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Introduction

Ever more, the concept and excitement of nanoscience and technology reaches out to the
general public through daily newspapers. Over $ 30 million were granted by the National
Science Foundation (NSF) in 2005 to set up programs to inform the public about
nanotechnology, and address social issues. The scientific articles being published in high-
impact journals make widespread use of the prefix “nano”.”

Such a vast interest in nanoscience and technology derives from the promise of
manipulating matter atom-by-atom, molecule-by-molecule to create devices with
performances and functionalities that are orders-of-magnitude better and efficient than those
provided by current manufacturing technologies.”

Two general approaches known as top-down and bottom-up apply to the preparation of
nanosized structures. The top-down strategy, which has been used principally by physicists
and engineers, consists in “carving” a preexistent macroscopic material through, for example,
chemical, mechanical or optical processes to obtain final materials with precisely designed
shape, dimensions and properties. Although industry-wise this procedure has the noteworthy
advantage of offering straightforward automation possibilities and nearly perfect
reproducibility, it is neither atom- nor energy-efficient, as well as irreversible and limited to
the production of structures with dimensions approaching 100 nm.

The challenge facing the nanotechnology community is consequently the development of
novel structures whose sizes range between 10 — 100 nm. Such a task can be readily
accomplished by chemists via the so-called bottom-up approach.* °> The latter consists in
hierarchically assembling (chemically or physically) a finite amount of elementary building-
blocks (atoms, molecules and macromolecules).’ In addition to the reduced number steps
associated with this strategy, it is in most cases reversible, and allows the combination of
different materials (minerals, metals, synthetic and natural polymers, etc.). By bottom-up
methods, one can elaborate tailored and complex materials via assembling processes driven
by chemical and/or physical forces.”®

It is also possible to combine bottom-up and top-down strategies by inducing the
assembly processes (bottom-up) onto already shaped (top-down) nano-scaffolds.* >

Definitely, polymer chemists and physicists share a key contribution to the milestone so
far achieved in this domain, as a result of their ability to accurately manipulate small
molecules (monomers) that ultimately shall originate ‘smart’ macromolecules (polymers).

Within the large variety of polymer architectures, linear block copolymers certainly play a

distinguished, multifaceted role in nanoscience.



Introduction

The recent advances in controlled/living polymerization processes have encouraged the
synthesis of a multitude of macromolecules with controllable architecture, functionality,
composition and topology. Through procedures often combining successive polymerization
techniques, well-defined amphiphilic copolymers comprising two or more segments of
different chemical structures and with hydrophilic and hydrophobic components, have been
prepared and injected into the ever-increasing soft mater market.'?

One of the most interesting and fascinating properties of such precisely engineered
macromolecules is their ability to self-assemble into a wide variety of morphologies either in
solution (spherical micelles, vesicles, cylinders, etc.) or in bulk (lamellas, bicontineous
gyriods and hexagonally or tetragonally packed cylinders, cubic phases, etc.). They constitute,
therefore, a collection of elementary building-blocks for the precise construction of novel
materials via bottom-up, atom- and energy-efficient approaches.

Figure I-1 summarizes one route for bottom-up construction of nanostructures based on
polymeric self-assembly. It is schematically shown how different sizes of construction units
can be systematically combined to obtain progressively higher levels of structural hierarchy

incorporating different length scales.

Mesogens n

ca 0.55nm

Oligome's Armphiphiles ? \

Rod-like polymer

m’“ﬁﬁﬁ%

Polymers
ca 5-50nm

Colloidd
particles
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50-500 nm
and beyond

Increasing size of the construction units

Progressing levels of hierarchy

Figure I-1. One of the potential scenarios to construct hierarchically self-assembled
polymeric structures.’

Particularly, in the biomedical applications the notion of nanorobots roaming within the
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blood circulation, detecting and treating diseases, has certainly gained remarkable
contributions from block copolymer nanoparticle manipulation. The forefront in the
realization of such concepts seems to consist in the development of hybrid, hierarchical
nanoparticulate systems that make use of block copolymer scaffolds and mimic the nature in
relative simple ways.

Micellar nanoparticles in solution are characterized by a unique core-shell arrangement,
where in an aqueous environment the hydrophobic blocks of the copolymer are segregated
from the aqueous exterior to form the inner core, and the hydrophilic blocks form the corona
or the outer shell. Such nano-objects have been increasingly and successfully tested as
nanosized containers in many fields (drug delivery, cosmetics, fragrances, flavor-masking,
pesticides, pollution remediation, colloids stabilization, etc.), as a result of their ability to
incorporate, retain and release poorly water-soluble, hydrophobic and/or highly toxic
compounds, also minimizing degradation and wastage. At the same time, specific targeting
can be envisaged through molecular recognition processes imparted by natural
bio(macro)molecules attached to micelle periphery such as oligo- and polysaccharides,
proteins and antibodies.

On the core (cargo space) side, and independently of the field of application, considerable
efforts have focused on the enhancement of micellar loading capacity. Ideally, the solubility
parameters of the guest molecules (probe or drug) and the core-forming polymer block should
be the same in order to achieve very high loading into micelles. However, there is no
universal core-forming segment, because each probe or drug is unique. It is important,
therefore, to develop systems in which the latter “matches” in terms of compatibility with the
micellar core. As of this moment, however, high micelle payloads have been rarely reported
in the literature for physical encapsulation of hydrophobic guest molecules. A few examples
do exist, but they appear to be restricted to unique combinations of polymers and guest
molecules.

Further development toward general approaches to prepare high payload micellar

nanocarriers with widened applications is therefore exceedingly welcome.
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Objectives

The central objective of the present work was the conception of original approaches to
develop smart block copolymer nanocontainers exhibiting distinguished ability to
encapsulate, retain, transport and deliver hydrophobic guest molecules.

