gatan Inc.) software package
specific for the analysis of transmission electron microscopy images. This analysis
showed that the membrane thickness of vesicles prepared by sonication range between
4.0 and 5.0 nm, which according to the literature [281,282] is in the range of the thickness

of a lipid bilayer. Therefore this fact indicates that these vesicles are unilamellar. It is
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important to remark that the width of the dark rim of the vesicle observed in cryo-TEM

image is wider than the actual bilayer thickness because of the curvature of the vesicle.

6.5. Preparation of liposomal formulations for

comparison purposes with quatsomes

6.5.1. Cholesterol-DPPC liposomes
6.5.1.1. By DELOS-SUSP

Chol-DPPC (W5Et-DELOS) liposomes (1able 6.4): 1.2 ml of an ethanolic solution of a
mixture of 12.4 mg of cholesterol and 23.6 mg of DPPC, was loaded into a 7.5 ml
high-pressure vessel (Section6.2.1) at atmospheric pressure and the working
temperature (7, = 308 K). The solution was then volumetrically expanded with
compressed CO, until achieving a molar fraction (Xcp,) of 0.85, reaching a working
pressure (P,) of 10 MPa. The system was kept at 308 K for approximately 1 hour to
achieve a complete homogenization and to attain thermal equilibration. Afterwards the
depressurization of the volumetric expanded organic phase was performed over 24 ml
Milli-Q water. In this step a flow of N, at the working pressure is used as a plunger to
push down the CO,-expanded solution and to maintain a constant pressure of P, inside
the vessel during the depressurization. The final concentration was 1.4 mg/ml, included
1.3 mM cholesterol and 1.3 mM DPPC, in high purity water containing 5% ethanol (vol.
%). The obtained liposomes were stored at 277 K until their characterization.

On the other hand, it is important to note that the solubility behavior of DPPC in
ethanol and CO, was explored previously in Nanomol as described in the PhD Thesis of
Dr. Ingrid Cabrera [182]. In these studies, it was observed that DPPC is soluble in ethanol
and CO; at molar fraction (Xco,) of 0.85, therefore Chol-DPPC liposomes can be

prepared using these compositions.

6.5.1.2. By Thin Film Hydration (TFH)

Chol-DPPC (W-TFH100x21) liposomes (Table 6.4): 0.94 mg of DPPC and 0.49 mg of
cholesterol were dissolved in chloroform. The solvent was slowly evaporated under N,
flow to create a thin lipid film and the glass vials were placed in vacuum for at least 3
hours in order to remove any remaining solvent. The lipid films were then hydrated
overnight using 1 ml of Milli-Q water, at room temperature. Next, the samples were taken

through 10 rounds of freeze/thaw cycles by transferring they between liquid nitrogen
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and a water bath (313 K) and finally, the samples were extruded reducing the size of the
vesicles by mechanical energy. In this extrusion-step, the suspensions are forced through
a polycarbonate filter with a defined pore size to yield particles having a diameter near
the pore size of the filter used. In this preparation, a filter with a pore size of 100 nm was
used and the sample was passed through the extruder twenty-one times. The membrane
components concentration was 1.4 mg/ml (1.3 mM cholesterol and 1.3 mM DPPC) in
high purity water. = The obtained liposomes were stored at 277 K until their
characterization.

Usually in the hydration and extrusion steps of this method, the working temperature
should be above the thermotropic phase transition (7;,) of membrane components, in
order to hydrate and extrude in their fluid phase. This transition temperature was
studied for preformed Chol-DPPC liposomes at equimolar ratio prepared by
DELOS-SUSP method (the low content of ethanol was considered negligible)
(Section 6.5.1.1). The measurements were conducted using a VP-DSC microcalorimeter
equipment and are presented in Section 6.6. As explained in that Section, the Chol-DPPC
liposomes at equimolar ratio adopted the liquid-ordered (L,) phase and did not exhibit a
thermotropic phase transition (7},), therefore all the steps of this vesicle preparation can

be conducted at room temperature.

6.5.2. DOPC liposomes by DELOS-SUSP

DOPC (W17Et-DELOS) liposomes (Table 6.4): 35 mg of DOPC were dissolved in 1.9 ml of
ethanol and loaded into a 7.5 ml high-pressure vessel (Section 6.2.1) at atmospheric
pressure and 308 K. The solution was then volumetrically expanded with compressed
COgy, until reaching a molar fraction of CO, of Xcp,= 0.76 at a working pressure of 10
MPa. The system was kept at 308 K and 10 MPa for approximately 1 hour to achieve
complete homogenization and to attain thermal equilibration. Finally, the
CO,-expanded DOPC solution was depressurized over 9 ml of an aqueous solution to
create the liposomes. The final concentration of DOPC in the liposomal system was 3.6
mM in high purity water containing 17% ethanol. The obtained liposomes were stored at
277 K until their characterization.

On the other hand, it is important to note that the solubility behavior of DOPC in
ethanol and CO, was explored previously in Nanomol as described in the PhD Thesis of
Dr. Elisa Elizondo [187]. In these studies, it was observed that DOPC is soluble in ethanol
and CO; at molar fraction (Xcp,) of 0.76, therefore DOPC liposomes can be prepared

using these compositions.
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6.5.3. DOPG liposomes by Thin Film Hydration (TFH)

DOPG (HEPES-TFH100x21) liposomes (Table6.4): 7 pmol of DOPG were dried from
chloroform into a film with a rotary evaporator for 15 minutes. Residual solvent was
removed by placing the film in a vacuum oven for 2 hours. The film was then hydrated
with 1 ml 10 mM HEPES, 10 mM NaCl and bath sonicated for 30 minutes. Finally, the
suspension was extruded 21 times through a 100 nm pore size polycarbonate filter on an
Avanti MiniExtruder (Avanti Polar Lipids). The thermotropic phase transition (7;,) of
DOPG is -18 °C [283], thus as explained in Section 6.6, this vesicle preparation was
conducted at room temperature. The final concentration of DOPG in the liposomal
system was 7 mM. The obtained liposomes were stored at 277 K until their

characterization.

6.6. Differential scanning calorimetry measurements of
T,, for preformed vesicles by DELOS-SUSP

Usually, the hydration and extrusion steps in Thin Film Hydration method should be done
at a temperature above the thermotropic phase transition (7;,) of the phospholipids used,
to hydrate and extrude in their fluid phase (Figure 6.8).

In the gel phase (Lg or Lg), also called solid-ordered (S,) phase, the lipids are
arranged on a two-dimensional triangular lattice in the plane of the membrane. The
hydrocarbon lipid chains display an all-trans configuration and are elongated at the
maximum, giving rise to an extremely compact lipid network. In the fluid phase, also
called liquid-disordered (L, or L;) phase, trans-gauche isomerisation occurs giving rise
to much less extended lipid chains [284]. Moreover, the two-dimensional triangular
lattice is completely lost. The transition between the gel and fluid phases occurs at a
specific temperature called thermotropic phase transition (T;, ). For some membrane
lipids, the lipid disordering occurs in two steps when increasing temperature. A first
transition is observed a few degrees below the main transition T,,. For the lipids that
exhibit a pretransition temperature, an additional lamellar phase exists. This phase,
called the ripple phase (Pg), is characterized by periodic one-dimensional undulations
on the surface of the lipid bilayer [285]. In presence of cholesterol, lipid bilayers can
adopt an extra lamellar phase, called the liquid-ordered (L,) phase, which shares the
characteristics of both gel and fluid phases. In other words, this phase resembles to the
gel phase with less lateral packing order and at the same time to the fluid phase with

more packing order [284, 286]. Therefore, as shown in Figure 6.8, a lipid bilayer in the
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liquid-ordered (L,) phase, with a high concentration of cholesterol, do not exhibit

thermotropic phase transition (7},) [286].

Gel, solid-ordered phase Fluid, liquid-disordered phase
S L

o d
+ Gholestero\ / + Cholesterol

Fluid, liquid-ordered phase

Figure 6.8.: Scheme illustrating the different physical states adopted by a lipid bilayer in aqueous
medium. Obtained from [284].

