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cHAPTER 1

Introduction

1.1. General Introduction

The purpose of this thesis is to investigate self-assembled structures of polyelectrolyte
diblock copolymers. We will mainly focus on micelles and vesicles, which are
ordered at a “meso” length scale: larger than the sizes of the individual constituents,
but still microscopic in the nano- to micrometer range. The hierarchical structure
from the single-molecule to the mesoscale is controlled by the chemical properties
of the copolymer, the possible presence of salt, the solvent, and the preparation
procedure [1]. Micelles and vesicles are made of the same building blocks, but
they differ in molecular organization. Copolymer micelles and vesicles have many
physical, chemical, biomedical, and biotechnological applications. Their structural,
dimensional, and multi-functional features provide an opportunity for e.g., transport
of medically active substances, mimic biological membrane processes, and control of
gelation, lubrication, and flow behavior of complex fluids [2—7]. Nowadays, they also
play a pivotal role in the markets for detergencies, catalysis, oil recovery, and separa-
tion (chromatography and electrophoresis) technology to name a few. They also play
a major role in the rapid growth of nanotechnology. The development of nanotech-
nological applications is impossible however without fundamental knowledge of the
interactions between the copolymer blocks and their effect on the (non)equilibrium
properties of the self-assembled micellar and vesicular structures.

With respect to the considerable amount of previous work on polyelectrolyte
copolymer micelles, here we will mainly focus on concentrated, crowded systems.
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The micelles are surrounded by a coronal brush made of the polyelectrolyte attach-
ments. One of the pressing questions is whether these coronal brushes shrink or inter-
penetrate when the micelles are accommodated in an increasingly crowded volume.
This question becomes even more challenging if one considers the osmotic effects
of the small counterions both trapped in the coronal layer and freely dispersed in the
surrounding medium. A complete description of inter- and intramicellar structure on
a variety of length scales is clearly needed in order to understand the functionality of
this class of nano-structured materials. Polyelectrolyte diblock copolymers can also
be used to produce vesicles. These copolymer vesicles are characterized by much
higher mechanical and chemical stabilities compared to the conventional vesicles
made of lipids. In order to optimize the vesicles for specific applications, the prop-
erties of the membrane can be delicately tuned by the way the vesicles are prepared
and by the choice of material. In the second part of this thesis we will explore a new
method to encapsulate DNA within these copolymer vesicles and we will show that
this new class of carrier system can be used for reverse gene delivery.

1.2. Polyelectrolytes

1.2.1. Amphiphilic Diblock Copolymers and DNA

Amphiphilic diblock copolymers with a polyelectrolyte block comprise two linearly
attached moieties: a polyelectrolyte and a hydrophobic chain part. The hydrophilic
polyelectrolyte block bears acid or a base group which may dissociate in a polar
solvent, ionize and release a counterion. In addition to the conventional factors, such
as the presence of salt, the quality of solvent, and the chemical composition and
symmetry of the respective blocks, the amphiphylic behavior has a profound effect
on the complexity of the meso-scale structure.

The DNA molecule is a natural polyelectrolyte due to the negative charge of the
phosphate groups making up the backbone. According to Watson and Crick [8], the
double helical form of DNA is made of two anti-parallel polynucleotide chains, which
are kept together by base pairing. The stability of the double helix is controlled by
small ion screening of the electrostatic repulsive interaction between the negatively
charged backbones [9]. Under biological conditions, plasmid DNA exists in a closed
circular, supercoiled state in which the DNA duplex is wound around another part
of the same molecule to form a higher order helix. When one strand of the duplex
is broken (nicked), the superhelix unwinds and the DNA molecule takes the form of
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Figure 1.1: Neutral micelle in a good solvent.

an open circle (o0cDNA). A break in both strands opens the circle and the molecule
becomes linear.