Through the roadmap undertaken in such a direction, the goals were positioned on the
following aspects, in this order: (i) further advance into the understanding of loading and
release processes of hydrophobic guest molecules encapsulated inside block copolymer
micelles; (i) improve significantly the loading capacity of micellar nanoparticles; (iii)
establish an copolymer structure — cargo capability relationship; (iv) determine the effect of
large amounts of hydrophobic guest molecules entrapped inside the nanocontainers on their
physical chemical parameters (size, shape, polydispersity, stability, etc.); (v) afford access to
the control of release mechanisms and kinetics in highly loaded micellar systems through

clever manipulation of their structure.

Outline of the thesis

The present manuscript is organized in four principal parts. In Chapter I, the fundamentals
along with a literature review covering the state-of-the-art of block copolymer self-assembly
and micelle-mediated solubilization (encapsulation), transport and delivery of hydrophobic
active molecules, will be presented.

In view of the aforementioned objectives, we begin reporting in Chapter Il on the
synthesis and characterization of seven distinct block copolymer systems able to form
micellar nanoparticles in selective solvents. The choices of initiators, monomers and the most
suitable strategy to carry on the polymerizations in each case are discussed therein. Standard
atom transfer radical polymerization (ATRP) and ring opening polymerization (ROP)
procedures were used to obtain the macromolecules.

The physical chemical properties of the micellar nanoparticles resulting from the self-
assembly of as-synthesized di- and triblocks are subsequently investigated in Chapter II1
mainly by means of scattering and imaging techniques. A brief description of basic concepts
underlying the study of micellar systems will precede the results and discussion section.
Within the latter, special attention will be given to the effect of the block copolymer
composition and architecture on the size, shape and stability of micellar nanoparticles, since

all these parameters have important implications on their drug delivery performance.
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The loading and release properties of the block copolymer nanocontainers is then
presented in Chapter IV, which is organized in three principal parts that represent the
astonishing differences in terms of probe contents that could be encapsulated by the particles:
A) Low Loading Capacity Nanoparticles: Correlation between Physical Chemical
Parameters and Delivery Performance;

B) Moderate Loading Capacity Nanoparticles via Polymer — Probe Conjugates:
Multiple Encapsulation and Release Kinetics;

O) High Loading Capacity Nanoparticles via Specific Interactions: Toward a General
Approach.

Finally, the Experimental Part provides comprehensive details on the synthesis,
characterization and manipulation of amphiphilic block copolymers herein investigated, as

well as the description of equipments and respective setups used during the present work.

LR R R R R R R R R R R R S R R L R L

Introduction (Frangais)

LR R S R R R R S R R R S R R R o S R R R S S S R

En solution, les nanoparticules micellaires obtenues a partir de 1’auto-assemblage de
copolymeres a blocs amphiphiles sont caractérisés par une architecture unique du type cceur-
couronne. Dans un environnement aqueux, les blocs hydrophobes du copolymére sont isolés
de l'extérieur pour former le cceur, tandis que les blocs hydrophiles forment la couronne
externe.

Ces particules compartimentées sont investigués de plus en plus en tant que des
récipients nanométriques dans divers domaines (vectorisation de médicaments, produits de
beauté, parfums, pesticides, récupération de pollutions, stabilisation de colloides, etc.), en
raison de leur capacité d'incorporer, maintenir, transporter et libérer les composés faiblement
hydrosolubles, hydrophobes et/ou fortement toxiques, réduisant également au minimum leur
dégradation par différents mécanismes. Parallelement, des approches pour cibler certains
locales spécifiques peut étre envisagée via des processus de reconnaissance moléculaire dont
certaines (macro)molécules attachées a la périphérie des micelles sont responsables, tels que
les saccharides, les protéines et les anticorps.

Indépendamment du champ de l'application, des efforts considérables sont concentrés

sur I’amélioration de la capacité d’encapsulation de ces systémes auto-organisés. Idéalement,
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les paramétres de solubilité de la molécule encapsulée et du bloc formant le cceur de la
nanoparticule doivent étre identiques. Cependant, dans aucun cas il est possible de préparer
des systemes du type universel, car chaque molécule est unique. Par conséquence, le
développement de systemes micellaires avec lesquels les molécules encapsulées seront
compatibles est trés important. A présent, la préparation de nanoparticules a haute capacité
d’encapsulation a été rarement rapportée dans la littérature. Quelques exemples existent,
toutefois ils semblent étre limités aux combinaisons uniques et trés précises des polymeres et
des molécules hydrophobes.

De ces faits, nouveaux développements dans I’encapsulation de molécules hydrophobes
via I’auto-assemblabe de copolymeéres a blocs amphiphiles sont stratégiquement importants

pour I’avancée de ce domaine multidisciplinaire.

Objectifs

L'objectif principal de ce travail était le design d’approches originales pour développer
des nanocontainers ayant une excellente capacité d’encapsuler, retenir, transporter et délivrer
des molécules hydrophobes. Dans une telle direction, les objectifs ont été¢ focalisés sur les
aspects suivants, dans cet ordre : (i) comprendre de maniére claire les processus
d’encapsulation et de libération de molécules hydrophobes par des systémes micellaires
obtenus a partir de [’auto-assemblage de copolymeéres a blocs ; (i) améliorer
significativement la capacité d’encapsulation de molécules hydrophobes par des nanoparticles
micellaires ; (iii) établir une corrélation entre la structure macromoléculaire et la capacité
d’encapsulation ; (iv) déterminer l'effet de grandes quantités de molécules hydrophobes
encapsulés a l'intérieur des nanocontainers sur leurs parametres physico-chimiques (taille,
forme, polydispersité, stabilité, etc.) ; (v) controler le mécanisme et cinétique de libération des

systemes micellaires via manipulation intelligente de leur structure.