The thermotropic phase transition (7;,) was studied for Chol-CTAB (W10Et-DELOS)
quatsomes (Table 6.3) and Chol-DPPC (W5Et-DELOS) liposomes (Table 6.4), both at
equimolar ratio, preformed by DELOS-SUSP method. Besides, plain DPPC liposomes
without cholesterol were also prepared by DELOS-SUSP in order to study the influence
of cholesterol content on the T,,. This last preparation was performed following the
protocol described in Section 6.5.1.1 but using 36 mg of DPPC, 1.2 ml of ethanol and 24
ml of Milli-Q water.

The measurements were conducted by the differential scanning calorimetry
technique. Specifically, a VP-DSC microcalorimeter equipment was employed with a
heating rate of 1.5 °C/min. With the increase of temperature the thermotropic
transitions should take place in the lipid bilayers [284,286-288] (Figure 6.8).

As can be ascertained from Figure 6.9, the thermotropic phase transition (7},) of plain
DPPC liposomes (Figure 6.9a) was found around 40 °C. However, for Chol-DPPC (W5Et-
DELOS) liposomes and Chol-CTAB (W10Et-DELOS) quatsomes (Figure 6.9b,c), no peak
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could be observed, suggesting the absence of transition using such vesicle formulations.
Thus, due to the high content of cholesterol, both vesicle bilayers adopted the liquid-
ordered (L,) phase. Therefore, based on these measurements we can determine that the
preparation of these cholesterol-rich vesicles by Thin Film Hydration can be performed

atroom temperature.

E pure DPPC liposomes Chol:DPPC (1:1 mol:mol) Chol:CTAB (1:1 mol:mol)
i=66—>133 liposomes quatsomes
e ;R‘u '5&_43’56%‘2"%46 —>44.16471
A rea— Al
Tm =40.0577 s 002
35 T1/2=1.376595
3.0 -0.003 4
%‘ 254 0,004
'g 204 %
-0.005
E 1.5+ g
& 1.0+ -<0.006 4
0.54
<0.007 4
Ar T T T T T T T T T T T T T T
34 35 36 37 38 39 40 41 42 43 44 45 45 47 48 49 50 20 30 40 5 60 70 80 S0 00 110 0 30 40 50 60 70
Temperature ('C) Temperature ("C) Temperature (C)

Figure 6.9.: VP-DSC measurements of (a) DPPC liposomes, (b) Chol-DPPC (W5Et-DELOS)
liposomes and (c) Chol-CTAB (W10Et-DELOS) quatsomes.

6.7. Standard calibration curves for the quantification
of 2-mercaptobenzothiazole by UV-Vis
spectroscopy

Different quantities (0, 30, 150, 700, 1,000 and 1,450 ul) of 2-mercaptobenzothiazole
(MBT) (5.14 x 10~°M) in 25 mM NaHCOj3 buffer (pH = 8) were placed in dry glass vials. To
all standards, 50 ul of the corresponding vesicles were added. Finally, all the samples
were diluted into 25 mM NaHCOg3 buffer (pH = 8) until a final volume of 1,500 ul. The
absorbance of the final standard samples was then measured using UV-Vis spectroscopy
(Section 6.3.14).

Two standard calibration curves following the explained protocol were conducted,
one for plain Chol-CTAB vesicles (VS ratio = 0) and another one for VS-functionalized
vesicles (VS ratio = 0.25) (see Table 3.1 of the Chapter 3). Besides, when the linearity of
each standard calibration curve was studied, the MBT (5.14 x 10"°M) solution was
prepared again 2 times. With these new MBT solutions, the last point of each standard
calibration curve (1,450 ul MBT + 50 ul vesicles) was prepared again and the absorbance
of these samples was measured. These new measurements were added to the initial

standard calibration curves. By adjusting the absorbance experimental data to an
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equation y = a + bx the following calibration curves were obtained:
* Plain Chol-CTAB vesicles (VSratio =0) , y = 0.05881 + 14768.89071x (R? =0.9997).

 VS-functionalized Chol-CTAB vesicles (VSratio = 0.25), y = 0.05387 + 14652.96721x
(R? = 0.9996).

Figure 6.10 shows the obtained standard calibration curves for the quantification of MBT

in plain and VS-functionalized Chol-CTAB vesicles.
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Figure 6.10.: Calibration curves for the quantification of 2-mercaptobenzothiazole (MBT) in (a)
plain Chol-CTAB vesicles (1,4 = 312 nm) and (b)VS-functionalized Chol-CTAB vesicles (A;4x =
319 nm) by UV-Vis spectroscopy.

6.8. Synthesis and characterization of nanocrystals

6.8.1. Silicon nanocrystals (SiNCs)

Silicon nanocrystals were synthesized according to previously reported methods [256]
(see Figure 6.11). Briefly, HSQ was degassed and then heat to 1100 °C for 60 minutes in a
tube furnace under forming gas flow. The resulting brown material was then ground with
a mortar and pestle, followed by further size reduction by mechanical shaking in a wrist
action shaker with borosilicate beads for 9 hours. The final brown powder consists of
crystalline silicon embedded in a SiO, matrix. To liberate the nanocrystals from the
matrix, 0.6 g of SINC powder was etched in the dark with 2 ml HCI and 20 ml HF for 3.5
hours. After etching, the material was precipitated by centrifugation for 5 minutes at
8000 rpm. The HF was removed and the precipitate was redispersed in ethanol, and then
centrifuged again. This washing process was repeat once more with ethanol and then

once with chloroform, resulting in —H terminated nanocrystals. Surface passivation was
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achieved by redispersing the precipitated nanocrystals with 20 ml of 1-octene and then
injecting them into a 3-neck flask under vacuum. The solution was quickly frozen under
vacuum, and then thawed under nitrogen flow. The freeze-thaw process was repeat three
more times. Finally, the flask was left stirring at 400 rpm under nitrogen flow at 120 °C for
12 hours. Unpassivated nanocrystals were precipitated out using centrifugation at 8000
rpm for 5 minutes. The 1-octene solution was removed on a rotary evaporated at 760
mmHg, 60 °C and the nanocrystals were redispersed in hexanes. The SiNCs were then
washed using ethanol as an antisolvent and hexanes as the solvent 4 times through
centrifugation. The final SiNCs were dispersed in chloroform, and had a diameter of

approximately 2.8 nm.

7
Si . 2
H\ 'OI Ol : o
(—O-5f 1100 - 1400°C B _ o
ol - ©VO -

P55, 90%Ar/10%H,

H
VAR H H
H H
190°C, 8 hr WO H

Figure 6.11.: Synthetic pathway from HSQ to alkyl passivated Si nanocrystals. Obtained from
[256].

6.8.2. Gold nanocrystals (AuNCs)

Gold nanocrystals were synthesized using previously reported methods [263]. 328.4 g of
gold(III) chloride trihydrate was dissolved in 20 ml of deionized water. Separately, 6 g of
TOAB was added to 80 ml of toluene and stirred until dissolved. The gold solution was
then added to the TOAB and toluene mixture and stirred for 1 hour, during which time
the solution turned from yellow to red. After stirring, the gold remained in the toluene
and a phase extraction was performed to remove the clear aqueous phase. 0.6 ml of
1-dodecanethiol was added to the mixture and the solution turned colorless as it was
stirred for 15 minutes. 378 mg of sodium borohydride was then added to 20 ml of cold
water before being added to the stirring flask. The solution turned dark brown as the
nanoparticles stirred overnight. A phase extraction was conducted to remove the

aqueous phase. Then, 5 ml of the gold solution was added to a glass centrifuge tube with
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20 ml of ethanol and centrifuged for 5 minutes at 8000 rpm to precipitate out the gold
nanocrystals. The supernatant was discarded and the precipitate was redispersed in
toluene. This process was repeat until the entire gold solution had been washed with
ethanol. Finally, the gold nanoparticles in toluene (approximately 3 ml) were centrifuged
once more in the presence of 20 ml ethanol to precipitate out nanoparticles, and then
redispersed in toluene for storage until use. Prior to using the gold nanocrystals for
experiments with quatsomes, the nanocrystals were dried out of the toluene solution
and then redispersed in chloroform. The final AuNCs dispersed in chloroform had a

diameter of approximately 1.77 nm studied by TEM.

6.9. Synthesis and characterization of compounds

All the following compounds were synthesized and characterized by the group of Prof.

Francisco Santoyo from the University of Granada.

