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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.

1



2 Chapter 1

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 (ocDNA). 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

R( f ) '


N1/2 f 1/4a, θ conditions,

N3/5υ1/5 f 1/5a, good conditions.
(1.1)

Here, f denotes the number of chains per micelle, each containingN monomer
units of lengtha, andR is the end-to-end distance. The interaction between monomer
units is described by the second virial coefficient υ, which reflects pair contacts
between monomers and depends on temperature,υ = (T − θ)/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 sizeξ(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,ξ(r), is determined by the local concentration of monomers,
and scales as(ca3)−1a for θ solvent and(ca3)−3/4υ−1/4a in the case of good solvent.
Close packing of the blobs in the shell of radiusr and thicknessξ(r) implies the
radial dependency of the blob size,ξ(r) � r f −1/2 and monomer density profile
c(r) ∼ f 2/3r−4/3 [11].

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 BrushesPolyelectrolyte 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 brushStrong 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 ) ' Naα−1/2, (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 asr−2 [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 ≥ rc. In the inner region,r ≤ rc, the statistics corresponds to

the neutral curved brush inθ-solvent.

differential osmotic force and the local tension in the chain than results in a radial
scaling similar to the neutral spherical brushc(r) � r−4/3.

Annealed brushWeak polyelectrolytes with a small fraction of dissociating mo-
nomers,α < 0.1, show the local dissociation-recombination balance determined by
the mass action law,α(r) ' K/cH+(r). HereK 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 increasingr. 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 asc(r) ∼ r−8/3 or c(r) ∼ r−5/3 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 concentrationc∗ = N f/R3), 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 abovec∗, 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 profileI (q)
carries information about the structure of the micelles and inter-micelle organization.
The momentum transfer,q = 4π/λ sin(θ/2), is defined by the wave lengthλ of
the radiation and scattering angleθ between the incident and scattered beams. For
spherical micelles, this intensity can be factorized:I (q) ∼ P(q)S(q), where the
form factorP(q) describes the structure of micelles andS(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 asc1/3. 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 asc1/2 [29, 46, 47] and has been
associated with the correlation of monomers pertaining to chains of the same (c < c∗)
and different micelles (c > c∗).

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
obeysr−2 scaling. In the outer region, the screened electrostatic excluded volume
interaction rescales the density profile tor−4/3. The overall radius scales with the
salt concentration asc−1/5

s [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 ∼ kc, and leads to larger vesicle sizes [87]. This bending energy can be estimated
from the surface tension and the size of a vesicle according toE ' Rγ [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,kc, of the order of 10 kBT. 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 P4VPQ 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 HeLa
cancer cells growing on plasmid-copolymer vesicles deposited on a glass substrate by
the fluorescence of the expressed green fluorescent protein protein in cultured cells.
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CHAPTER 2

Do Interacting Spherical Polyelectrolyte
Brushes Interdigitate?

The structure of spherical micelles of the diblock copolymer poly(styre-
ne-block-acrylic acid) in water was investigated with small angle neutron
scattering (SANS) and contrast matching. We have monitored intermi-
celle correlation and the extension of the polyelectrolyte chains in the
coronal layer through the overlap concentration. Irrespective of ionic
strength, the corona shrinks with increasing packing fraction. Further-
more, at high charge and minimal screening conditions, the corona layers
interpenetrate once the volume fraction exceeds the critical value 0.53.

2.1. Introduction

Applications of polyelectrolyte brushes are numerous: from stabilization of colloidal
suspensions, through control of flow behavior, to cell adhesion and drug delivery
[1–3]. Polyelectrolyte brushes can be prepared by anchoring ionic chains at an inter-
face [4, 5] or one can use the principle of self-assembly of diblock copolymers [6–12].
They can be classified according to their morphology, including planar, cylindrical,
and spherical brushes. The key concept in understanding of their functioning is the
structure of the brush in terms of polymer density and counterion binding. Contrary
to neutral brushes, stretching of the polyelectrolyte brush is primarily effected by
the osmotic pressure exerted by counterions adsorbed in the layer, rather than the
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repulsion between monomers.
Spherical micelles formed by the aggregation of diblock copolymers typically

consist of a neutral core surrounded by a polyelectrolyte coronal brush. For individual
micelles, the corona size and its relation to charge, screening, and counterion distri-
bution have been investigated [6–11]. The main results are osmotic star-branched
polyelectrolyte behavior, full corona chain stretching at high charge and minimal
screening conditions, similar counterion and corona segment density profiles, and
charge annealing effects toward the outer corona region at low degrees of ionization.

Despite a considerable body of work, little is known about the organization among
micelles and how the structure of the corona changes when the micelles interact.
In particular, the extent to which the coronal layers contract or interdigitate upon
an increase in concentration is an open question [7]. Concentrated polyelectrolyte
copolymer systems have vast technological potential due to providing control of,
e.g., gelation, lubrication, and flow behavior [1, 2]. It is our contention that the
behavior of interacting polyelectrolyte brushes, including interdigitation, is important
in understanding the fluid properties.

Here, we report small angle neutron scattering (SANS) experiments on a model
system of spherical micelles up to concentrations where the coronas have to shrink
and/or interpenetrate in order to accommodate the micelles in the increasingly crow-
ded volume (the functionality is fixed due to a glassy core). We focus on the predicted
contraction of the corona before overlap, possible interdigitation at high packing frac-
tion, and the relation with charge and electrostatic screening [13, 14]. The core and
corona structure factors, as obtained from contrast matching in water, are interpreted
in terms of core size, inter-micelle correlation, and statistical properties of the corona-
forming segments. Comparison of the micelle diameter from the form factor analysis
with the diameter from the center of mass structure factor and with the average inter-
micelle distance will then show the extent to which the coronal layers interpenetrate.