Organisation du manuscrit

Ce manuscrit est organisé en quatre parties principales. Dans le Chapitre I, les principes
fondamentaux et les revues bibliographiques seront présentés. En vue des objectifs
mentionnés ci-dessus, nous décriront en Chapitre II la synthése et la caractérisation de sept
systemes distincts de copolymeére a blocs capables de former des nanoparticles micellaires
dans les solvants sélectifs. Les choix des amorceurs, des monomeéres et des stratégies plus

appropriées pour bien mener les polymérisations dans chaque cas seront discutés.
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Les propriétés physico-chimiques des nanoparticles micellaires résultant de I'auto-
organisation de copolymeres a di- et triblocs sont ensuite étudiées en chapitre III,
principalement a travers des techniques de diffusion de lumiére et imagerie.

Les performances d’encapsulation et de libération de chaque systéme de nanocontainers
a base de copolymere a blocs sont alors présentées en Chapitre IV, lequel est organisé¢ dans
trois parties principales représentant les différences trés intéressantes par rapport a la quantité
maximale de molécules hydrophobes encapsulées dans le cceur de la micelle. Ces
nanoparticules sont classées en trois groupes principaux, correspondant a leur capacités
d’encapsulation (LC) A4) faibles, B) modérées et C) élevées.

Les résultats ont trés clairement montré que la capacité d’encapsulation des systémes
micellaires stimulables que nous avons développés peut étre contrdlée avantageusement via
les propriétés structurelles des molécules hydrophobes et des blocs formant le cceur de la

nanoparticule.
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Introduction

This chapter is devoted to the review of fundamentals aspects on block copolymer systems
and the principal breakthroughs achieved through their applications, especially in the
biomedical field.

In Part A, an overview of synthetic strategies to obtain such segmented macromolecules
will initially be given, followed a brief discussion on the thermodynamic driving forces
underlying the fascinating self-assembly phenomena occurring in block copolymer systems.

The solution behavior of amphiphilic macromolecules is contemplated in Part B, with
emphasis to effect of the polymer chain characteristics (architecture, molar mass, composition
and polydispersity) on the properties (morphology, size, stability) of self-organized objects
(spherical core-shell micelles and vesicles) in aqueous media.

The use of nanostructured materials as carrier/container systems for hydrophobic guest

molecules is then highlighted in Part C.

A) Block Copolymers: From Molecules to Objects.

A-1. Approaches for Block Copolymer Synthesis

As of today, the knowledge of synthetic tools in macromolecular chemistry allows almost
all types of block copolymers to be prepared, provided that certain conditions are fulfilled."
The limit seems to be the creativity of polymer chemists face to the emerging challenges in
nanoscience. Experimental procedures for “on-demand” synthesis of polymer chains are
increasingly undertaken after careful pre-analysis and establishment of properties desired for
the resulting materials, and choice of convenient polymerization methods. Certainly, this
scenario has been made possible in recent decades through the development of
“controlled/living” polymerization (CLP) techniques, which have permitted block copolymers

to be prepared and arranged in miscellaneous of architectures, compositions, etc.

The state-of-the-art in block copolymer synthesis has been comprehensively discussed and
reviewed in the last couple of years.””?° The reader is referred to the cited review articles'*"'®

and books'® > for detailed information.

In the present section, we survey the typical strategies for block copolymer synthesis, as
recently reviewed by Taton and Gnanou"® and Hadjichristidis et al.'"* The former authors

summarized the possible routes to prepared AB diblock copolymer structures as shown in
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Figure I-2. In addition to the sequential monomer addition technique (route A), other
strategies can be used. These include coupling of two preformed (co)polymer segments with
antagonist functional end-groups X and Y (route B), combination of different modes of
polymerization (switching from one to another) for the preparation of specific block
copolymers that are not accessible from one polymerization mechanism only (route C), and
one-pot initiation from dual bifunctional initiators for AB block copolymer synthesis (route
D).
CLP, CLP,

I R AV Vol T Tt GV AVAV A VAV

A AB

Coupling W
B) J\V\/ - X’V\f\ —
A B

AB

CLP
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Figure I-2. Illustration of possible routes toward the synthesis of di- or triblock copolymers,
as proposed by Taton and Gnanou."

In route A, the order of monomer addition is an essential consideration for its successful
employment. The growing chains from the polymerization of the first monomer A must be
able to efficiently initiate the polymerization of the second monomer B. Another important
requirement is that the conversion of the first monomer must be near quantitative in order to

prepare well-segmented, structurally homogeneous macromolecules.

The route B is also a common synthetic approach to multiblock copolymers. A forefront
example is the one-pot synthesis of ABC type triblock copolymers via in situ click [3 + 2] and
Diels-Alder [4 + 2] reactions.”’ In fact, during the last five years, click chemistry has been
extensively developed and applied for the preparation of a multitude of novel amphiphilic

macromolecules through coupling of pre-formed chains.*'

Perhaps no reaction in the click
family has received more attention than Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of
terminal alkynes with organoazides to yield 1,4-disubstituted 1,2,3-triazoles. True to a good

click reaction, the process is reliable and high yielding, easy to perform, invariant to the
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presence of air or moisture, and tolerant of a wide range of functional groups.”? The 1,2,3-
triazole ring is resistant to hydrolysis, oxidation, reduction, and other modes of cleavage. In
order to perform a coupling reaction between two A and B homopolymers, both should carry

azide (R—Nj3) and alkyne (R—C=C) complementary/antagonist groups.