6.9.1. Synthesis of N-(2-(2-(vinylsulfonyl)ethoxy)ethyl)
dodecanamide (VS-1)

A solution of lauric acid (2.7 g, 13.2 mmol) in Cl,SO (10 ml) was magnetically stirred for
1 h at room temperature. Evaporation and coevaporation with anhydrous toluene (3 x 15
ml) under reduced pressure gave a crude that was dissolved in anhydrous Cl,CH> (30 ml).
This solution was added dropwise to a solution of 2-amino ethanol (1.2 ml, 19.8 mmol)
and Et3N (3.75 ml, 26.4 mmol) in anhydrous Cl,CHy (30 ml). The reaction mixture was
kept at room temperature (15 min) and then evaporated under reduced pressure to give
a crude that was purified by column chromatography (EtOAc) to give compound 1 as a

solid (2.98 g, 93%).

o]

(1)
/\/\/\/\/\)‘\ /\/OH

H

M.P. 89 - 91 °G; V0 (KBr)/cm™1: 3292, 2984, 2917, 1740, 1640, 1373, 1240 and 1046;
'H-NMR (CDCl3, 400 MHz): 5 6.18 (brs, 1 H), 3.69 (t, 2 H, J= 4.9 Hz), 3.39 (g,2H,J=51
Hz),2.20 (t, 2 H, J=7.6 Hz), 1.60 (m, 2 H), 1.24 (m, 16 H), 0.86 (t, 3 H, /= 6.7 Hz); >C-NMR
(CDCls, 100 MHz): 6 174.6, 62.3, 42.4, 36.7, 31.9, 29.6, 29.6, 29.5, 29.3, 29.3, 29.3, 25.7, 22.6,
14.1.

To a solution of compound 1 (500 mg, 2.1 mmol) in THF (50 ml) was added DVS (420

ul, 4 mmol) and t-BuOK (23 mg, 0.2 mmol). The reaction mixture was magnetically stirred
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(25 min) at room temperature. Evaporation of the solvent under reduced pressure gave a
crude that was purified by column chromatography (EtOAc:hexane 2:1 — EtOAc) to give
compound VS-1 as a solid (394 mg, 53%).

N/\/o\/\ﬂ/\

) !

M.P. 64 — 66 °C; V0 (KBr)/cm™': 3306, 3061, 2914, 2848, 1636, 1551, 1460, 1380, 1295,
1248, and 1123; 'H-NMR (CDCls, 500 MHz): 8 6.70 (dd, 1 H, J= 16.6 and 9.9 Hz), 6.43 (d,
1H,J/=16.6),6.12 (d, 1 H, J=9.9 Hz), 3.89 (t, 2 H, J=5.5 Hz), 3.55 (t, 2 H, /= 5.1 Hz), 3.44
(q,2H,J=5.2Hz),3.24 (t,2H, J=5.5Hz), 2.17 (t, 2 H, /= 7.6 Hz), 1.61 (m, 2 H), 1.24 (br
s, 16 H), 0.87 (t, 3 H, J = 6.8 Hz); '3C-NMR (CDCl3, 125 MHz): 5 173.4, 137.6, 129.4, 70.0,
63.8, 54.6, 38.7, 36.7, 29.6, 29.6, 29.5, 29.3, 29.3, 25.7, 22.6, 14.1; HRMS (m/z) (NALDI-TOF)
calcd. for C14H3504SNa [M + Na]*: 384.2184; found: 384.2189.

6.9.2. Synthesis of N-(2-(2-(vinylsulfonyl)ethoxy)ethyl)oleamide
(VS-2)

A solution of oleic acid (1.9 g, 6.7 mmol) in Cl,SO (15 ml) was magnetically stirred for 1
h at room temperature. Evaporation and coevaporation with anhydrous toluene (3 x 15
ml) under reduced pressure gave a crude that was dissolved in anhydrous Cl,CH, (50 ml).
This solution was added dropwise to a solution of 2-amino ethanol (0.608 ml, 10.1 mmol)
and EtzN (1.9 ml, 13.5 mmol) in anhydrous Cl,CH, (50 ml). The reaction mixture was
kept at room temperature (15 min) and then evaporated under reduced pressure to give a
crude that was purified by column chromatography (EtOAc:hexane 2:1 — AcOEt) to give
compound 2 as a solid (1.93 g, 88%).

M.P. 59 - 61 °C; v, (KBr)/cm™': 3301, 1642, 1561, 1464, 1265, 1211, 1057, and 1035;
TH-NMR (CDCls, 400 MHz): & 6.15 (sa, 1 H), 5.35 (m, 2 H, CH=CH), 3.72 (t, 2 H, J = 5 Hz),
3.42 (c,2H, J=5Hz), 297 (sa, 1 H), 2.20 (t, 2 H, /= 7.5 Hz), 2.02 (m, 4 H), 1.62 (m, 2 H),
1.28 (several m, 20 H), 0.88 (m, 3H); 3C-NMR (CDCl3, 75 MHz): 6 174.7,130.1, 129.8, 62.4,
42.5,36.7, 32.0, 29.8, 29.8, 29.6, 29.4, 29.4, 29.3, 29.3, 29.2, 27.3, 27.2, 25.8, 22.7, 14.2.

To a solution of compound 2 (780 mg, 2.4 mmol) in THF (100 ml) was added DVS (497

ul, 4.8 mmol) and t-BuOK (30 mg, 0.27 mmol). The reaction mixture was magnetically
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stirred (15 min) at room temperature. Evaporation of the solvent under reduced pressure
gave a crude that was purified by column chromatography (EtOAc:hexane 2:1 — EtOAc)
gave compound VS-2 as a syrup (538 mg, 51%).

(Vs-2) o

o
\A/V\N/\/\)LH/\/°\/\E/\

Vmax (KBr)/cm™!: 3303, 1646, 1541, 1460, 1379, 1312, 1249, and 1124; '"H-NMR (CDCls,
400 MHz): 8 6.71 (dd, 1 H, /= 16.4 and 9.7 Hz), 6.45 (d, 1 H, J= 16.4 Hz), 6.14 (d, 1 H, J =
9.6 Hz), 6.12 (brs, 1 H), 5.35 (m, 2 H), 3.91 (t, 2 H, /= 5.4 Hz), 3.57 (t, 2 H, J= 5.0 Hz), 3.46
(q, 2H, J=5.2Hz),3.26 (t, 2H, J=5.4 Hz), 2.18 (t, 2 H, J = 7.7 Hz), 2.01 (m, 4 H), 1.62 (m,
2H), 1.28 (several m, 20 H), 0.88 (m, 3H); 13C-NMR (CDCls, 75 MHz): & 173.5, 137.6, 130.0,
129.8, 129.5, 70.0, 63.9, 54.6, 38.8, 36.7, 32.0, 29.8, 29.8, 29.6, 29.4, 29.4, 29.2, 27.3, 27.3,
25.8,22.8, 14.2; HRMS (m/z) (FAB+) calcd. for Co4H45NO4SNa [M + Na]*: 466.2967; found:
466.2968.

6.9.3. Synthesis of 1-(vinylsulfonyl)octadecane (VS-3)

To a solution of 2-thioethanol (200 mg, 2.56 mmol) in 30 ml DMSO-THF 1:1 was added
1-bromooctadecane (1.33 g, 3.84 mmol) and K,COs3 (531 mg, 3.84 mmol). The solution
was magnetically stirred at room temperature until TLC showed complete disappearance
of starting materials (24 h). The salt was vacuum filtered and the solvent removed under
reduced pressure. To the crude they were added 60 ml of water and extracted with
CH,Cl, (2 x 60 ml). The combined organic extracts were then dried (Na;SO4) and the
solvent removed under reduced pressure to give a crude that was purified by column

chromatography (hexane:ether 1:1) to give compound 3a as solid (775 mg, 92%).

(3a)

B R g Y W o O R i

M.P. 60 — 61 °C; V4 (KBr)/cm™! : 3213, 2918, 2849, 1460, 1063 and 719; 'H-NMR
(CDCl3, 400 MHz): 6 3.71 (t, 2H, J=6.0 Hz), 2.72 (t, 2H, J=5.6 Hz), 251 (t, 2H, J=7.4
Hz), 2.11 (s, 1 H), 1.58 (m, 2 H), 1.41 — 1.20 (m, 30 H), 0.87 (t, 3 H, J = 6.7 Hz); '3C-NMR
(CDCls, 100 MHz): 6 60.3, 35.5, 32.0, 31.8, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6, 29.4, 29.3, 29.0,
22.8,14.2.