1.3. Curved Polyelectrolyte Brushes

1.3.1. Theoretical Investigations

Neutral Brushes The structure of spherical polymer brushes has been a subject of
intense theoretical study, mostly based on scaling concepts initially advanced by de
Gennes [10]. It is convenient to begin the theoretical description of spherical micelles
formed by self-assembly of copolymers without considering the effects of charge,
Figure 1.1. The equilibrium size of such a micelle is driven by conformational free
energy and the free energy of short-range interaction between monomers and scales
as

N1/2f1/4a, 6 conditions,
R(f) ~ N (1.1)

35p15 1734, good conditions.

Here, f denotes the number of chains per micelle, each containing N monomer
units of length a, and R is the end-to-end distance. The interaction between monomer
units is described by the second virial coefficient v, which reflects pair contacts
between monomers and depends on temperature, v = (T — 0)/T.

In order to estimate the radial monomer density profile, the polymer brush is
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represented as a system of concentric spherical shells of blobs of size &(r) [11].
Within such a blob, the chain is subjected to either unperturbed Gaussian or excluded
volume statistics, while on larger length scales the brush forms a radial array of blobs.
The correlation length, &£(r), is determined by the local concentration of monomers,
and scales as (ca’)~'a for 6 solvent and (ca®)~>/*v~14q in the case of good solvent.
Close packing of the blobs in the shell of radius r and thickness £(r) implies the
radial dependency of the blob size, &(r) = rf~'/?> and monomer density profile
c(r) ~ fPRr343111].

For micelle concentrations above the overlap concentration, the solution can be
viewed as a dispersion of micelles immersed in a matrix of overlapping chains ends
(sea of blobs). Within the domain of a micelle, the chain statistics is the same as
for individual, diluted micelles. In the sea of blobs, however, the chain statistics is
thought to be same as in a concentrated polymer solution.

Charged Brushes Polyelectrolyte brushes carry electrolyte groups which may
dissociate and release counterions. Such systems have potentially much richer be-
havior then their neutral counterparts, because of the Coulomb interaction between
charges, screening, and osmotic forces caused by ions confined in the interfacial
layer. Two different classes exist. When the fraction of ionized groups is very small,
the electrostatic screening length is much larger than the micelle size, and hence,
inside the corona there is no screening of Coulomb interaction. With increasing
charge fraction the majority of the counterions are trapped within the corona, and
now, the concomitant osmotic pressure gives the main contribution to the corona
stretching force. In the present thesis, all micelles are in this so-called osmotic
regime and we merely summarize the theoretical results pertaining to the latter class
of spherical brushes.

Quenched brush Strong polyelectrolytes with a fixed degree of dissociation and
fixed distribution of charges along the chain constitute a quenched brush. The balance
of the osmotic pressure of the retained counterions and configurational elasticity of
the chains determines the size of the micelles

R(f) =~ Naa~'?, (1.2)

which does not depend on the grafting density. For the osmotic quenched brush, the
fraction of trapped counterions does not vary along the radius, chains are uniformly
stretched, and the monomer density profile decays as 72 [12], see Figure 1.2a. When
salt is added, it penetrates into the polyelectrolyte brush and at the periphery of the
micelle the screening is dominated by the salt ions. The local balance between the
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Figure 1.2: Polyelectrolyte micelle with quenched (a) and annealed (b)
outer region, r > r.. In the inner region, r < r,, the statistics corresponds to
the neutral curved brush in 8-solvent.

differential osmotic force and the local tension in the chain than results in a radial
scaling similar to the neutral spherical brush c(r) = r=#/3.

Annealed brush Weak polyelectrolytes with a small fraction of dissociating mo-
nomers, @ < 0.1, show the local dissociation-recombination balance determined by
the mass action law, a(r) =~ K/cy+(r). Here K is the ionization constant, and H* is
the concentration of ions (in the case of polyacid). The phase diagram of the annealed
brush is richer than the one for the quenched brush. Because of the dissociation and
recombination balance, the charge fraction is now no longer constant and increases
with increasing r. A remarkable result of this charge annealing effect is that the
blob size decreases with increasing distance away from the core, Figure 1.2b, and the
density scales as c(r) ~ r~83 or ¢(r) ~ r=>/3 without or with volume interactions,
respectively [12].