Switching from one polymerization technique to another as illustrated by route C is
probably the most largely used synthetic approach in block copolymer nanoscience ever since

13:14 1t is a useful

the emergence of controlled radical polymerization (CRP) in the mid-1990s.
strategy whenever two or more monomers (A, B, etc.) that are to be paired in a targeted block
structure do not polymerize by the same mechanism. The active center T; can be transformed
into an initiating-capable function T either in situ or after isolation of the first block followed
by chemical modification of chain ends. The newly formed active center is then able to
initiate the subsequent chain growth to generate the n™ block. Such an approach has

encountered widespread used in the preparation of a multitude block copolymer systems

exhibiting adequate properties for biomedical applications, especially in drug delivery.

The route D has also gained considerable attention in the last decade because of its
particular capability of allowing the combination of mechanistically distinct polymerization

reactions without the need of intermediate transformations or protective chemistry steps."

The classical approaches represented by route A and route C were used during this work
to prepare amphiphilic di- and triblock copolymers able to form micellar nanoparticles in
water, as is the case of an expressive number of drug delivery systems so far investigated and

also those in clinical trial development (see Part C).

A-2. General Self-Assembly Behavior

In the simplest block copolymer architecture, an AB diblock, a sequence of No monomers
are covalently linked to a sequence of Ng monomers, with an overall composition f = Na/N,
where N = N + Ng. Most AB polymer pairs are immiscible, due to a characteristically small
entropy of mixing (~1/N) and a positive heat of mixing (~yas, the Flory-Huggins interaction
parameter), and consequently such mixtures are thermodynamically unstable. Thus, the
mixing of two different types of polymer chains often results in macroscopic phase

separation.
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Block copolymers offer an attractive route to circumvent this problem, in that the covalent
linkage between blocks suppresses phase separation. Instead, it can undergo a so-called
microphase separation in bulk, or self-assembly process in solution. As a result, each block
will reside in its own phase leading to the formation of ordered domains as a result of short
range attractive and long-range repulsive forces co-existing at the same time.'* "%

The resulting materials thus combine properties of both components, with predictable
microstructures within 10-200 nm length scale. They may adopt a wide variety of structures
and morphologies either in bulk phase or in solution.**** Figure I-3 shows an overview of the
most common structures formed by diblock copolymers, as given by Forster and
Plantenberg,™ and Bucknall and Anderson.’’ This is in reality a very simplified
representation. Several more complex morphologies such as lamellar in lamellar (LL),”

hexagonal in lamellar (HL),”* hexagonal in hexagonal (HH) have been evidenced.’ The more

recent observation is probably the formation of tetragonally (instead of hexagonally) packed

K

bce

cylinders.*

Hex

N A
U\??_\/.. |
Cylindrical
micelle
Vesicle " Ny 44
Modulated iy
lamellag Perforated

Lamellag lamellae

Figure I-3. Schematic representation of the most common self-organized structures in
solution (left) and in bulk phase (right). Scheme formerly proposed by Forster and
Plantenberg,*® and Bucknall and Anderson.”'
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In the present work, the interest is evidently centered on block copolymer morphologies in
aqueous solution. Objectively, a review of the micellization phenomena and physical

chemical properties of the resulting nano-objects is given in the next section.

B) Self-Assembly of Block Copolymers in Aqueous Media

B-1. The Micellization Process

The ability of amphiphilic block copolymers to self-assemble when dissolved in a
selective solvent (i.e., a solvent thermodynamically good for one block and poor for the other)
is well-documented, and constitutes a hot research topic in modern polymer science.’ **
The micellization process leads to the formation of ordered structures in which the contact
between the insoluble block and the solvent is minimized. The soluble block is then oriented
towards the continuous solvent phase and becomes the “corona” of the formed micelle,
whereas the insoluble part will be shielded from the solvent in the “core” of the structure, and
therefore protected from the external environment (Figure 1-4). Important aspects of micelle-

mediated drug delivery are also indicated in this figure, and will be discussed in detail in

Section C, Chapter I.

TR
s

self-assembly

—

L B

X-A-b-B-y \ _

| several tens of nm (10-200 nm) R

I~ d

Figure I-4. Micellization of an amphiphilic linear AB diblock copolymer leading to the
formation of spherical core-corona micelles.*’
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Two principal opposing forces are responsible for such segregation of the polymer chains.
The first force is an attraction between the insoluble blocks, which induces the aggregation.
The second force is the repulsion between the soluble blocks, leading to a limitation in the
size of the aggregates.’® The balance between these two forces is generally defined by the
stretching of polymer chains in the core, the surface tension at the core-corona interface, the
interactions between chains forming the micellar corona, the strength of interaction between
the blocks (represented by the Flory—Huggins interaction parameter, y), and the volume

fraction (¢) of each constituting segment.

Indeed, these physical chemical parameters can be finely adjusted via macromolecular

engineering and clever manipulation strategies.

Depending on the equilibrium between the aforementioned forces during and after the
micellization process of block copolymers, micelles with varying size, morphology and

structural organization may be obtained, as outlined hereafter.

B-2. Micelle Preparation Methods and Manipulation

The methodology of micellar nanoparticles preparation is a key parameter controlling the
mechanism (kinetics and thermodynamics) of self-assembling processes of block copolymers.
However it is neither fully described in the literature nor unique. Lately, the large variety of
amphiphilic polymers (linear and cyclic blocks, stars, dendritic, hyperbranched, etc.)
synthesized through procedures often combining successive polymerization techniques and
chemically distinct monomers™, has demanded increasing efforts in terms of their
manipulation, especially in solution. Frequently, the preparation of well-defined (near
monodisperse) self-assembled structures requires detailed optimization studies, and creativity
of polymer chemists and physicists.