To a solution of compond 3a (425 mg, 1.29 mmol) in AcOH (6.4 ml) was added 33%
H>0; (2.6 ml). The solution was kept in the dark for 24 h. Evaporation of the solvent under
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reduced pressure gave a crude that was purified by column chromatography (EtOAc) to
give 3b as a solid (397 mg, 85%).

(3b) 0

M.P. 93 — 94 °G; V4, (KBr)/cm™': 3368, 2913, 2847, 1594, 1470, 1256, 1133 and 1059;
'H-NMR (CDCls, 400 MHz): 5 4.13 (t, 2 H, J=5.0 Hz), 3.19 (t, 2 H, J=5.0 Hz), 3.07 (t, 2 H, J
=8.0 Hz), 1.85 (m, 2 H), 1.50 - 1.18 (m, 30 H), 0.88 (t, 3 H, J= 6.6 Hz); '3C-NMR (CDCl3, 100
MHz): 6 56.5, 54.9, 54.7, 32.0, 29.8, 29.7, 29.6, 29.5, 29.4, 29.2, 28.6, 22.8, 22.0, 14.2. HRMS
(m/z) (FAB+) calcd. for Co9H4203SNa [M + Na]*: 385.2752; found: 385.2755.

A solution of compond 3b (173 mg, 0.48 mmol) in anhydrous CH»Cl, (10 ml) was
cooled by means of an ice bath. EtsN (0.2 ml, 1.42 mmol) and mesyl chloride (0.57 ml,
0.73 mmol) were then added and the solution was left to warm to room temperature
until TLC showed complete disappearance of starting materials (24 h). The solvent was
removed under reduced pressure and the resulting crude was purified by column

chromatography (hexane:ether 1:1) to give VS-3 as a solid (133 mg, 81%).

(Vs-3)

!

M.P. 61 — 62 °C; V0 (KBr)/cm™1: 3062, 2915, 2847, 1462, 1284, 1124, 908 and 730; 'H-
NMR (CDCl3, 400 MHz): 6 6.62 (dd, 1 H, J=16.6 and 9.8 Hz, CH =), 6.43 (d, 1 H, /= 16.6 Hz,
= CH, trans), 6.15 (d, 1 H, /=9.8 Hz, = CH> cis), 2.96 (t,2 H, /=8.0 Hz), 1.77 (im, 2 H), 1.46
—1.20 (m, 30 H), 0.88 (t, 3 H, J= 6.7 Hz); *C-NMR (CDCls3, 100 MHz): 5 136.3, 130.4, 54.4,
32.0, 29.8, 29.7, 29.7, 29.7, 29.6, 29.4, 29.3, 29.1, 28.5, 22.8, 22.4, 14.2. HRMS (m/z) (FAB+)
calcd. for CogH4002SNa [M + Na]*: 367.2647; found: 367.2644

6.9.4. Synthesis of Cholest-5-ene, 3-[2-(ethenylsulfonyl)ethoxy]-,
(3B)- (Chol-VS)

To a solution of cholesterol (300 mg, 0.77 mmol) in THF (20 ml) was added DVS (0.12 ml,

1.16 mmol) and t-BuOK (9 mg, 0.077 mmol). The reaction mixture was magnetically

stirred at room temperature for 1 h. Amberlita IR 120H was then added and the magnetic

stirring continued for additional 30 min. After filtration, the solvent was evaporated
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under reduced pressure. TLC of the crude showed the presence of cholesterol. Ac,O (8
ml) and pyridine (4 ml) were added to the resulting crude and the new reaction mixture
was kept at room temperature for 16 h. Acetylation of the crude reaction allowed the
separation of compound Chol-VS. Evaporation under reduced pressure gave a crude
that was purified by column chromatography (ether:hexane 1:2) yielding compound
Chol-VS as a solid (204 mg, 52%).

(Chol-Vs)

o\\ //0
e T

M.P. 133 -135°C; [a]p - 19 (c 1, chloroform); v ;4 (KBr)/cm™! : 3409, 1461, 1373, 1319,
1115, and 1052; 'H-NMR (CDCl3, 400 MHz): 5 6.75 (dd, 1 H, /= 16.7 and 9.9 Hz), 6.40 (d,
1H, J=16.7Hz), 6.07 (d, 1 H, J=9.9 Hz), 5.35 (brs, 1 H), 3.88 (t, 2 H, /= 5.6 Hz), 3.23 (t, 2
H, J=5.6 Hz), 3.19 (m, 1 H), 2.35-1.84 (several m, 7 H), 1.56 — 0.95 (several m, 21 H), 0.99
(s,3H),0.92(d,3H, J=6.4Hz),0.86 (d, 6 H, J=6.6 Hz), 0.67 (s, 3H); *C-NMR (CDCl3, 125
MHz): 6 140.2, 138.0, 128.5, 122.1, 79.8, 61.5, 56.7, 56.1, 55.4, 50.1, 42.3, 39.7, 39.5, 38.8,
37.0, 36.8, 36.2, 35.8, 31.9, 31.8, 28.2, 28.1, 28.0, 24.3, 23.8, 22.9, 22.5, 21.0, 19.3, 18.7, 11.8;
HRMS (m/z) (FAB+) calcd. for C3;Hs»03SNa [M + Na]*: 527.3535; found: 527.3535.

6.9.5. Synthesis of ferrocenylmethyl cholesteryl ether (Chol-Fc)

To a solution of dimethylaminomethyl ferrocene (1.24 ml, 6.02 mmoles) in acetone (60
ml) was added cholesterol (2.61 g, 6.4 mmoles) followed by addition of methyl iodide (380
uL, 6.1 mmoles). The reaction mixture was magnetically stirred 24 h at 40 °C. Afterwards,
the solvent was evaporated and the reaction crude diluted with water and extracted with
CH,Cl,. The solvent was removed under reduced pressure and the resulting crude was
purified by column chromatography (EtOAc:hexane 1:4) yielding compound Chol-Fc as a
solid (15%).

(Chol-Fc)
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TH-NMR (CDCls, 400 MHz): & 5.35 (s, 1 H, =CH cholesterol), 4.31 (s, 2 H, ferrocene),
4.23 (s, 2 H, CH,O ferrocene), 4.12 (s, 7 H, ferrocene), 3.23 (m, 1 H, CHOH cholesterol),
1.56 - 0.95 (several m, 21 H, cholesterol), 0.99 (s, 3 H), 0.92 (d, 3 H, /J=6.4 Hz), 0.86 (d, 6 H,
J=6.6 Hz), 0.67 (s, 3H); '*C-NMR (CDCl3, 100 MHz): 6 141.10, 121.41, 84.23, 78.10, 69.35,
68.40, 68.37, 66.10, 56.77, 56.13, 50.17, 42.31, 39.78, 39.50, 39.16, 37.27, 36.87, 36.17, 35.77,
31.94, 31.88, 30.93, 29.69, 28.47, 28.23, 28.01, 24.28, 23.81, 22.82, 22.56, 21.05, 19.38, 18.71,
11.85.
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6.10. Tables summarizing the prepared vesicle systems

Quatsome-like systems and liposome-like systems prepared in this Thesis are

summarized in Table 6.3 and Table 6.4, respectively.

Table 6.3.: Description of the quatsome-like systems prepared in this Thesis.