2.2. Theory

We express the core or corona (i) structure factor as

Si(q) = Pi (q) Scm(q) (2.1)

with form factor Pi (q) and micelle center of mass structure factorScm(q) [15].
The core can be described by a homogeneous sphere with diameterDcore. For the
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corona, we adopt an algebraic radial density profileρcorona ∼ r−α, Dcore < 2r <

Dmic with outer micelle diameterDmic. The value ofα is determined by the chain
statistics [13]. At high charge and minimal screening conditions, the chains are
almost fully stretched andα = 2. In excess salt, the additional screening of Coulomb
interaction results in a radial decay similar to neutral star-branched polymers with
α = 4/3 [16]. At low degree of ionization, the scaling exponent takes the value8/3
due to charge annealing effects. In the long wavelength limit (q → 0), the form
factors are normalized to the number of copolymers per micelle,i.e. the aggregation
numberNag.

For polyelectrolyte copolymer micelles, an analytic expression for the center of
mass structure factor is not available. We have analyzed the data with a hard sphere
potential and the Percus – Yevick approximation for the closure relation [17]. The
fit parameters are the micelle densityρ and hard sphere diameterDhs. The hard
sphere diameter should be interpreted as an effective diameter; its value could be
smaller than the outer micelle diameter if interpenetration occurs. We have also tested
a repulsive screened Coulomb potential [19]. However, the effect of electrostatic
interaction among the micelles was found to be modest, which is attributed to the
fact that almost all neutralizing counterions are confined in the coronal layer [10].

2.3. Experimental Section

We studied micelles formed by poly(styrene-block-acrylic acid) [PS-b-PA] (Polymer
Source Inc.) with degrees of polymerization 20 and 85 of the PS and PA blocks,
respectively. At ambient temperature, the PS core is in a glassy state, which results
in micelles with fixed core size and functionality. The PA corona charge is pH
dependent and can be varied between almost zero and full (100%) charge where
every monomer carries an ionized group. Six sets of solutions with 100, 50, and 10%
corona charge were prepared: 3 sets without added salt, in another 3 the salt (KBr)
concentration is 1.0 M (100 and 50% charge) or 0.04 M (10% charge). Each set
was prepared with 4 copolymer concentrations ranging from the dilute to the dense
regime, where the coronas should interpenetrate if they do not shrink [20]. Next, we
applied contrast variation with 4 solvent compositions: 0%, 29% (PS-matched), 70%
(PA-matched), and 100% D2O. SANS was measured at ambient temperature with
the D22 and PAXY diffractometers situated on the cold sources of the Institute Laue-
Langevin and Laboratoire Leon Brillouin, respectively. A wavelength of 0.8 nm with
a 10% spread was selected. We obtained the core and corona structure factors by a
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Figure 2.1: Core PS (a) and corona PA (b) structure factor versus
momentum transfer for fully charged PS-b-PA micelles without added salt.
The copolymer concentration is 44 (4), 30 (♦), 17 (�), and 4.4 (◦) g/l from
top to bottom. The data are shifted along the y-axis. The curves represent

the model calculations.

simultaneous 2-parameter fit to the data from the 4 solvent compositions [9–11]. As
an example, the results pertaining to the fully charged micelles without added salt are
displayed in Figure 2.1. The corresponding micelle center of mass structure factor is
shown in Figure 2.2 (for all, but the lowest concentration).

At the lowest micelle concentration, inter-micelle interference is insignificant and
the core and corona structure factors can directly be compared with the relevant form
factors. With increasing concentration and minimal screening conditions, a primary
and higher order correlation peaks emerge. The position of the primary peak scales
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with the copolymer concentrationCpol according toC1/3
pol , which is characteristic for

micelles with fixed aggregation number and local spherical symmetry. There is no
major change in the highq behavior of the corona structure factor with increasing
packing fraction. This shows that the chains remain almost fully stretched andα = 2.
The lines in Figure 2.1 represent the model calculations with form factor parameters
Dcore = 9 nm andDmic displayed in Figure 2.3 (the parameters pertaining to the fit of
the center of mass structure factor,Dhs andρ, are discussed below).

With excess salt, inter-micelle interference is largely suppressed and the corona
structure factors are compared with the form factor calculated withα = 4/3 (100 and
50% charge) or8/3 (10% charge). The fitted micelle diameters are also displayed
in Figure 2.3.

With added salt and/or at low degree of ionization, the coronal layers are less
extended. The ionic strength and charge dependencies of the micelle diameter agree
with our previous results obtained for more diluted samples [9–11]. With increasing
packing fraction, the diameter of the micelles, as obtained from the form factor
analysis, decreases. However, the extent to which the coronal layers shrink is modest
and similar under all conditions. The gradual decrease in size is due to interaction
among micelles, increased counterion adsorption, and/or Donnan salt partitioning
between the coronal layer and the supporting medium [5, 13].

From the normalization of the structure factors, an aggregation numberNag around
100 is derived, irrespective of charge, copolymer concentration, and ionic strength.

Inter-micelle interference is more clearly demonstrated in Figure 2.2, where the
core structure factor has been divided by the core form factor (full charge and no
added salt). Although the center of mass structure factor could also be derived from
the corona structure factor, we have chosen to use the core structure factor because
the core form factor shows a smooth and moderate variation in the relevantq-range
(even so, consistency with the corona structure factor is illustrated in Figure 2.1b).
The intensity of the correlation peaks first increases and eventually levels off with
increasing packing fraction, which shows the progressive and saturating ordering of
the micelles. It can be emphasized that for the present volume fractions the position
of the primary peak is mainly determined by density, whereas the respective positions
of the higher order correlation peaks are most sensitive to the value of the hard
sphere diameter. The lines in Figure 2.2 represent the hard sphere solution structure
factor convoluted with the instrument resolution with fitted micelle densities and
hard sphere diameters displayed in Figure 2.3. The hard sphere model is capable of
predicting the positions of the primary and higher order peaks. The ratio of the fitted
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Figure 2.2: Center of mass structure factor versus momentum transfer (full
charge, without added salt). The concentrations are as in Figure 2.1. The
data are shifted along the y-axis. The curves represent the hard sphere

structure factor.

micelle densities and known copolymer concentrations provides an alternative way
to obtain the aggregation number,Nag = 98± 10. This value is in perfect agreement
with the one obtained from the normalization of the structure factors.