Simulations The scaling results were intensively scrutinized by Self Consistent
Field (SCF) [13, 14], Molecular Dynamics (MD) [15-17] and Monte Carlo (MC)
[18, 19] computer simulations. In general, the studies confirm the scaling results
in the limits of small and large number of chains and small/large concentrations of
salt. However, the computer simulations often show a non-uniform distribution of
the counterions and chain fluctuations, effects which are not captured by the scaling
approaches.

Some of the computational results are particularly of importance in the context of
the experiments reported in this thesis. The SCF calculations [13] shows contraction
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of the polyelectrolyte star even before the overlap concentration ¢* = Nf/R%), in
accordance with our observations. The MD simulations of polyelectrolyte stars [17]
confirm that the solution structure is liquid-like. However, with increasing concen-
tration above c*, the interpenetration of the stars qualitatively modifies the structure
factor: the height of the main peak decreases and that of the second peak increases
with increasing density. This behavior was explained by the existence of two relevant
length scales of the system: one is related to the inter-star distance, whereas the other
corresponds with the size of the star itself [20].

1.3.2. Experimental Results

Polyelectrolyte diblock copolymer solutions exhibit structures at a variety of length
scales: from the nano-sized structures in the core and corona of the micelles to
micro-sized clusters of micelles. Small Angle Neutron and X-Ray Scattering (SANS
and SAXS, respectively) have been used in a complementary way to probe these
structures [21-29]. The size of the micelles and their polydispersity can also be
estimated by Light Scattering (LS) [30-33], whereas the mechanical and the flow
behavior at different time scales have been tested by rheometry [33-38].

Subjected to a beam of X-rays or neutrons, the scattered intensity profile 1(q)
carries information about the structure of the micelles and inter-micelle organization.
The momentum transfer, ¢ = 4n/Asin(6/2), is defined by the wave length A of
the radiation and scattering angle 6 between the incident and scattered beams. For
spherical micelles, this intensity can be factorized: I(q) ~ P(q)S(q), where the
form factor P(g) describes the structure of micelles and S (q) reflects the structural
correlation among micelles.

If the structural arrangement of the micelles is liquid-like, the Percus-Yevick
approximation for hard spheres can be employed to calculate the structure factor.
However, the soft nature of the micelles calls for a long-range, Yukawa-like repulsive
potential [20, 39]. In practice, the structure factor is evaluated with an effective hard
sphere model, possibly supplemented with a short range attraction (Baxter sticky hard
sphere model [40, 41]). The value of the derived effective diameter is than compared
with the structural value and the difference is taken as an indication of the softness of
the micelle.

For polyelectrolyte diblock copolymer micelles with relatively large aggregation
number (~ 100), high charge and minimal screening conditions, SANS experiments
with contrast variation [25, 26, 42] have shown that the coronal layers are fully
stretched. The counterions are confined in the corona and their radial distribution
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is very close to the one pertaining to the corona forming segments. With increasing
concentration, inter micelle correlations become more pronounced and the structure
factor now exhibits a strong correlation peak [29, 43—45]. The position of this peak
scales with concentration as ¢!/3. Besides the regular diffraction peak caused by
inter-micelle interference, another diffuse scattering peak appears at higher angles.
The latter correlation peak scales with concentration as c172[29, 46, 47] and has been
associated with the correlation of monomers pertaining to chains of the same (¢ < ¢*)
and different micelles (¢ > ¢*).

The addition of salt screens the electrostatic interactions, causes contraction of
the brushes, and suppresses inter-micelle interference [25, 32, 48-50]. The density
profile, as has been reported for osmotic micelles in the salt dominated regime [25],
now exhibits two regions as predicted by scaling theory in Ref. [12]. In the inner
region (close to the core) the brush is not affected by the salt and the density profile
obeys r~2 scaling. In the outer region, the screened electrostatic excluded volume
interaction rescales the density profile to 7~#/3. The overall radius scales with the
salt concentration as c;” 3 [48], if the concentration of salt exceeds the ionic strength
of the counterions coming from dissociation of the polyelectrolyte. Remarkably,
annealed brushes at low salt concentrations swell upon an increase of the salt con-
centration [32] due to the additional ionization of the chains [12].