, Membrane components®

Vesicle® Solvent vol. % . Methodology
type (viv x 100) concentration of preparation
yYp total (mM)
QUATSOME-LIKE
SYSTEMS
Chol-CTAB 10 mM CTAB ..
(W-US) 100 % water 10 mM Chol Sonication
Chol-CTAB 90 % water 7.3 mM CTAB Sonication
(W10Et-US) 10 % EtOH 7.3 mM Chol
Chol-CTAB 90 % water 7.3 mM CTAB
(W10Et-DELOS) 10 % EtOH 7.3 mM Chol DELOS-SUSP
Chol-CTAB 80 % water 6.4 mM CTAB
(W20Et-DELOS) 20 % EtOH 6.4 mM Chol DELOS-SUSP
Chol-CTAB 90 % PBS! 7.3 mM CTAB
DELOS- P
(PBS10Et-DELOS) 10 % EtOH 7.3 mM Chol 0S-5US
Chol-CTAB 90 % water 7.3 mM CTAB TFH + extrusion
(W10Et-TFH800x1) 10 % EtOH 7.3 mM Chol 800 nm®x 1 time
Chol-CTAB 90 % water 7.3 mM CTAB TFH + extrusion
(W10Et-TFH100x1) 10 % EtOH 7.3 mM Chol 100 nm®x 1 time
Chol-CTAB 90 % water 7.3 mM CTAB TFH + extrusion
(WI10Et-TFH100x21) 10 % EtOH 7.3 mM Chol 100 nm®x 21 times
Chol-SDS4 90 % water 14.6 mM SDS
(W10Et-DELOS) 10 % EtOH 7.3 mM Chol DELOS-SUSP
Chol-MKC4 90 % water 7.3 mM MKC
(W10Et-DELOS) 10 % EtOH 3.65 mM Chol DELOS-SUSP
Chol-CPC4 90 % water 7.3 mM MKC
(W10Et-DELOS) 10 % EtOH 3.65 mM Chol DELOS-SUSP
p-sitosterol-CTAB 90 % water 7.3 mM CTAB
DELOS- P
(W10Et-DELOS) 10 % EtOH 7.3 mM p-sitosterol 0S-5US

4 Unless otherwise noted, equimolar ratio between membrane components are used.
b % of solvent volume in the obtained sample.
¢ Final concentration of membrane components in the obtained sample.

d Cholesterol:Surfactant at 1:2 molar ratio.
¢ Pore size of the membrane filter used in the extrusion process.

f PBS 100 mM, pH = 7.4.
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Table 6.4.: Description of the liposome-like systems prepared in this Thesis.

, Membrane components®

Vesicle? Solvent vol. % . Methodology
e ($7A'% x100) concentration of preparation
LIPOSOME-LIKE
SYSTEMS
Chol-DPPC 100 % water 1.3 mM DPPC Sonication
(W-US) ? 1.3 mM Chol
Chol-DPPC 100 % water 1.3 mM DPPC TFH + extrusion
(W-TFH100x21) ? 1.3 mM Chol 100 nm®x 21 times
Chol-DPPC 95 % water 1.3 mM DPPC
(W5Et-DELOS) 5 % EtOH 1.3 mM Chol DELOS-SUSP
DPPC 95 % water
(W5Et-DELOS) 5 9% BtOH 1.9 mM DPPC DELOS-SUSP
Chol-DOPCH 90 % PBS! 2.4 mM DOPC
DELOS- P
(PBS10Et-DELOS) 10 % EtOH 0.6 mM Chol 0S-SUS
DOPC 83 % water
(W17Et-DELOS) 17 % BtOH 3.6 mM DOPC DELOS-SUSP
DOPG 100 % HEPESE 7 mM DOPG TFH + extrusion

(HEPES-TFH100x21)

100 nm®x 21 times

4 Unless otherwise noted, equimolar ratio between membrane components are used.
b % of solvent volume in the obtained sample.
¢ Final concentration of membrane components in the obtained sample.
d Cholesterol:DOPC at 1:4 molar ratio.

¢ Pore size of the membrane filter used in the extrusion process.
f PBS 100 mM, pH = 7.4.

& 10 mM HEPES/10 mM NacCl.

218



Appendix

A.1. Molecular Dynamics simulations of

cholesterol/CTAB mixtures in water

All the MD simulations were performed using the NAMD 29 and VMD
programs [141, 142]. The model for the molecules was based on the CHARMM?22/CMAP
force field [289, 290], designed for biomolecular simulations. The standard CHARMM
force-field parameters for water (TIP3P) and cholesterol was used, since they are known
to correctly predict the solvation free energy of this molecule [291], a quantity of major
importance in the hydrophobic self-assembly processes studied here. The CTAB
molecule is composed of a cetyltrimethylammonium cation, modeled following the
parameters given in reference [292], and a bromide (Br~) counterion, modeled

employing the parameters given in reference [293].

Simulations of several kinds of systems were performed. First, bilayer simulations
were performed aimed at elucidating the molecular organization of CTAB and
cholesterol in vesicles. Since the simulation of a whole vesicle with atomistic detail is
impossible with current computer capabilities, the same methodology usually employed
to simulate heterogeneous biological membranes containing phospholipids and
cholesterol was employed [294]. It was considered a bilayer patch in the XY plane in its
tensionless state in contact with water maintained at a pressure of 1 in the Z direction
(perpendicular to the bilayer). Three different bilayers with different compositions were
considered, as shown in Table A.1.

A second kind of simulation (bulk simulation) was also performed aimed at
elucidating how cholesterol molecules are incorporated inside small micelles of CTAB. In
this case (simulation S4 in Table A.1), it was considered diluted bulk conditions, that is, a
single CTAB micelle with a certain amount of cholesterol molecules inside a large water
box. Finally, several auxiliary simulations of simpler bulk systems were performed which

were found to be useful for the interpretation of the results of the previous simulations
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(simulations A1-A3 in Table A.1). In Al, it was considered the simplest possible mixed
system, namely one CTAB and one cholesterol molecule in water. In A2, it was
considered a small cluster of cholesterol molecules in water. In A3, it was considered a
pure CTAB micelle in water. In some of the previously described simulations, it was
computed the Gibbs free energy characterizing self-assembly by employing the adaptive
biasing force (ABF) methodology [141]. In these calculations, one starts from the results
of the previous, equilibrium MD simulations and obtains the free energy (potential of

mean force) over a “reaction” coordinate by applying a biasing force to the system.

Table A.1.: Composition for each simulation described in the text (number of molecules of each
species and total number of atoms) and equilibrium size of the simulation box (averaged over
production runs). Note: For bilayer simulations, it was considered a bilayer patch in the XY
plane in its tensionless state in contact with water maintained at a pressure of 1 in the Z direction
(perpendicular to the bilayer). For bulk simulations, it was considered diluted bulk conditions
(certain amount of molecules inside a large water box).

Number of molecules Atoms

Simulation Chol/CTAB/water (total) Eq. box size
S1 (Bilayer) 54/54/5,443 23,727 15.7 nm?® x 14.5 nm
S2 (Bilayer) 30/60/5,443 22,329 11.9 nm? x 18.0 nm
S3 (Bilayer) 10/60/5,443 20,849 14.4nm? x 14.0 nm
S4 (Bulk) 1/72/11,109 37,937 369.7 nm?
Al (Bulk) 1/1/6,434 19,445 194.0 nm3
A2 (Bulk) 60/0/1,063 7,629 70.43 nm3
A3 (Bulk) 0/72/21,176 68,064 667.3 nm3

All the MD simulations were performed using the NAMD2 software [141] version 2.9
running in parallel using 32-64 Itanium Monvale processors at the Finisterrae
Supercomputer (CESGA Supercomputing Center, Spain). The equations of motion were
solved with a time step of 2 fs. Electrostatic interactions were computed using the
particle mesh Ewald summation method (PME) with the standard settings in NAMD (1 A
spatial resolution and were updated each 2 time steps). Lennard- Jones interactions were
truncated at 1.2 nm employing a switching function starting at 1.0 nm. In all our
simulations, the temperature was maintained constant (298 K) using the Langevin
thermostat with a relaxation constant of 1 ps~!.

The pressure was adjusted to 1 atm employing the Nosé-Hoover-Langevin piston as
implemented in NAMD?2 with an oscillation period of 100 fs and a decay time of 50 fs.
It was employed periodic boundary conditions in all directions. NAMD configuration,

topology and forcefield files are available from the authors under request.
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In all the simulated systems, it was followed the same sequence of build-up and
equilibration. First, an initial configuration was built employing the VMD program [142]
and/or the CHARM-GUI membrane builder [295]. The energy of the initial configuration
was minimized for 10* steps following the combined conjugate gradient and line search
procedure implemented in NAMD 2.9. Then the system was solvated and the energy of
the resulting system was minimized again. After energy minimization, it was performed
a short NVT run (i.e. the pressure constraint was not imposed). Finally a long simulation
run was performed in each system under the conditions (normal pressure or bulk
pressure) described before.