Clear deviations between the experimental data and the hard sphere prediction are
observed in the lowq-range. The model underestimates the intensity of the second or-
der peak with respect to the primary one. We have checked that a repulsive, screened
Coulomb potential does not improve the fit, nor does it significantly influence the
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Figure 2.3: Concentration dependence of the diameter of 100 (a), 50 (b),
and 10% (c) charged PS-b-PA micelles: (•), Dmic without added salt; (◦),
Dmic in 1.0 M (100 and 50%) or 0.04 M (10% charge) KBr. The hard-sphere
diameter of salt-free micellesDhs is denoted by (�). The lines represent

ρ−1/3, i.e. the average inter-micelle distance.

peak positions for reasonable values of the micelle charge (the net micelle charge
is small, because almost all counterions are confined in the coronal layer [10]). The
failure in predicting the relative amplitude of the higher order peak is probably related
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to the softness of the micelles; similar behavior has been reported for interpenetrating
neutral polymer stars [18]. The deviations observed in the lowq-range might be
due to long-range inhomogeneity in density, the formation of aggregates, and/or
stickiness between the micelles. Although the latter phenomenon is likely, we have
refrained from interpreting our data with more elaborate models, such as the sticky
hard sphere model [21].

The hard sphere diameters were derived for salt-free micelles only, because in
the presence of excess salt inter-micelle interference is effectively suppressed. For
the less concentrated, 17 g/l solutions, the hard sphere diameters equal the micelle
diameters derived from the form factor analysis (Figure 2.3). This supports the
applicability of the hard sphere interaction model in order to extract the effective
hard sphere diameters. At higher packing fractions and for the 50 and 100% charged
micelles in particular, the effective hard sphere diameters are significantly smaller
than the outer micelle diameters (Dmic and Dhs can be estimated within 3 and 2%
error margin, respectively). We take the difference as a measure of the extent to
which the corona layers interpenetrate. Accordingly, the 100 and 50% charged, salt-
free micelles interpenetrate around 17 g/l; for the smaller 10% charged micelles this
happens at a higher concentration, say 25 g/l.

Figure 2.3 also displays the average distance between the micellesρ−1/3. Once
the micelles interpenetrate, the effective hard sphere diameter equalsρ−1/3. Based on
the optimized densities and hard sphere diameters, effective micelle volume fractions
are calculated. For interpenetrating micelles, the effective volume fraction is found to
be constant within experimental accuracy and takes the value0.53±0.02. Notice that,
although this volume fraction corresponds with closely packed, simple cubic order,
the center of mass structure factor remains liquid-like and no long-range order in the
diffraction patterns is observed. Interdigitation thus occurs when the volume fraction
exceeds the critical value 0.53. For higher copolymer concentration, this value is
effectively preserved by interpenetration of the coronal layers.

2.4. Conclusions

We conclude that with increasing packing fraction and minimal screening conditions
the micelles shrink and the coronal layers eventually interdigitate. This effect is most
pronounced for higher corona charge. In the presence of excess salt, the coronas also
contract, but interpenetration does not occur in the present concentration range.
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CHAPTER 3

Structure of strongly interacting polyelectrolyte
diblock copolymer micelles

The structure of spherical micelles of the diblock copolymer poly(sty-
rene-block-acrylic acid) [PS-b-PA] in water was investigated up to con-
centrations where the polyelectrolyte coronal layers have to shrink and/

or interpenetrate in order to accommodate the micelles in the increas-
ingly crowded volume. We obtained the partial structure factors pertain-
ing to the core and corona density correlations with small angle neutron
scattering (SANS) and contrast matching in the water. The counterion
structure factor was obtained with small angle X-ray scattering (SAXS)
with a synchrotron radiation source. Furthermore, we have measured
the flow curves and dynamic visco-elastic moduli. The functionality
of the micelles is fixed with a 9 nm diameter PS core and a corona
formed by around 100 PA arms. As shown by the SAXS intensities,
the counterions are distributed in the coronal layer with the same density
profile as the corona forming segments. Irrespective of ionic strength and
micelle charge, the corona shrinks with increasing packing fraction. At
high charge and minimal screening conditions, the polyelectrolyte chains
remain almost fully stretched and they interdigitate once the volume
fraction exceeds the critical value0.53± 0.02. Interpenetration of the
polyelectrolyte brushes also controls the fluid rheology: the viscosity
increases dramatically and the parallel frequency scaling behavior of the
dynamic moduli suggests the formation of a physical gel. In excess salt,
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the coronal layers are less extended and they do not interpenetrate in the
present concentration range.

3.1. Introduction

Polyelectrolyte diblock copolymers have found widespread applications from the
stabilization against colloidal flocculation, through encapsulation and delivery of
bioactive agents, to the control of fluid rheology [1, 2]. In water or aqueous solution,
the hydrophobic attachment provides a mechanism for self-assembly and mesoscopic
structures are formed. These structures can be classified according their morpholo-
gies, including spherical and cylindrical micelles, as well as lamellar and vesicular
arrangements [3, 4]. The polyelectrolyte chains are anchored at the hydrophobic
micro-domains and they form an interfacial brush. The key concept in understanding
of the functioning of this class of materials is the structure of the polyelectrolyte
brush in terms of the polymer and counterion density profiles [5]. In contrast to
neutral brushes, stretching of the polyelectrolyte brush is primarily affected by the
osmotic pressure exerted by the counterions adsorbed in the layer, rather than the
repulsion between monomers [6–8].

Spherical micelles of polyelectrolyte diblock copolymers typically consist of a
neutral core surrounded by a polyelectrolyte coronal layer. In particular, when the
functionality (i.e., aggregation number) is fixed due to the high glass temperature
of the core, these micelles provide an excellent model system to investigate the
properties of the corona without complications related to copolymer rearrangements.
For individual micelles, the corona size and its relation to charge, screening, and
counterion distribution have been investigated with scattering techniques. The main
results are osmotic starbranched polyelectrolyte behavior, full corona chain stretch-
ing at high charge and minimal screening conditions, and robustness of the coronal
layer against the salinity generated by the addition of salt [9–11]. At low degrees
of ionization, the corona charges migrate to the outer micelle region due to the
recombination/dissociation balance of weak polyacid [12]. It was also found that
the counterion radial density profile is very close to the one for the corona forming
copolymer segments and that most, if not all counterions are adsorbed in the coronal
layer [13, 14].