Since the self-organization of polymer chains in solution constitutes a bottom-up approach,
several experimental factors (concentration, temperature, presence of additives, etc) can
potentially influence the packing of the elementary building-blocks (unimers), and therefore
the physicochemical parameters of the resulting objects (aggregation number (Nagg),
hydrodynamic radius (Ry), density of packing, etc.). Indeed, the number of experimental
variables can increase quite rapidly among the preparation methods, and strict control and
knowledge of these methods is certainly needed to achieve a good degree of reproducibly.

In this section, we describe five principal micelle preparation methods based on recent
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results and some practical information that have been employed so far in macromolecular
self-assembling field, highlighting the main adjustable variables in each case. As stated above,
there is no universal strategy to prepare nano-structured polymer-based materials in solution.
In fact, the considerable body of work currently available has demonstrated that in the
research for original aggregates, the precise control over the manipulation of macromolecular
chains is as much important as the design of new monomers and polymers.

The following preparation methods have been largely applied: 1) direct dissolution, 2)
indirect dissolution method (also called dialysis method), 3) stimuli-induced self-assembling,
4) solvent casting/film re-hydratation and 5) emulsion method. The choice of which approach
to use depends mostly on the copolymer solubility in the medium wherein the assemblies are
to be formed. Whenever the resulting assemblies are to exert a given function in a system, the

choice of the method must consider the constraints of the latter.

B-2-1. Direct dissolution

The direct dissolution method simply consists in dissolving a given amount of amphiphilic
block copolymer in a solvent in which at least one of the segments is marginally soluble. In
general, self-assembly takes place progressively upon stirring until the thermodynamic
equilibrium is reached within a period of time varying from minutes to weeks. The self-
organization kinetics depends not only on experimental parameters such as solvent,
temperature, presence of additives, etc., but also on intrinsic macromolecular properties such
as the molecular weight, volume fraction ratio between solvophilic and solvophobic segments,
and glass transition temperature (7).

The manipulation of amphiphilic block copolymers in aqueous environment appears to be
a quite difficult, and direct dissolution has been considered suitable for star-like micelles
(Rcorona > Reore) from systems exhibiting corona-forming blocks longer that the core-forming
blocks *°. Still, the preparation of micellar nanoparticles in water frequently requires the
solution temperature during the preparation protocol to be higher than the 7, of the

constituting blocks **¢

, in order to give mobility to the individual chains. For example, the
hydrodynamic diameter (2Ry) of the micelles originated from self-assembling of
polystyrene,;-b-poly(acrylic acid);; (PS21-b-PAA77, Te(PS21) = 55 °C using DSC) diblocks,
reaches a stable value after 4 hours of stirring at 90°C, ** whereas at room temperature the size

distribution of particles remains very large.
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Meanwhile, such a straightforward approach has been extensively used for micelle
preparations in organic media, principally because the polymer-solvent interactions (i.e.,
parameter) can be tuned by changing (even slightly) the solvent quality, often giving rise also
to different morphologies. This is illustrated in a recent communication by Liu et al.*’
showing that the self-assembling of polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) in low-
alcohol solvents originates multiple morphologies, which can in fact be tailored by choosing
the adequate experimental protocol. In the mentioned work, those authors dispersed PS-b-
P4VP diblocks in alcohol solvents at high temperatures in order to improve the solubility of
PS block, and then the influence of rate of decreasing temperature on multiple morphologies
(including spheres, rods, vesicles, porous vesicles, large compound vesicles, and large
compound micelles) was observed. The transformation of spheres to rods, to large compound
micelles, and to sphere-shaped large compound micelles was also realized.

The presence of additives (low molecular weight compounds or polymers) during the
micellization of block copolymers affects dramatically the thermodynamic equilibrium of the
system as well. For example, Ouarti et al. ** have demonstrated that small amounts of PSs
homopolymer (2 — 5 %) in linear and cyclic PSj90-b-PI;jp block copolymers govern
morphology of the resulting objects in heptane. PS and PI chains constitute the core and the
corona of these micelles, respectively, due to the different affinity of the blocks for heptane
(good solvent for PI). Consequently, the PS homopolymer added is “solubilized” into the
micellar core. Indeed, a morphological transition, from spheres to cylinders for the linear

copolymer, and from cylinders to vesicles for the cyclic copolymer was observed.

B-2-2. Indirect dissolution, co-solvent or dialysis method

When the block copolymer solubility in water is too low, indirect methods of dissolution
are needed. Broadly also known as co-solvent or dialysis method, the indirect dissolution
strategy (Figure I-5) consists in dissolving the block copolymer in a common organic solvent
(i.e., thermodynamically good for both blocks) that is miscible with water such as N,N-
Dimethylformamide (DMF), N,N-Dimethylacetamide (DMAc), tetrahydrofuran (THF) and
acetone. Subsequently, water is added to the organic phase containing molecularly dissolved
chains at controlled rate and amount. Gradually, the solvent quality changes towards opposite
directions for each block, becoming increasingly good for one block and poor for the other. At

the Critical Water Concentration (CWC), the micellization occurs in order to minimize the
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contact between the solvophobic block and the solvent. As a result, self-assembled objects are
generated in solution. It was found that the CWC depends, in addition to the nature of the
common solvent in which the block copolymers are initially dissolved,” on both the polymer
concentration and the molecular weight.”® The higher the polymer concentration, and the
higher the molecular weight, the lower the CWC. The morphology of the objects originated at
this point (onset of the micellization) might not necessarily be in thermodynamic equilibrium.
In fact, the size and shape of the aggregated may evolve not only as a function of the time, but
also the water content.”’