Several physical quantities (such as potential and kinetic energy, area per molecule in
bilayer systems or volume in bulk systems) were monitored in order to discriminate
between the initial, relaxation processes and the final equilibrium state. For example, in
the S1 bilayer system (Table A.1) the equilibration/relaxation required 3 ns and the total
simulation time was 30 ns with a cost of 3.7 hours of CPU per ns of simulation. The
results presented correspond to averages over the production part of the MD trajectories,
obtained after discarding the initial equilibration/relaxation period. All the snapshots
and the monitoring of the simulation (evolution of energy, simulation box, temperature,
pressure, etc.) was performed using the VMD program [142]. The atomic density profiles
in the bilayer simulations were performed by a home-made python script running in
VMD to read NAMD trajectories. The profiles were averaged over the XY coordinates and

over the production (equilibrium) part of the trajectory.

A.1.1. Protocol for the build-up of the initial configurations and
equilibration for our MD bilayer simulations (S1-S3 in
Table A.1)

Generation of initial configurations for bilayer simulations is typically made generating
random, initial positions for the molecules at a specified area per molecule, avoiding
molecular overlap. In practice, one employs the algorithms implemented in the VMD or
CHARMM-Gui programs. However, in our case, the CTAB molecules are not available in
the libraries of these standard programs so we have to do it manually or by using
home-made programs. To this end, it was first performed a preliminary simulation in
order to build up a bilayer template containing a (initially) homogeneous mixture of
CTAB and cholesterol.

We started with a pre-equilibrated water slab with dimensions 60x60x47 A3 inside a

simulation box with dimensions 60x60x150 A® generated with the solvate option of the
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VMD program. Then, using VMD, we added 30 surfactant and 30 cholesterol molecules
on top of each of the two water/vacuum interfaces with homogeneous distribution. The
initial surface area was large enough (two surfaces with 36 nm? each) to ensure an
expanded state, which makes easier to avoid overlaps between the initial positions of the
molecules. After energy minimization, we performed a 16 ns MD simulation run using
the NAMD2 program at fixed T, p and zero surface tension. During the simulation, the
size of the simulation box in the dimension perpendicular to the water slab was reduced
in order to put in contact the hydrophobic tails of the molecules of each monolayer. In
this way, the two monolayers were merged, obtaining in this way a bilayer configuration
to be employed in subsequent simulations.

The initial configuration for simulations S1 and S2 of Table A.1 was obtained from this
preliminary bilayer configuration. In order to obtain the numbers of cholesterol and
CTAB molecules for each simulation as indicated in Table A.1, we randomly removed
cholesterol and/or surfactant (in equal numbers for each layer). The initial configuration
for simulation S3 was with an identical method but in this case we started from the final
configuration of simulation S2. The configurations obtained in this way were energy

minimized and MD simulations were performed with the parameters and conditions

described before.
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Figure A.1.: Evolution of bilayer area as a function of time in simulation S1. The equilibrium value
reported in Table A.1 (calculated as an average over the last 10 ns) is also shown.

Because of the deletion method employed to generate the initial conditions for the
S$1-S3 simulations, we observe an initial, equilibration process in which the lateral are of
the membrane rapidly decreases (in order to reach the correct equilibrium value). This is
illustrated in Figure A.1, which corresponds to simulation S1. In this case, this

equilibration period corresponds to 3 ns, which is a small portion of the total simulated
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time (30 ns). Similar equilibration times were observed for all simulations.

A.1.2. Protocol for the build-up of the initial configurations for
our MD simulations A1-A3 and S4 in Table A.1

The initial condition for the Al simulation in Table A.1 was simply a random placement
of the two molecules (one surfactant with its counterion and one cholesterol molecule).
A large amount of pre-equilibrated water was added to this initial configuration using the
“solvate” option in VMD.

The initial condition for the A2 simulation (pure CTAB in water) in Table A.1 was
obtained by generating (with a home-made tcl script) two layers with a periodic
arrangement of surfactant molecules (the two layers had the hydrophilic heads pointing
in opposite directions). The Br~ counterions were placed randomly and a large amount
of water was added by using the solvate option of the VMD program. The obtained
configuration was energy minimized with NAMD?2. A short (1 ns), NVT equilibration run
was performed and the CTAB system adopted a micellar configuration during this
equilibration run. The obtained configuration was employed as initial condition for the
subsequent NPT run described before.

The initial configuration for the A3 simulation (pure cholesterol) was obtained
employing the CHARMM-GUI Membrane builder, since cholesterol is one of the
molecules included in the lipid library of this program.

The initial configuration for the S4 simulation in Table A.1 was obtained by adding a

cholesterol molecule to the A2 simulation.

A.1.3. Free Energy calculations

The Free Energy calculations were made employing the adaptive biasing force (ABF)
methodology. The ABF calculations performed here were the following. First, the free
energy of interaction between a surfactant and a cholesterol molecule was obtained
using a 10 ns MD-ABF calculation starting from simulation Al. The reaction coordinate
was the center of mass separation between the two molecules (0.2 A resolution) and the
employed force constant was the default value of 10 kcal/mol/A%2. In a second
calculation, we obtained the free energy of transfer of a cholesterol or a CTAB molecule
between a 1:1 bilayer and water. In this case, the MD-ABF calculation starts from the
result of simulation S1 in Table A.1. We choose as the reactions coordinate the distance

between a tagged molecule (a cholesterol or a surfactant) and the center of the bilayer.
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The force constant employed in these two cases was 50 kcal/mol/A? and the total
simulation time was 5.6 ns. Analogous calculations were performed for the calculation of
the potential of mean force for the transfer of a cholesterol molecule (simulation S4) or a
surfactant molecule (simulation A2) from a CTAB micelle to water or the extraction of a
cholesterol molecule from a pure cholesterol nanoparticle to water (simulation A3). It
has to be emphasized here that ABF-MD simulations are much more computationally
expensive than typical MD runs. For example, for the system S1, a ABF-MD run costs
about 1.5 days of CPU per ns of simulation to be compared with the 3.7 hours per ns

required by unbiased MD simulations of the same system.
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A.2. Molecular Dynamics simulations of Chol-VS

All the MD simulations were performed using the NAMD 2.9 and VMD programs [141,
142]. The model for the molecules was based on the CHARMM22/CMAP force field [289,
290], designed for biomolecular simulations. Extensive simulations of Chol-VS molecule
in different situations were performed in Silvia Illa Master’s Thesis [235]. It was simulated:
one molecule of Chol-VS at water-chloroform interface, a monolayer of Chol-VS at water-
chloroform interface and one molecule of Chol-VS with one molecule of CTAB in bulk
water.

Additionally, the simulation S1-VS was performed to study the interaction between 64
molecules of CTAB and 64 molecules of Chol-VS in water. In this simulation, the
temperature was maintained constant (298 K) and the pressure was adjusted to 1 atm.

Table A.2 shows the composition used in such simulation.

Table A.2.: Composition of simulation S1-VS described in the text (number of molecules of each
species and total number of atoms) and equilibrium size of the simulation box (average over
production runs).

Simulation Number of molecules Atoms Eq. box size (A%)
Chol-VS/CTAB/water (total) ¥

S1-VS (NPT) 64/64/9,176 37,128 50x50x111
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A.3. Molecular Dynamics simulations of nanocrystals

A.3.1. Simulation protocol

The steps followed to prepare the system were the following: (i) MD simulations of NCs in
vacuum (without capping molecules) (ii) addition of capping molecules (iii) addition of
solvent (water or chloroform).

In the first step, we generated small clusters of Si atoms and NVT simulations (at 298
K) were performed. We started with a small number of atoms, adding more atoms until
the required size (2.8 nm) was obtained. The obtained NC had 342 Si atoms. The same
protocol was also applied to Au, obtaining a NC of 1.8 nm with 281 Au atoms. The

obtained NCs are shown in Figure A.2.

Figure A.2.: Nanocrystals of (a) Si and (b) Au generated for use in MD simulations (not to scale).

In the second step, we added the capping molecules. In order to obtain the
configurations of the molecules, we prepared NVT simulations containing a single NC
and randomly distributed molecules (1-octene for SiNC and 1-dodecanethiol for AuNC).
In order to build the capping layer, we performed NVT simulations in the presence of a
biasing force which induced an attraction between the capping molecule and the NC (a
terminal C atom in the case of 1-octene and the S atom in the case of 1-dodecanethiol).
The simulations were performed maintaining the NC atoms in fixed positions. The NVT
runs were performed until all the terminal atoms of the capping molecules reached the
NC surface. These final configurations were stored for further use in simulations with
solvent. In the case of 1-dodecanethiol, the H atom of the thiol group was suppressed
(since in the actual chemical reaction the H is released) and its partial charge was added
to the S partial charge. We recall here that the number of added capping molecules was
different for each case. In the case of Si NC, we added 242 molecules obtaining a
coverage of 9.8 molecules/nm?, very close to the estimate of 245 molecules (9.9
molecules/nm?) obtained from the analysis of the TGA experimental data. In the case of

the AuNC we added 65 capping molecules (1-dodecanethiol) corresponding to a surface
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coverage of 6.39 molecules/nm?, which are identical to the values estimated

experimentally in [264].