Despite the considerable body of experimental work, not much is known about
the organization among micelles and how the coronal layers respond when the mi-
celles interact. Electrostatic interactions are anticipated to be of minor importance,
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due to the almost complete neutralization of the micelles by trapping of the coun-
terions in the polyelectrolyte brush. In particular, the extent to which the relatively
dense brushes of copolymer micelles contract and/or interdigitate is an open question
[15]. Concentrated polyelectrolyte copolymer systems have great technological po-
tential, mainly through the control of gelation, lubrication, and visco-elasticity [1, 2].
Interaction between the polyelectrolyte brushes is a key concept in explaining the
fluid behavior. In the previous chapter we reported small angle neutron scattering
(SANS) experiments on a model system of spherical micelles up to concentrations
where the coronas have to shrink and/or interpenetrate in order to accommodate the
micelles in the increasingly crowded volume [16]. It was observed that, irrespective
of ionic strength, the corona shrinks with increasing packing fraction. At high charge
and minimal screening conditions, the corona layers interpenetrate once the volume
fraction exceeds a certain critical value. In this paper, we give a more detailed
account of the data analysis and report more results, including small angle X-ray
(SAXS) experiments for the determination of the counterion distribution as well as
flow measurements to characterize fluid rheology.

We studied micelles formed by poly(styrene-block-acrylic acid) [PS-b-PA] with
degrees of polymerization 20 and 85 of the PS and PA blocks, respectively. At
ambient temperature, the PS core is in a glassy state, which yields micelles with fixed
core size and functionality. The PA corona charge is pH dependent and can be varied
between almost zero and full (100%) charge where every monomer carries an ionized
group. In the scattering experiments, we focus on the counterion distribution in the
coronal layer, the contraction of the corona before overlap, interdigitation at high
packing fraction, and the relation with charge and electrostatic screening [17, 18].
The core and corona structure factors, as obtained from SANS and contrast matching
in water, are interpreted in terms of core size, statistical properties of the corona-
forming segments, and the thickness of the coronal layer. The ion distribution in
the coronal layer is gauged from a comparison of the corona structure factor and the
SAXS intensity dominated by the scattering of the relatively heavy Cs+ counterions.
Comparison of the micelle diameter from the form factor analysis with the effective
diameter from the micellar center of mass structure factor will then show the extent to
which the coronal layers interpenetrate. To further investigate the interdigitation and
the possible formation of an interconnected network of micelles, we have measured
the shear rate dependence of the viscosity and frequency sweeps of the visco-elastic
storage and loss moduli of some representative samples.
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3.2. Scattering Analysis

3.2.1. From Intensities to Structure Factors

The structure factors describing the density correlations of the PS and PA copoly-
mer blocks are obtained from SANS. For a diblock PS(NPS)-b-PA(NPA) copolymer
solution, with NPS and NPA the number of monomers of the PS and PA block,
respectively, it is convenient to consider the blocks as the elementary scattering units
[19]. Every PS block is attached to a PA block, and, hence, the macroscopic block
concentrations exactly match the copolymer concentrationρPS = ρPA = ρ. The
distribution of the counterions along the micelle radius equals the one for the PA
monomers, as shown by previous SANS work of samples with isotopically labeled
counterions and the SAXS experiments described below [13]. We will consider,
accordingly, the diblock copolymer solution as an effective 3- component system,
i.e., the core PS block, the corona PA block with neutralizing counterions, and the
solvent. The coherent part of the solvent corrected scattered intensity is given by the
sum of 3 partial structure factors describing the density correlations among the PS
and PA blocks:

I (q)/ρ = b
2
PSN2

PSSPS (q) + 2bPSbPANPSNPASPS−PA (q) + b
2
PAN2

PASPA (q) (3.1)

with the blockmonomerscattering length contrastsbPS andbPA, respectively. The
scattering length density of the PA blockbPA is calculated by taking the relevant
average of the values pertaining to PA in its acid and neutralized forms, respectively.
Momentum transferq is defined by the wavelengthλ and scattering angleθ between
the incident and scattered beam according toq = 4π/λ sin(θ/2). The partial structure
factors Si j (q) are the spatial Fourier transforms of the block density correlation
functions

Si j (q) =
1
ρ

∫

V

d~r exp
(−i~q · ~r) 〈ρi (0) ρ j

(
~r
)〉 (3.2)

with i, j = PS, PA (Sii is abbreviated asSi). In an H2O/D2O solvent mixture, the
SANS scattering length contrast is given by

bi = bi − bsνi/νs, b = X (D2O) bD2O + (1− X (D2O)) bH2O (3.3)

with X(D2O) the D2O mole fraction. The monomer (i) and solvent (s) have scattering
lengthsbi andbs and partial molar volumesνi andνs, respectively. In our SANS
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experiments, the core and corona structure factors are obtained from the intensities
by contrast variation in the water,i.e., by adjusting the solvent scattering lengthsbs.

In a selective solvent, the copolymers form spherical aggregates with a hydropho-
bic PS block core and a polyelectrolyte PA block corona. If the radial density of
the corona is assumed to be invariant to fluctuations in inter-micelle separation, the
structure factor Eq. (3.2) takes the form

Si j (q) = N−1
i j Fi (q) F j (q) Scm(q) (3.4)

with the micelle aggregation numberNag, the form factor amplitudeFi (q), and the
micelle center of mass structure factorScm(q). In the absence of interactions between
the micelles and/or at sufficiently high values of momentum transferScm(q) reduces
to unity. The form factor amplitudeFi (q) can be expressed in terms of theradial
core (i = PS) or corona (i = PA) densityρi (r)

Fi (q) =

∫

Vmicelle

d~r exp
(−i~q · ~r) ρi

(
~r
)

=

∫
dr sin(qr) / (qr) 4πr2ρi (r) . (3.5)

The scattering amplitudes are normalized toNag atq = 0.
The factorization of the structure factors into the intra-micelle form factor ampli-

tudesFi (q) and the inter-micelle center of mass structure factorScm(q) according to
Eq. (3.4) is important in recognizing relations between the different partial structure
factors and the data analysis procedure. The center of mass structure factorScm(q) is
positive definite, since it represents a scattered intensity (i.e., a squared amplitude).
The intensities Eq. (3.1) can now be expressed in terms of 2 factorsui (q) rather than
3 partial structure factorsSi j (q) (i, j = PS, PA):

I (q)/ρ =
[
bPSNPSuPS (q) + bPANPAuPA (q)

]2
, ui (q) =

[
Scm(q) /Nag

]1/2
Fi (q) .