1.4. Polyelectrolyte Vesicles

With the Human Genome Project [51] and the genetic basis of many diseases [52], a
considerable amount of work has been devoted to the design and characterization
of gene delivery systems. These systems are able to protect and transfer genes
through cell membranes and have the potential to cure disease in situ at the genomic
level. Phospholipid vesicles (liposomes) are made of lipid amphiphiles and can be
considered as the predecessor of the polymer based formulations [53-56]. Liposomes
are closed spherical membranes with a typical thickness in the range 3 to 5 nm and
are capable to fuse with the cell membrane [53]. Although liposomes can easily
be formed, they are rather unstable due to the small membrane thickness and large
membrane fluctuations. Their limited stability and poor membrane permeability for
polar molecules have stimulated research to more stable and advanced carrier systems
based on polymers [5, 57-59].

The flexibility of polymer chemistry meets the needs for the design of an efficient
and safe non-viral gene delivery system. The obvious requirements are protection
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of the gene transfer vector against a hostile environment, controlled administration,
stability, non-toxicity, and bio-compatibility [60, 61]. Polymeric vesicles and poly-
mer/DNA complexes (polyplexes) have the additional advantage that they provide
protection against nuclease degradation and controlled release [62—70]. Furthermore,
the carrier is often coupled to a ligand which can bind to a specific receptor on the
targeted cell. A general characteristic of these carrier systems is the large extent
to which the DNA is compacted by polycations [71, 72], proteins [73], colloidal
particles [74—77], or dendrimers [78, 79].

1.4.1. Polymersomes

Like phospholipids, amphiphilic block copolymers self assemble into vesicles by
different pathways: hydration [80]; electro formation [81]; solvent evaporation [5].
Compared to liposomes, polymer vesicles (polymersomes) are different in respect of
the considerably higher molecular weight of the building blocks [3, 82—-84] (Mw > 1
kD compared to < 1 kD for lipids). The thick polymer bilayer results in a decreased
fluidity and increased stability of the membrane. Polymersomes are easily formed if
their bilayer bending elasticity is low and the surface tension is high. The formation
of both phospholipids and polymersomes is a two-step process: the amphiphile forms
a bilayer; this bilayer may close into a vesicle [85, 86]. The high bending modulus
of a polymeric membrane indicates a higher energy required to form the vesicles,
E ~ k., and leads to larger vesicle sizes [87]. This bending energy can be estimated
from the surface tension and the size of a vesicle according to E ~ Ry [85].

Mechanical properties for liposomes [88] and polymersomes [83, 89, 90] have
been studied with the micropipette aspiration technique [91]. The dilation (relative
excess area) of the vesicle is measured in relation to the membrane tension and
elastic deformation. Both liposomes and polymersomes are characterized by almost
the same bending elastic modulus, k., of the order of 10 kgT. The stretching of
polymersomes is more pronounced at high tension, with the stretching modulus in the
range 150 - 450 dyn/cm [83, 89, 90]. These values are on the same order or slightly
higher than the values reported for liposomes (230 dyn/cm) [88]. Not surprisingly,
polymersomes are more robust under the applied forces and the critical tension where
they become unstable occurs at about a 20% dilation factor. For reference, liposomes
rupture at 5% of the relative excess area [83].

Polymersomes are attractive for encapsulation and controlled release of drugs
because of their increased stability and tunable properties. Encapsulation can be
achieved during the vesicle preparation (electro formation, film rehydration) or by
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control of the permeability of the membrane. Release can be achieved by hydrolysis-
driven membrane degradation (for PEG-based polymers [70]), or adhesion of the
polymersome to the cell and further phagocytic uptake (endocytosis, [92]).