In the third step, we added the solvent (water or chloroform) using the solvate tool in
VMD. In the case of chloroform the program required a pre-equilibrated solvent slab that
was prepared from NPT simulations of pure chloroform at ambient T and p. The system
containing the NC, the capping molecules and the solvent was further equilibrated using
NPT simulations at 298 K and 1 atm. In these simulations, the atoms of the NC (Si or Au)
were maintained at fixed positions. The terminal atoms (C or S) of the capping molecules
were also fixed at their positions. A few ns of simulation were enough to obtain stable
sizes for the simulation box. The obtained equilibrium sizes for the (cubic) simulation
box were the following. For Si nanoparticles, the equilibrium sizes of the cubic simulation
box were 69.1 A in water and 68.6 A in chloroform. For Au nanoparticles, the equilibrium

sizes of the cubic simulation box were 67.9 A in water and 66.5 A in chloroform.

A.3.2. Computational details

The equations of motion were solved with a time step of 1 fs (NPT simulations of Si
particles) and 2 fs time step (all other simulations). The temperature was kept constant

~1. A constant

at 298 K using the Langevin thermostat with a relaxation constant of 1 ps
pressure of 1 atm was applied using an isotropic Nosé-Hoover-Langevin piston with an
oscillation period of 300 fs and decay time of 150 fs. Periodic boundary conditions in all
directions were employed in all our simulations. Electrostatic interactions were
computed using the particle mesh Ewald summation method (PME) with the standard
settings in NAMD (1 A spatial resolution and were updated each 2 time steps).
Lennard-Jones interactions were truncated at 1.2 nm employing a switching function
starting at 1.0 nm. In all production runs, we maintained the atoms of the NC (Si or Au)
and the terminal atoms (C or S) of the capping molecules fixed at their positions.

Statistics shown in the work were typically collected in production runs of 20 ns.

In Figure A.3, images of snapshots from the MD simulations are shown corresponding
to the two kinds of particles considered in this work (SiNC and AuNC with their organic
capping ligands) in the two different solvents involved in the experiments (water and
chloroform). As shown, the structure of the capping layer of the two NCs is very different,

thus the equilibrium lengths of capping molecules were studied.
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Figure A.3.: Snapshots from MD simulations using the Visual Molecular Dynamics (VMD)
program [142]. A SiNC capped with 1-octene molecules in (a) chloroform and (b) water. An Au
NC capped with 1-dodecanethiol in (c) chloroform and (d) water. Si and Au atoms are shown
with their Van der Waals radius. Capping molecules are shown in bond representation. Solvent
molecules are drawn translucent. The results show that SiNCs have denser packed ligand layers
than the AuNCs, and that in chloroform the ligands are more extended.

The length () (see Figure A.4a) of the capping molecule was defined as the largest
distance between the center of the adsorbed atom of the capping molecule and the
center of any atom from the same molecule, averaged for all capping molecules of the
NCs and averaged over time for all the production run. We obtained / = 0.84 nm for
1-octane, 1.07 nm for 1-dodecanethiol in water and 1.15 nm for 1-dodecanethiol in
chloroform. These obtained distances were compared with the maximum values
corresponding to fully extended molecules. For the case of 1-octane the distance
between the center of two extreme C atoms is 0.89 nm (projecting all the carbon-carbon
bond lengths onto the direction of the molecular axis) and for 1-dodecanethiol the
distance between the center of the extreme C atom and the center of the thiol S atom is
1.55 nm. This means that the 1-octane molecules over the SiNC have an average length
which is 94% of their maximum length and 1-dodecanethiol molecule are found to be at
average lengths of 69% (in water) and 74% (in chloroform) of their maximum length. We
also studied orientation angles for 1-octane, which is defined as the angle (@) (see
Figure A.4a) between the unit vector normal to the nanocrystal surface at the point of
adsorption of each molecule and the vector joining the adsorbed atom of the capping
molecule and the atom from the same molecule situated farthest from the adsorption
point. The 1-octane molecules were observed to form a well-defined angle (28°) with the
direction normal to the surface of the SiNC. For each capping molecule we compute the

cos(o) and the average <cos2o> over all capping molecules and simulation time.
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Figure A.4.: Schematic representation of (a) the length () of the capping molecule, defined as
the largest distance between the center of the adsorbed atom of the capping molecule and the
center of any atom from the same molecule, and the angle (o) between the unit vector normal
to the nanocrystal surface at the point of adsorption of each molecule and the vector joining the
adsorbed atom of the capping molecule and the atom from the same molecule situated farthest
from the adsorption point. (b) Schematic representation of the thickness (k) of the organic layer
covering the NC.

For all particles we also report the thickness & (see Figure A.4b) of the organic layer
covering the NC. The thickness of the layer is related to both the length of the capping
molecules and the angle o. In the simulations, the thickness is calculated as the distance
measured perpendicular to the surface of the NC between the surface of the NC and the
end of the farthest atom of the capping molecule. Note that in this calculation the size of
these two extreme atoms is also accounted for. The obtained results were /= 1.14 nm for
SiNCs in both solvents and /2 = 0.89 nm and 1.14 nm for AuNCs in water and chloroform

respectively.

A.3.3. Simulation results for planar surfaces

In order to estimate the effects of curvature, we have performed MD simulations in the
NPT ensemble of a small planar surface covered with 1-octane molecules. We
considered three different coverages: 9.95 molecules/ nm?, 6.25 molecules/nm? and 2.8
molecules/nm?. These values are similar to those found for the SiNCs, AuNCs, and a less
dense coverage. Here, we consider only the case of water solvent. Our results show
(Figure A.5) that capping molecules form a highly ordered layer for the coverages of 9.95
molecules/nm? and 6.25 molecules/nm? and a highly disordered layer for a coverage of
and 2.8 molecules/nm?. A comparison of these results with those reported in the main
text for the NCs, demonstrate the importance of curvature in the state and ordering of
the capping layer. The same coverage of capping molecules, which is highly disordered
onto the highly curved AuNC, will be extremely ordered when adsorbed onto a planar

surface.

229



Chapter A Appendix

| Ordered packing @ 9.95 ligand/nm? | [ Ordered packing @ 6.25 ligand/inm® |

Figure A.5.: Simulation results for planar surfaces covered with different coverages of 1-octane
molecules.
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A.4. Theoretical model for SAXS data analysis of

vesicles

In order to understand the experimental SAXS data, a mathematical model reported in the
literature has been used. This theoretical model was studied by Dr. Evelyn Moreno from
the Nanomol group (ICMAB-CSIC). This model describes the scattering of monodisperse
systems, where the vesicles are equated to core-shell spheres and the composition of the
cores are the same as the dispersant medium (hollow spheres).

The typical scattering pattern of a hollow sphere and other geometrical bodies with the

same maximum size are represented in Figure A.6.
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Figure A.6.: Typical scattering patterns of geometrical bodies with the same maximum size.
Adapted from [175].

The background subtracted normalized scattered intensity of an object is directly
related to the morphology and interactions between the objects in the scattering volume.