(3.6)
As shown in previous work, explicit use of Eq. (3.4) in the data analysis procedure
according to Eq. (3.6) is consistent with a 3-parameter fit ofall partial structure
factors [11–13]. The concomitant reduction in number of adjustable parameters
provides an improved statistical accuracy in the derived structure factors.

In the case of our SAXS experiments, we have neutralized the polyelectrolyte
copolymer with CsOH. Since the Cs+ ion is much heavier (atomic numberZ = 55)
than the organic copolymer atoms, the scattering is dominated by the counterions
in the coronal layer. Accordingly, the SAXS intensity is directly proportional to the
counterion structure factor with a small contribution from the copolymer (see below).
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3.2.2. Solution Structure Factor

For polyelectrolyte copolymer micelles, an analytic expression for the center of mass
solution structure factor is not available. We have analyzed the data with a hard
sphere potential and the Percus – Yevick approximation for the closure relation [20].
The solution structure factor has the form

Scm(q)−1 − 1 = 24φ
[
α f1 (Dhsq) + β f1 (Dhsq) + φα f3 (Dhsq) /2

]
, (3.7)

with

α =
(1 + 2φ)2

(1− φ)4
, β =

3φ (2 + φ)2

2(1− φ)4
, (3.8)

and

f1 (x) = (sin(x) − xcos(x)) /x3,

f2 (x) =
(
2xsin(x) −

(
x2 − 2

)
cos(x) − 2

)
/x4,

f3 (x) =
((

4x3 − 24x
)
sin(x) −

(
x4 − 12x2 + 24

)
cos(x) + 24

)
/x6. (3.9)

The fit parameters are the hard sphere diameterDhs and the volume fractionφ =

π/6D3
hsρmic with micelle densityρmic. The hard sphere diameter should be interpreted

as an effective diameter; its value could be smaller than the outer micelle diameter
if interpenetration occurs. It is known that for soft objects the hard sphere potential
does not correctly predict the relative amplitudes of the primary and higher order
correlation peaks [21]. As will be discussed below, we have also tested a sticky hard
sphere model and a repulsive screened Coulomb potential [22, 23]. However, the
effect of electrostatic interaction among the micelles was found to be modest, which
is attributed to the fact that almost all neutralizing counterions are confined in the
coronal layer [13, 14].

3.2.3. Core and Corona Form Factors

The core can be described by a homogeneous dense sphere with densityρps and
diameterDcore. Accordingly, the radial PS block density is uniform for0 ≤ 2r ≤
Dcore and given byρPS(r)πD3

core/6 = Nag and zero for2r > Dcore. For such uniform
profile, the core scattering amplitude reads

FPS(q) =
24Nag

(qDcore)3

[
sin(qDcore/2) − (qDcore/2) cos(qDcore/2)

]
. (3.10)
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Expressions for the scattering amplitude of Gaussian chains with constant density in
the coronal layer (and the interference with the spherical core) are available in the
literature [23]. However, due to the relatively small core size and the mutual segment
repulsion induced by the charge, the density in the coronal layer is non-uniform and
varies along with the radius away from the core. To describe the corona structure we
will adopt an algebraic radial PA block density profile

ρPA(r) = ρo
PA (2r/Dcore)

−α , Dcore < 2r < Dmic , (3.11)

where corona chain statistics determines the value ofα andρo
PA is the density at the

core – corona interface. The latter interfacial density is related to the outer micelle
diameterDmic through the normalization requirement (i.e., by integration of the radial
profile)

π
(
D3−α

mic Dα
core− D3

core

)
= 2(3− α) Nag . (3.12)

We will calculate the corona form factor amplitude with algebraic profile Eq. (3.11)
by numeric integration, although analytical expressions are available [25]. The core
PS and corona PAform factors are related to the square of the scattering amplitudes
and take the form

PPS(q) = F2
PS(q)/Nag , PPA(q) = F2

PA(q)/Nag . (3.13)

The algebraic profile Eq. (3.11) accounts for theaveragecorona density scaling
and neglects corona chainfluctuations. The effect of fluctuations on the scattering
behavior is important when the momentum transfer is on the order of the inter-
molecular correlation distance within the corona. Furthermore, they contribute to
the corona structure factor (= SPA) only, the cross termSPS−PA is unaffected due to
the heterodyne interference between the amplitudes scattered by the homogeneous
core and heterogeneous corona [26, 27].

3.3. Corona Chain Statistics

The value of the scaling exponentα in Eq. (3.11) is determined by the chain statistics
in the coronal layer. In the present contribution, the corona statistics is gauged from
the scaling approaches for star-branched polyelectrolytes [6–8]. These polymers can
also serve as a model for spherical diblock copolymer micelles; the presence of the
core does not invalidate the scaling results. The fact that the coronal region cannot



36 Chapter 3

extend right to the center of the micelle merely sets a certain minimum correlation
length (i.e., blob size) at the core-corona interface.

It is convenient to start the analysis of the corona statistics from micelles with a
large fraction of ionized groups and no added salt. In this situation, charge-annealing
effects are unimportant, most of the counterions are trapped in the coronal layer, and
the concomitant osmotic pressure gives the main contribution to the corona stretching
force. The radial scaling of the correlation length can be derived from the balance
of the elastic, conformational, stretching force and the osmotic pressure exerted by
the counterions. Since the fraction of trapped counterions does not vary along the
radius, the correlation length is constant. The formation of radial strings of blobs
of uniform size and, hence, uniform mass per unit length results in an outer-coronal
density scaling exponentα = 2. Due to space restrictions, in the inner-coronal region
the correlation length is expected to decrease (withα on the order of unity). However,
in previous work we found no evidence for this effect, because for sufficiently high
charge fraction the correlation length is smaller than the average distance between the
chains at the core-corona interface as set by the grafting density [12]. Our fully and
50% ionized samples are in the osmotic regime, and, without added salt, the chains
in the coronal layer are near 100% stretched with a density scaling proportional to
the inverse second power of the radius away from the core (α = 2).