1.4.2. Multilayer Capsules

Recently, polyelectrolyte multilayer microcapsules have attracted much attention.
These systems have been designed for their enhanced stability and encapsulation
capabilities. The principle is based on the layer-by-layer adsorption of oppositely
charged polyelectrolytes [93] onto a template colloidal particle. The template can
subsequently removed, and the compartment can be used to encapsulate a drug or
substance [94, 95]. The number of bilayers in the shell can be varied up to ten, and
the total thickness of the shell could be up to 20 nm. Encapsulation by the layer-
by-layer thin film technology has been applied for uncharged small molecules [96],
enzymes [97, 98], proteins [99], polyelectrolytes [100], DNA [101], polysaccha-
rides [102], surfactants, phospholipids, nanoparticles [103], crystals [104], dyes [105,
106], and even single cells [107, 108].

1.5. Thesis Outline

The aim of the thesis is twofold. First, polyelectrolyte copolymer micelles will be
studied to elucidate the role of the micelle concentration on micelle structure and
inter micelle organization. Secondly, we will study giant vesicles as an example
of a superstructure self-assembled by DNA and oppositely charged polyelectrolyte
copolymer.

The structure of the thesis is as follows.

In Chapter 2 the structure of spherical micelles of the diblock copolymer poly
(styrene-block-acrylic acid) [PS-b-PA] in water was investigated with small angle
neutron scattering (SANS). The intermicelle correlation and the extension of the
polyelectrolyte chains in the coronal layer have been investigated through the overlap
concentration. With increasing packing fraction the corona shrinks and/or interpen-
etrate in order to accommodate the micelles in the increasingly crowded volume. At
high charge and minimal screening conditions, the corona layers interpenetrate once
the volume fraction exceeds the critical value 0.53.

In Chapter 3 a more detailed account is given of the experiments reported in
Chapter 2. Furthermore, the counter-ion distribution, the structure of the micellar
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solution and their effect on the flow properties and the visco-elastic behavior are
discussed. The counterion structure factor was obtained with small angle X-ray
scattering (SAXS). It is shown that interpenetration of the polyelectrolyte brushes
controls the fluid rheology: the viscosity increases dramatically and the parallel
frequency scaling behavior of the dynamic moduli shows the formation of a physical
gel.

Chapter 4 describes the preparation and analysis of cationic diblock copoly-
mer poly(butadiene-b-N-methyl 4-vinyl pyridinium) [PBd-b-P4VPQ)] vesicles loaded
with dsDNA fragments (contour length 54 nm). Encapsulation is achieved with
a single emulsion technique. The PBd block forms an interfacial brush, whereas
the cationic P4AVPQ block complexes with DNA and enhances the stability of cap-
sules. Under a change of the quality of the solvent, the PBd brush collapses and
a capsule is formed. This process has been studied with phase contrast, polarized
light, and fluorescence microscopy as well as scanning electron microscopy. The
compaction of DNA is shown by the appearance of liquid crystalline textures under
crossed polarizers and the increase in fluorescence intensity of labeled DNA. To form
vesicles, the capsules are dispersed in aqueous medium supported by an osmotic
agent. The universality of the method will be demonstrated by the encapsulation
of pUC18 plasmid (further detailed in chapter 5) and the “charge inverse” system:
cationic poly(ethylene imine) encapsulated by the anionic diblock poly(styrene-b-
acrylic acid).

In Chapter 5 we further discuss the preparation and characterization of similar
cationic vesicles, but loaded with cloning vector DNA (pUC18 or pEGFP-N1). The
integrity of the DNA after encapsulation and subsequent release was confirmed by
gel electrophoresis. We demonstrate “reverse” transfection of in vitro cultured HelLa
cancer cells growing on plasmid-copolymer vesicles deposited on a glass substrate
by the fluorescence of the expressed green fluorescent protein in cultured cells.
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