Next, the copolymer/organic solvent/water mixture is dialyzed against water in order to
remove the organic solvent. Alternatively, the mixture can be left to evaporate and/or purged
gently with N, during ca. 24 — 48 h to speed up evaporation in the case of volatile solvents
such as THF and acetone. Technically, the removal of the organic fraction can be followed,
for example, by GC, HPLC and NMR, analysis, as demonstrated in Figure I-6 for
poly(ethylene oxide)ss-b-polycaprolatone,s (PEO4s-b-PCLy4) micellar solutions prepared
using THF as co-solvent. For a 1.0 mg/mL PEO-b-PCL in a mixture of 4:96 v/v THF:water,
"H NMR spectra recorded before (control) and after such a solvent removal procedure (12h
under N, purge) reveal the complete disappearance of chemical shifts associated with protons
in the THF structure, although traces might not be detectable.

A-B Parameters possibly affecting
amphiphilic on the resulting morphology

diblock copolymer
@ Polymer
@ Hydrophilic / hydrophobic balance

(Wolume fraction - ¢)
@ Molar mass

(Flory-Huggins parameter)
@ Polymer concentration (Cipitial

T~

[. Nature of organic solvent ]
)

Organic solution
(molecularly dissolved chains)

lAddilion of water

Water / Organic Solvent
(self-assemblies)

@ Rate of water addition

@ Final water content and CWC
@ Polymer concentration (Cfinal)

@ Temperature, pH, ionic strength

Removal of organic
phase (dialysis, evaporation)

f—

Aqueous solution @ Efficiency of removal
(dialysis, evaporation)

Figure I-5. Schematic representation of preparation of micellar nanoparticles by indirect
dissolution method.*’
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Figure I-6. '"H NMR spectra in 62% DMSO-ds of a 1.0 mg/mL PEO-b-PCL micelles in a
mixture of 4:96 v/v THF:water recorded before (a) and after solvent removal by evaporation
under N, purge (b) (* = solvent residual peak). Results obtained in this work.

The indirect dissolution method — often combined with quenching techniques — has
contributed enormously to the visualization, characterization and application of
unprecedented block copolymer morphologies. Although this procedure is experimentally
simple, it involves a much higher number of controllable parameters (Figure I-5, right), which

in turn affect the properties of self-assemblies.

B-2-3. Stimulus-induced self-organization

Stimuli-responsive macromolecules are characterized by their ability to respond with
abrupt changes in the respective properties, to physical (temperature, light, ionic strength
solvent, etc.) and/or chemical (pH, reactants, molecular recognition) external stimuli. Among

the vast diversity of smart polymeric materials,’> >

those exhibiting pH- and temperature-
responsiveness have been studied the most, due to their contrasting simplicity in terms of
manipulation, and exceptional morphological behavior.

The preparation of micellar aggregates from responsive amphiphilic block copolymers
involves, in a first step, the molecular dissolution individual building blocks in the water.
Subsequently, an external stimulus is applied to the system in order to provoke changes in the
solubility of at least one segment, which then segregates from the aqueous exterior to reduce

unfavorable contact with the latter. This behavior is illustrated below for poly[2-

(methacryloyloxy)ethyl phosphorylcholine]-b-poly[2-(diisopropylamino)ethyl methacrylate]
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(PMPC-b-PDPA) diblock copolymers. PMPC-b-PDPA chains can be molecularly dissolved
in dilute acid solution, since the PDPA block is protonated and hence hydrophilic under these
conditions. On adjusting the copolymer solution to around pH 5-7, the PDPA blocks become
deprotonated and hence hydrophobic, leading to the formation of micelles™ or vesicles™ with
dehydrated PDPA cores, and PMPC coronas, depending on the volume fraction of PDPA
segment (Figure 1-7).

The self-assembling of pH-responsive polymer is often sensitive to the ionic strength of
the medium because of the polyelectrolyte nature of the species at some point (before or after
protonation/deprotonation). The aqueous solution behavior of polyelectrolytes has been
extensively investigated, and certain features are now well established.”*>® For example, it is
known that the presence of charge on a polymer chain leads to its expansion with respect to
the equivalent neutral polymer chain (or highly screened equivalent polyelectrolyte chain),
and that lowering the ionic strength also leads to expansion of the polyelectrolyte coils. As the
ionic strength decreases, the repulsion between polyelectrolyte chains increases, leading to a
change in the second virial coefficient, 4>, and a reduction in light scattering intensity due to
osmotic pressure.”*>® Furthermore, the ionic strength also affects the critical degree of
protonation of weak polyelectrolytes by stabilizing (screening) charged structures.”” As a
result, the equilibrium constant shifts towards the formation of charged structures and the
critical micellization pH (pHuic) increases. Thus, the polyelectrolyte nature of weak polybases
leads to a rich structural dependence of unimers and micelles on parameters such as ionic

strength and pH for these copolymers.