An additional screening of Coulomb interaction becomes important when the
concentration of added salt exceeds the concentration of counterions in the coronal
layer. The corona stretching force is now proportional to the difference in osmotic
pressure of co- and counterions inside and outside the micelle. This difference in
osmotic pressure can be obtained by employing the local electroneutrality condition
and Donnan salt partitioning between the micelle and the bulk of the solution [8]. An
increase in salt concentration results in a gradual contraction of the micelle according
to Dmic ∼ C−1/5

s , because of additional screening of the Coulomb repulsion among
the ionized polyelectrolyte block monomers (i.e., a decrease in electrostatic excluded
volume interactions). In the salt dominated regime, the radial decay of the monomer
density is described by the same exponentα = 4/3 as in neutral star-branched poly-
mers with short-range excluded volume interactions in a good solvent [28]. However,
in contrast to neutral stars, the elastic blobs in screened polyelectrolyte micelles have
a blob-size scaling exponent2/3 rather than unity and, hence, they are not closely
packed [8].

PA is a weak polyacid and at low degree of neutralization, the effects of charge
annealing are important. Because of the dissociation and recombination balance, the
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charge fraction and the local tension in the branches increase with increasing distance
away from the core. As the branches become more extended with increasingr, the
correlation lengthdecreasesand the monomer density decays faster. The scaling
exponentα takes the value8/3 or 5/2 without or with volume interactions, respec-
tively [8]. Although the addition of salt might shift the recombination-dissociation
balance, the corona scaling behavior is unaffected. The additional screening results,
however, in a contraction of the coronal layer according toDmic ∼ C−1/5

s , as in the
case of highly charged micelles.

3.4. Experimental Section

3.4.1. Chemicals and solutions

PS-b-NaPA was purchased from Polymer Source Inc., Dorval, Canada. The number
average degrees of polymerization of the PS and PA blocks are 20 and 85, respec-
tively. PS-b-NaPA was brought in the acid form by dissolving it in 0.1 M HCl and
extensive dialysis against water (purified by a Millipore system with conductivity less
than1× 10−6 Ω−1cm−1). The residual sodium content in PS-b-PAA was checked by
atomic absorption spectroscopy and was less than 0.001. Solutions were prepared
by dissolving freeze-dried PS-b-PAA in pure water and/or D2O at 350 K under
continuous stirring for 6 hours. Furthermore, to break up clusters of micelles, the
solutions were sonicated (Bransonic 5200) for 30 minutes at room temperature. The
sonication power was relatively low (190 W) and, hence, without risk of damage or
decomposition of the block copolymers. Copolymer concentrations were determined
by potentiometric titration with NaOH (Titrisol, Merck). The solutions were sub-
sequently neutralized with NaOH or CsOH to a degree of neutralizationDN. The
degree of neutralization is the molar ratio of (added) alkali and polyacid monomer.

3.4.2. Neutron Scattering

For neutron scattering, 6 sets of solutions with 100, 50, and 10% corona charge
(degree of neutralizationDN = 1.0, 0.5, and0.1, respectively) were prepared: 3
sets without added salt, in another 3 the salt concentration is 1.0 M (100 and 50%
charge) or 0.04 M (10% charge). We have used KBr instead of NaCl to minimize
the incoherent scattering contribution related to the salt. Each set was prepared
with 4 copolymer concentrations ranging from the dilute to the dense regime, where
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the coronas should interpenetrate if they do not shrink. In addition, we applied
contrast variation with 4 solvent compositions. For this purpose, all solutions were
prepared in H2O and D2O and subsequently mixed by weight to obtain 4 different
H2O/D2O solvent compositions. The solvent compositions were checked by the
values for transmission. Scattering length contrasts were calculated with Eq. (3.3)
and the parameters in Table I and are collected in Table II. For each degree of
neutralization, the corona scattering length contrast has been calculated by taking
the relevant average of the PAA and NaPA contrast parameters,bPAA and bNaPA,
respectively. Reference solvent samples with matching H2O/D2O composition were
also prepared. Standard quartz sample containers with 0.1 cm (for samples in pure
H2O) or 0.2 cm path length were used.

Table I. Partial molar volumes and scattering lengths. The PA partial molar volumes
were taken from Ref. [29].X denotes the D2O mole fraction (effect of exchangeable

hydrogen). The polymer data refer to the monomeric unit.

Solute νi (cm3/mol) bi (10−2 cm)
PAA 48 1.66+ 1.04X
NaPA 34 2.40
KPA 40 2.40
PS 99 2.33
H2O 18 −0.168
D2O 18 1.915

SANS was measured with the D22 and PAXY diffractometers situated on the cold
sources of the Institute Max von Laue – Paul Langevin (Grenoble) and Laboratoire
Léon Brillouin (CE de Saclay), respectively. The temperature was kept at 293 K.
The sample sets with 100% charged micelles without added salt as well as the 10%
charged micelles in 0.04 M KBr were measured with the D22 instrument in 2 different
configurations. A wavelength of 0.8 nm was selected and the effective distances bet-
ween the sample and the planar square multi detector (sample detector, S-D distance)
were 2 and 8.0 m, respectively, with a 0.4 m detector offset for the 2 m S-D distance
only. This allows for a momentum transfer range of0.05− 4 nm−1. The instrument
resolution is given by a 10% wavelength spread and an uncertainty in angle∆θ =

2.1 × 10−3 and 3.1 × 10−3 for the 8.0 and 2 m S-D distance, respectively. The
uncertainty in angle comprises contributions from the collimation, sample aperture,
and detector cell size. The counting times were approximately 1 h/sample. The
data from the remaining sample sets were collected with the PAXY diffractometer.
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A wavelength of 0.8 nm was selected and the S-D distances were 1.0 and 5.0 m,
respectively. This allows for a momentum transfer range of0.1 − 3 nm−1. Here,
the counting times per sample or solvent were approximately 4 and 7 hours for
the 1.0 and 5.0 m S-D distance, respectively. Data correction allowed for sample
transmission and detector efficiency. The efficiency of the detector was taken into
account with the scattering of H2O. Absolute intensities were obtained by reference
to the attenuated direct beam and the scattering of the pure solvent with the same
H2O/D2O composition was subtracted. Finally, the data were corrected for a small
solute incoherent contribution. To facilitate quantitative comparison of data collected
with the D22 and PAXY instruments, we have done some duplicate measurements.
Apart from a small difference in absolute normalization within 10%, the intensities
obtained with the 2 different instruments are in perfect agreement. All data were
corrected accordingly.