The I(g) from a particulate suspension with random orientation can be expressed as:

1(q) = NV2ApP(q)S(q) (A.1)

Where N is the number density of particles, V their volume, Ap the difference of
scattering length density between the solvent and the particle, P(g) the form factor of the
particle and S(g) the structure factor of interaction between particles. The form factor

describes the morphology, shape and size, of the particle and the structure factor
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accounts for the interaction between them. As ideally the sample measurements are
performed with diluted samples the interaction between particles can be neglected, thus
the term S(q) = 1, over the g range of investigation. The factorization described in
Equation A.1 is strictly applicable for monodisperse and spherically symmetric
particles [133, 175]. This expression can be evaluated analytically in a few cases of
defined geometrical shapes (cylinders, spheres, disks, etc.). Probably the easiest case to
consider is a sphere of radius R, uniform in electron density. In this case, the form factor,

P(q), of an sphere of radius R can be readily calculated according to Equation A.2,

3[sin(qR) — qRcos(qR)] ,
(gR)3

where Fj (g,R) is the scattering amplitude of a sphere -of radius R- given by the Fourier

P(q,R)=F3(q,R) = ( (A.2)

Transform of the radial electron density [133, 175]. In the case of core-shell spheres with
core and shell radii R; and R, respectively, the form factor depends on the contrast of

both the core and the shell

AP*V2P(q, Ry, Ry) = [Ap2VaFo(qR2) — Ap1 ViFo(qR1)]” (A.3)

where Ap; and Ap; are the difference of scattering length densities between the core
and the shell and the solvent and the shell, respectively. For the case of unilamellar
vesicles one can consider them as a core shell sphere in which the core is filled with

water and consequently the resulting shell scattering function is given by:

167
o [R3Fo(qRy) ~ RIFo(qRy)]’ (A4)

For the analysis of the scattering of vesicles using Equation A.4 the following

V2P(q,R1,Ry) =

assumptions have been made:

1. The scattering length density is assumed to be uniform across the bilayer. This
assumption will be reasonable in the cases in which the two membrane
components mix well and no phase segregation of chains is expected (this is true

for strongly synergistic mixtures).

2. The scattering contribution of the counter ions is neglected assuming they have low

contrast.

3. The packing difference between the inner and the outer layers of the bilayers is
unlikely to make a significant difference in the scattering function of unilamellar

vesicles.
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As an example, the theoretical scattering of three monodisperse vesicular systems was
studied using two different vesicle sizes (50 and 100 nm) and two different thickness
layers (4.4 and 10 nm) (Figure A.7). Origin Lab. was used to simulated the g-dependence
X-ray scattering of these monodisperse solutions of vesicles. As evidenced by Figure A.7,
at finite g, scattering curve of vesicular symmetric objects consists of a series of high
frequency oscillations (according to the dimensions of the vesicle) modulated with a low

frequency curve (according to the density profile or the membrane thickness).
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Figure A.7.: Scattering intensities of monodisperse vesicular bodies of different outer radius with
different thickness.

Quantitative structural information can be derived from the analysis of the curve:

1. The period of the low frequency oscillations do not change with the shell radius but
with the thickness of the bilayer. This period satisfies d = 2rnn/q and therefore the
value of d provides the shell thickness.

2. The number of the high frequency oscillations is related with the object radius, the
larger the radius, the more the number of oscillations. It is reported that for a
spherical shell structure with radius R, the minima of the high frequency

oscillations is related to the radii of the scattering object by Ag=r/R [174].

The above expressions of scattering functions are applicable only to monodisperse

systems. As we are aware, the experimental systems studied in this Thesis are not ideally
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monodisperse, thus we have simulated the effect in SAXS curves of discrete mixtures of
vesicles with different sizes. As shown inFigure A.8, the introduction of polydispersity in
the sample in the form of mixture of different populations leads to a rapid damping of

the intensity oscillations.

MIXTURE 1:  50% vesicles of 25 nm diameter and 4.4 nm thickness
+ 50% vesicles of 50 nm diameter and 4.4 nm thickness

MIXTURE 2:  50% vesicles of 25 nm diameter and 4.4 nm thickness
+ 25% vesicles of 50 nm diameter and 4.4 nm thickness
+ 25% vesicles of 25 nm diameter and 10 nm thickness
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Figure A.8.: Calculated SAXS curves of (blue) an ensemble of vesicles of the same shell thickness
and different radius according to the percentage of mixture 1 and, (black) and an ensemble of
spheres with distinct radius and distinct shell thickness.

A more exactly route to quantify the vesicle polidispersion in SAXS curves was
performed by Professor Jan Skov Pedersen (Aarhus University, Denmark) by fitting the
experimental SAXS data to a vesicle model. This model was a vesicle with a cross section
shell-core-shell structure with graded/smeared interfaces. This was implemented as the
form factor of a three layer shell, in which the inner and outer layer (head groups) have
the same thickness. The polydispersity of the radius of the central plane of the vesicle
was taken as a Gaussian. Using this model, the quatsome diameter and the polydipersity

index was estimated.
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A.5. Viscoelastic properties of vesicles

The viscoelastic properties of Chol-CTAB (PBS10Et-DELOS) quatsomes and Chol-DOPC
(PBS10Et-DELOS) liposomes were studied by Dr. Witold Tatkiewicz from the Nanomol
group (ICMAB-CSIC) in his PhD work [188]. Using Quartz Crystal Microbalance with
Dissipation (QCM-D) and Surface Plasmon Resonance (SPR) techniques, the thickness
of vesicles deposited over gold surfaces, forming vesicular layers, and the viscosity of
such vesicles were calculated.

QCM-D measurements were performed in the Laboratory of Biosurfaces at the Centre
for Cooperative Research in Biomaterials-CIC biomaGUNE, located in San Sebastian

(Spain) under the supervision of Dr. Ralf Richter.

A.5.1. Quartz Crystal Microbalance with Dissipation technique

Quartz Crystal Microbalance with Dissipation (QCM-D) enables measurements of mass
of material adhering to an acoustic sensor and have emerged as another technique useful
in this field. Mass is directly calculated from changes of its frequency (AHz) using the
Sauerbrey relation [296]. Dissipation factor (also measured in Hz) can be related with
viscoelastic properties of the deposited material [297] and by applying an appropriate
model (e.g. Voigt model) physically meaningful properties of the material, such as shear
stress and viscosity, can be determined. Schematic cartoon of the QCM-D principle is

presented in Figure A.9.

<] — r—"'—l [d] > — |
“ | -—
fillgs
1| [TITY. (
o i_.ln!L-' [ fWwamman——— - Ir'u'"f'”
r i
Afis related to the mass is related to the

of the attached film

. viscoelasticit
(Sauerbrey relation) y

Figure A.9.: QCM-D principle. (a) View of the sensor: circular tile of quartz with deposited gold. (b)
Upon electrical stimuli the quartz crystal undergoes a share deformation. (c) Resonance frequency
(Af)of crystal oscillation under alternating stimuli depends on the total mass of material absorbed
on the sensor. (d) Dissipation (AD) depends on the viscoelastic properties of the absorbed
material. Image adapted from [298].

235



Chapter A Appendix

A.5.2. Surface Plasmon Resonance

Electromagnetic waves that propagate at the metal/dielectric interface in a direction
parallel to this surface are called surface plasmon polaritons (surface plasmons). These
oscillations are very sensitive to any change on the boundary of the metal and the
external medium (e.g. liquid or gaseous medium) such as the adsorption of material to
the metal surface, refractive index changes of medium or temperature changes.

SPR quantifies changes in direct proximity of the sensor’s surface (up to ~300 nm)
using an optic sensor (FigureA.10). For a given laser incidence angle to the
conductor-dielectric surface, a resonance between the laser photons and plasmons
occurs leading to decrease of reflected laser light intensity. The angle of minimum
intensity of reflected laser can quantified and used to study phenomena occurring on
the sensor surface, such as vesicle or protein absorption. These phenomena change its
local refractive index and it influences the electric field called evanesced wave that is
formed close to the sensor surface by surface plasmons. As the evanesced field decays
exponentially with distance from the sensor, SPR is extremely sensitive to small and local
changes on the properties of the metal-liquid interface. It changes the angle of incident
light at which the resonance of plasmons occurs and therefore it can be quantified. By
measuring changes of resonant angle we are able to gain insight into local changes of
refractive index at close proximity of the sensor surface. Schematic illustration of the

used setup is presented in Figure A.10.

@]

Flow chamber
~
o
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Figure A.10.: Schematic view of SPR setup based on a continuous flow system. (a) The device
consists of a monochromatic light source (LASER), an optical detector, a prism of controlled
refractive index, a gold coated glass slide and a flow chamber. (b) In the case of interaction of
the sensor with an analyte, the variations of the local refraction index, change the incidence angle
that is monitored while the solution is pumped over the gold layer.

The number of phenomena able to generate an SPR response is quite numerous, from
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conformational changes, to modifications of the colorimetric or fluorescent properties
of the substrate, nevertheless the adsorption of molecules is the most common of all of

them. This technique is therefore used as a tool to study kinetic and affinity of binding

events.
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