PMPC

NaOH

Hepy i *
b0 P 2
o PDPA

|

I o .
PMPC-b-PDPA in water (pH 2) pH-sensitive vesicle at pH > 6

Figure I-7. Formation of PMPC-h-PDPA block copolymer vesicles.”
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B-2-4. Film casting/film re-hydratation

The solvent casting/film re-hydration protocol comprises the copolymer dissolution in an
organic solvent which may not necessarily be miscible with water (such as methylene
chloride, chloroform, toluene, xylene), followed by slow evaporation of the organic phase.
Removing the organic solvent yields to microphase separated systems in bulk, in a process
favored by incompatibility between constituting blocks. After obtaining a nano-organized
film, an appropriate amount of water can then be added, and the resulting solutions are stirred
in sealed vials for quite long periods of time (at least 1 week) prior to analysis. During this
time, the bulk films are progressively re-hydrated leading to the formation of self-assembled
structures in solutions from pre-organized systems. In fact, this approach has been
successfully applied to the preparation of small unilamellar vesicles (SUVs) from
phospholipids.®

The preparation of block copolymer self-assemblies by solvent casting/film re-hydration
method has been reported recently, for example by Bates®' and Discher,®” for PEO-b-PCL
copolymers having 0.30 < ¢gpcp < 0.70. In those experiments, the copolymer was initially
dissolved in methylene chloride® or chloroform.®> After evaporation of the solvent, the

resulting thin films were re-hydrated to give the desired aqueous micellar solutions.

B-2-5. Emulsion method

The preparation of block copolymer nanoparticles by oil-in-water (o/w) emulsion method
(Figure 1-8) comprises first the copolymer dissolution in a mixture of water and a water-
immiscible organic solvent (or oils such as Lipiodol,” for instance) at a precise volume ratio.
While the hydrophilic segment dissolves in the aqueous phase, the hydrophobic block
solubilizes within nano-sized droplets forming the organic phase. Micellar nanoparticles are
then obtained after removal of the organic phase by dialysis or evaporation.

The oil-in-water emulsion method has been preferentially used for the preparation of
micellar systems containing relatively high payloads of guest hydrophobic molecules (active
drugs, cosmetics, fragrances, toxic or unstable compound, etc.). Its distinguished potential in
such a case originates from the fact that both the guest molecule and the core-forming block
are dissolved together in an organic micro-environment, thus ensuring that the former is

indeed stabilized in a segregated compartment. Upon removal of organic solvent, the drug is
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entrapped inside the nanocontainer, allowing appreciably high loadings (> 50 % w/w,) to be

achieved.

00 o
o ©
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i) mixture of imiscible o

solvents with different guest

block selectivity molecules organic solvent

_——— —_—

removal
Block copolymer
()
micelles in oil-in-water emulsion guest molecules are solubilized loaded micelles

within the organic compartment

Figure I-8. Schematic representation of preparation of loaded micellar nanoparticles by oil-
in-water emulsion method.

B-3. Morphology of Micellar Aggregates

As mentioned above, a variety of morphologies have been accurately characterized mainly
by imaging and scattering techniques. Spheres (including hairy, crew-cut, and large

64-67

compound micelles), slight elliptic objects,®® cylinders® and worm-like (i.e., micrometer-

49, 69-71

. . 1. 72 . . . .
long cylinders), vesicles,” ®” ™ ™ large compound vesicles,” disks,”” bicontinuous

> and hexagonally packed hollow hoops,”® are some of the structures

rods,” hollow tubes,’
reportedly observed in macromolecular self-assembly. The current understanding so far
achieved in this field suggests that in the research for original aggregates, the precise control
over the manipulation of polymer chains is as important as the design of new monomers and
polymers. For example, Figure I-9 shows how the morphology of self-assemblies made from
highly asymmetric PAA;s-b-PS410 diblocks progressively changes as a function of added salt,
which acts on the weak polyacid PAA segment.” As salts are added to such a system, the
morphological spectrum of spheres, rods, vesicles and large compound vesicles can be
traversed.

A question of immediate interest is whether all the structures mentioned in the beginning
of the preceding paragraph are indeed in simultaneous thermodynamic and kinetic equilibria.
The most probable answer is that they are in kinetic equilibrium, but might not necessarily be
in thermodynamic equilibrium.”” Such an affirmation is reinforced by the usual observation of
co-existing morphologies even for narrowly distributed block copolymers. This fact is not
surprising, however, for rather polydisperse systems inasmuch as they might contain chains
with sufficiently different volume fractions of hydrophilic and hydrophobic segments to give

rise to more than one type of aggregates within the same solution.
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The co-existence of multiple morphologies in solution is frequently observed when
micellar nanoparticles are prepared by methods other than direct dissolution of polymer
chains in the desired solvent. In part, this is due to the fact that the aggregation process takes
place in a solvent mixture, and the newly formed particles might remain in a frozen,
kinetically stable state depending on the block copolymer properties. Within the time, the
dynamics of polymer chains (see Section B-5) can however lead to a re-arrangement of the
micellar structure toward the most thermodynamically stable morphology. Although seldom
discussed in the literature, the evolution of micellar systems with time after preparation is a

phenomenon often observed experimentally.

Figure I-9. Micellar aggregates from PS40-b-PAA,s without any additive (a) and with added
NaCl to different final concentrations (in mmol/L): (b) 1.1; (¢) 2.1; (d) 3.2; (e) 4.3; (f) 5.3; (g)
10.6; (h) 16.0; (i) 21.0. Adapted from the work by Zhang and Eisenberg.”
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Whenever diblock copolymer aqueous micellar solutions are prepared by direct
dissolution, three principal morphologies (among all those mentioned above) are observed,
which consist in spherical core-corona micelles, cylinders and vesicles. Roughly, the
formation of spherical micelles are favored for 0.30 < @nydrophobic < 0.70, whereas vesicles are
expected for ghydrophobic > 0.70.** 7178 This is illustrated in Figure I-10 for poly(1,2-butadiene)-
b-poly(ethylene oxide) (PB-b-PEO) diblocks, as reported by Jain and Bates.”' These authors
observed that at constant degree of polymerization of the PB block (Npg), the increase in
volume fraction of PEO (wpgp) segment results in a change in the morphology from vesicles

(here called bilayers — B, micrograph A) to cylinders (C, micrograph B) and then to spheres

(S, micrograph C).
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Figure I-10. Morphology diagram for 10 mg/mL PB-5-PEO micellar solution in water. Npp
and wpgo are the degree of polymerization and weight fraction of the PB and PEO blocks,
respectively. Results reported by Jain and Bates.'