Table II . Scattering length contrast in10−12 cm

Solvent bPS bPAA bNaPA bKPA

H2O 3.2 2.1 2.7 2.8
29% D2O 0.0 0.8 1.6 1.4
50% D2O (DN = 0.1) −2.4 −0.1 0.7 0.5
70% D2O (DN = 1.0) −4.7 −1.0 0.0 −0.5
99% D2O −8.0 −2.3 −1.2 −1.8

3.4.3. X-ray Scattering

For small angle X-ray scattering (SAXS), a set of solutions was prepared with 100%
corona charge without added salt. To enhance the scattering contribution from the
counterions, the copolymer was neutralized with CsOH. A range in concentration
from 5 to 50 g of copolymer/l was obtained by concentrating a stock solution by
means of evaporation in a vacuum oven in nitrogen atmosphere at reduced pressure
in the presence of P2O5. For scattering, a sample droplet was deposited between mica
sheaths in a sample holder and placed on a translation stage.

The synchrotron SAXS experiments were done at the BM26 ”DUBBLE” beam
line of the European synchrotron radiation facility (ESRF, Grenoble). The X-ray
beam had a photon energy of 14.7 keV (wavelengthλ = 0.084 nm), bandwidth
∆λ/λ = 2 × 10−4 and a beam size of100× 100µm2 at the sample. Diffraction was
detected at 8 m distance from the sample by a13× 13 cm2 2-dimensional gas-filled
detector, which allows a momentum transfer range0.06− 0.9 nm−1.
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3.4.4. Rheology

Flow curves for the 50% charged micelles were measured with a Contraves Low
Shear 40 rheometer using a Couette geometry cell with inner and outer radii of 3.00
and 3.25 mm, respectively. The shear rate was varied between5× 10−4 and100s−1.
The temperature of the cell was controlled at 298 K. It was checked that the viscosity
was measured under steady-state conditions by monitoring the viscosity (at a constant
shear rate) versus time. The visco-elastic moduliG′(ω) andG′′(ω) were measured
with a Bohlin VOR rheometer and a cone-plate geometry of diameter 60 mm and
angle1◦. Data acquisition started when steady state was reached, as indicated by
short test measurements ofG′ andG′′ at 1 Hz. Steady state was typically reached
within 1 minute. Frequency sweeps were done between 0.001 and 10 Hz in the
linear response regime. Prior to all measurements, the samples were pre-sheared for
5 minutes at a shear rate of 80 s−1.

3.5. Results and Discussion

3.5.1. Core and Corona Structure

With 4 experimental intensities pertaining to 4 different solvent compositions and 3
unknown partial structure factors, the SANS data are overdetermined and the struc-
ture factors can be obtained by orthogonal factorization in a least squares sense (i.e.,
a 3- parameter fit to 4 data points for every value ofq). However, the statistical
accuracy of the derived partial structure factors can be improved if the structure
factors are factorized into terms involving the radial core and/or corona profiles and
a term describing the correlation of the center of mass of the micelles. As shown by
Eq. (3.6), the intensities can be expressed in terms of 2 unknown factorsui(q) rather
than 3 partial structure factorsSi j (q) (i, j = PS, PA). With a non-linear least-squares
procedure, the 2 factorsui(q) were fitted to the data and the core and corona partial
structure factors were reconstructed according toSPS(q) = u2

PS(q) and SPA(q) =

u2
PA(q), respectively. With Eq. (3.4), the PS-PA cross structure factor does not carry

additional information. In the lowq range, the standard deviation of the fit diverges
and the intensities do not comply with solvent composition independent structure
factors (not shown). This shows that the samples differ in secondary aggregation
with concomitant long-range inhomogeneity in density, despite the fact that they
have been prepared in the same way (but in various H2O/D2O solvent ratios). It
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was checked that forq exceeding 0.07 nm−1, the standard deviation has levelled off

and the results are in perfect agreement with the model-free 3-parameter fit (but with
improved statistical accuracy). As example, the results pertaining to the 100 and 10%
charged micelles without added salt, as well as fully charged micelles in 1 M KBr are
displayed in Figure 3.1 - Figure 3.3, respectively.

The copolymer concentration covers the range from the diluted to the concen-
trated regime where the coronal layers have to shrink and/or interpenetrate in order
to accommodate the micelles in the increasingly crowded volume. At the lowest
micelle concentration and/or with excess salt, inter-micelle interference is insignif-
icant and the core and corona structure factors can directly be compared with the
relevant form factors. With increasing concentration and minimal screening condi-
tions, one primary and several higher order correlation peaks emerge. As it follows
from the SAXS results described below, the position of the primary peak scales
with the copolymer concentrationCpol according toC1/3

pol . This scaling behavior is
characteristic for micelles with fixed aggregation number and isotropic symmetry
in the local environment. There are no major changes in the highq behavior of
the corona structure factor with increasing packing fraction, irrespective charge and
ionic strength. This shows that the corona chain statistics is rather insensitive to
inter-micelle interaction. For the 50 and 100% charged, salt-free micelles, the chains
remain almost fully stretched andα = 2. For the 10% charged micelles, the model
calculations were done withα = 8/3 in accordance with charge annealing towards
the outer coronal region due to the recombination-dissociation balance of the weak
polyacid. The lines in Figure 3.1 and Figure 3.2 represent the model calculations with
form factor parametersDcore = 9 nm andDmic collected in Table III (the parameters
pertaining to the fit of the center of mass structure factor,Dhs andρ, are discussed
below). In the presence of excess salt, inter-micelle interference is largely suppressed
and the corona structure factors are compared with the form factor calculated with
α = 4/3 (100% and 50% charge) or8/3 (10% charge). The results pertaining to the
fully charged micelles are displayed in Figure 3.3. All fitted micelle diameters are
also collected in Table III.