Among the myriad of block copolymer nano-objects that can be prepared in aqueous
solution, spherical core-corona micelles and vesicles are the most interesting morphologies
for the encapsulation of hydrophobic and/or hydrophilic compounds (see Section C, Chapter
I). For the sake of simplicity, and unless otherwise specified, from now on the general term
“micelle(s)” will refer to spherical micelle(s).

In the sequence we outline concisely the physical chemical micellar properties and

experimental parameters affecting their structures.
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B-4. Rationalization of the Micelle Structure

An important body of work has been devoted to the systematic study of structural
parameters of micelles (e.g.: core radius (R.), corona width (), number of aggregation (Nag)
and molar mass (My mic)) as a function of the molecular characteristics of block copolymers
(e.g.: My, Na, Na, ¢, ¢s)."" 7

In the case of neutral micelles, the principal approaches predicting the variations of
physical chemical parameters are based on the scaling concepts formerly described by
Alexander and de Gennes,” and on the self-consistent mean field theory developed by
Noolandi and Hong,*' Nagarajan and Ganesh,** Leibler et al.,** and by Hurter et al.** These
approaches have been used to examine two extreme cases: hairy or star-like micelles and
crew-cut micelles. The so-called hairy or star-like micelles (R, << W, Figure I-11a) are
formed by block copolymers whose insoluble block is much smaller than the soluble block
(Ng << Na). On the contrary, crew-cut micelles (R, >> W, Figure I-11b) are made from
samples in which Ng >> Nj.

a) b)

hairy or star-like crew-cut
micelles micelles

Figure I-11. Schematic representation of hairy or star-like (a) and crew-cut (b) micelles.

The star polymer theory of Daoud and Cotton®™ can be applied in the case of star-like
micelles. By defining the segment density profile as a function of the distance of the core
center for star-like polymers in good solvents, those authors found that the star polymer radius

scales as

RNNj/Sfl/S (I_l)

with f corresponding the number of arms. In a block copolymer micelle, the number of arms

corresponds to the aggregation number N,q,. The latter being described by the relation

Nagg ~ Nj/s (1_2)
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it follows that
R~ N°N}? (1-3)
The scaling theory applied to crew-cut micelles assuming a uniform stretching of polymer
chains in the core, describes the variation of R. and N, as a function of Np as follows:
R, ~y"N,a (1-4)
Noge ~ Ny d-5)

where 7 is the surface tension between block A (solvophilic) and block B (solvophobic), and a
is the segment length. It is interesting to note that the dependence of the micellar properties on
N4 disappears, and therefore the ultimate micelle size is dictated mainly by the length of the
core-forming block (Ng), as demonstrated by Zhulina and Birshtein.*® These authors also
considered four distinct regimes associated to the relative values of Ny and N in their

modelization, as listed in Table I-1.

Table I-1. Scaling laws for micelles as a function of Ny and Np relative values.

Regime Composition R, /4 .

I NA<NBV/6 NB23 NAV Np

1 N0 < Ny < Ng"(#29/6v N Ng (-1/6v

I N 26V N« g VIH29IsY v 33 NV 2
v Ny > NBV(1+2V)/SV NB3/5 NA\/NB2(1-V)/5 NB4/5

v is Flory’s exponent which is equal to 1/2 for 6-solvents and 3/5 for good solvents, respectively.®’

However, such scaling models do not allow the numerical values of structural micellar
parameters characteristics to be directly accessed, since they only predict the trends (i.e., how
a given micellar parameter scales with a given copolymer parameter). Thus, the scaling
models have to be complemented by more detailed mean-field calculations and molecular
simulations.

81-83, 88 \which takes into account the molecular

Using the self-consistent mean field theory,
characteristics of the polymer, the concentration in solution, and the core-corona surface
tension, it was shown that the micelle size at equilibrium and the variation of the N, as a
function of the degree of polymerization can be predicted. A representative study dealing with
the application of these theories (both scaling and self-consistent mean field) has been given
by Forster et al.¥’ for polystyrene-b-poly(4-vinylpyridine) (PS-5-P4VP) system in toluene

(selective solvent for the PS block).
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B-5. Dynamics of Micellar Systems

The dynamics of block copolymer micelles is a relevant issue in the field of
macromolecular self-assembly, especially when such objects are to be used as nanocontainers.
It concerns i) the unimers exchange processes perpetually taking place between chains
molecularly dissolved in the medium and those forming the self-assembly, ii) the so-called
micelle hybridization process and also iii) the dynamics of chains in the micellar core and
corona. According to Riess*' and Gohy® in their comparable reviews on these topics, there is

still a lack of direct measurements of such physical chemical properties of micellar systems.

B-5-1. Critical micelle concentration

The critical micelle concentration (CMC) is defined as the copolymer concentration below
which only molecularly dissolved chains exist but above which both micelles and single
chains (unimers) are present simultaneously. However, even if a micelle system is below its
CMC (C, < CMO), it may still be kinetically stable and survive at least for some period or
time, if i) the core is large, ii) the core material is below the 7, (i.e., in a glassy state) or
crystalline, and iii) the polymerCore-Solvent parameter associated with the interaction between the
hydrophobic core-forming block and the external selective solvent is high.

In drug delivery, it is very important to know the critical micelle concentration of a
particular copolymer micellar system as far as the latter is subje