With added salt and/or at low degree of ionization, the coronal layers are less
extended. The ionic strength and charge dependencies of the micelle diameter agree
with our previous results obtained for more diluted samples [11–13]. With increasing
packing fraction, the diameter of the micelles, as obtained from the form factor
analysis, decreases. However, the extent to which the coronal layers shrink is modest
and similar under all circumstances. The gradual decrease in size is due to interaction
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Figure 3.1: Core PS (a) and corona PA (b) structure factor versus
momentum transfer for fully charged PS-b-PA micelles without added salt.
The copolymer concentration is 44 (4), 30 (♦), 17 (�), and 4.4 (◦) g/l from
top to bottom. The data are shifted along the y-axis with an incremental
multiplication factor. The curves represent the model calculations with core

diameter 9 nm, and other parameters listed in Table III.
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Figure 3.2: As in Figure 3.1, but for 10% charged micelles without added
salt. The copolymer concentration is 44 (4), 25 (♦), 15 (�), and 4.5 (◦) g/l

from top to bottom.
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Figure 3.3: As in Figure 3.1, but for fully charged micelles in 1 M KBr.
The copolymer concentration is 44 (4), 30 (♦), 17 (�), and 4.5 (◦) g/l from

top to bottom.
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among micelles, increased counterion adsorption, and/or Donnan salt partitioning
between the coronal layer and the supporting medium [6–8].

Table III Copolymer concentrationCpol, degree of neutralizationDN, Salt
concentrationCs, corona density scaling exponentα, outer micelle diameterDmic,
effective hard sphere diameterDhs, effective volume fractionηe f f, and aggregation

numberNag. The latter 3 entries are listed for the salt-free samples only.

Cpol DN Cs α Dmic Dhs ηe f f Nag

(g/l) (M) (nm) (nm)
4.4 1 0 2 48 - - -
17 1 0 2 45 45 0.43 116
30 1 0 2 42 38 0.51 102
44 1 0 2 40 34 0.53 102
4.5 1 1 4/3 33 - - -
17 1 1 4/3 32 - - -
30 1 1 4/3 31 - - -
44 1 1 4/3 30 - - -
4.5 0.5 0 2 45 - - -
17 0.5 0 2 43 42 0.43 104
30 0.5 0 2 42 36 0.54 90
44 0.5 0 2 38 33 0.55 99
4.5 0.5 1 4/3 30 - - -
17 0.5 1 4/3 27 - - -
30 0.5 1 4/3 25 - - -
43 0.5 1 4/3 22 - - -
4.5 0.1 0 8/3 42 - - -
15 0.1 0 8/3 41 41 0.50 82
25 0.1 0 8/3 38 37 0.51 88
44 0.1 0 8/3 34 33 0.55 101
4.4 0.1 0.04 8/3 33 - - -
15 0.1 0.04 8/3 31 - - -
25 0.1 0.04 8/3 28 - - -
44 0.1 0.04 8/3 27 - - -

From the normalization of the structure factors, an aggregation numberNag around
100 is derived, irrespective of charge, copolymer concentration, and ionic strength.
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3.5.2. Counterion Structure

The SAXS intensities of fully neutralized PS-b-CsPA micelles divided by copolymer
concentration are displayed in Figure 3.4. For ease of comparison with the SANS
data, the weight concentration refers to the copolymer only (i.e., the concentrations
are calculated without taking into account the relatively heavy Cs+ counterion). The
SAXS intensities are, to a good approximation, proportional to the counterion struc-
ture factor, because the scattering is dominated by the heavy Cs+ ions. As in the case
of the core and corona structure factor, the SAXS data show a primary inter-micelle
correlation peak. The higher order correlation peaks are less prominent, due to the
steep decrease of the counterion structure factor with increasing values of momentum
transfer. As seen in the inset of Figure 3.4, the position of the primary peak scales
with copolymer concentration according toC1/3

pol . This result confirms the isotropic
local structure and fixed aggregation number of the micelles, which has also been
observed with SANS. At high values of momentum transfer, the SAXS intensities are
seen to increase with increasing concentration. This effect might be due to counterion
fluctuations; a fit to a Gaussian background contribution yields a correlation length,
which decreases from 1.2 to 0.7 nm with increasing copolymer concentration from
4.5 to 48 g/l, respectively.

As shown by previous SANS work of more diluted samples with isotopically
labelled tetramethylammonium counterions, the distribution of the counterions along
the micelle radius equals the one for the PA monomers [13]. In addition, from a
quantitative comparison of the counterion and corona structure factors, it was con-
cluded that all counterions are trapped in the coronal layer within a 10% error margin.
Accordingly, it is interesting to compare the SAXS data for the PS-b-CsPA micelles
with the relevant combination of the core PS and corona PA scattering contributions
obtained by the SANS. The latter combination has been reconstituted with the SANS
data from PS-b-NaPA solutions,I = I0 (0.98uPA + 0.02uPS)2 and divided by an
arbitrary normalization factor,I0. HereuPA anduPS are the scattering amplitudes for
the PA and PS monomers, respectively. The 2% contribution from PS was optimized
in a least-squares sense and accounts for the scattering from the core. As shown in
Figure 3.5, there is perfect agreement in both the position of the correlation peak
and the variation of the structure factor with momentum transfer. Accordingly, the
counterion distribution in the coronal layer is very close to the distribution of the
corona forming polymer segments. This result agrees with our previous SANS work
with isotropically labelled counterions as well as Monte Carlo simulations of urchin-
like polyelectrolyte copolymer micelles [13, 14]. It is also clear that the counterions
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Figure 3.5: Comparison of SAXS (solid curves) intensities with the
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axis with an incremental multiplication factor. The copolymer concentration
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remain strongly correlated with the coronal chains with increasing packing fraction
up to and including the regime where the coronal layers interpenetrate.

The present experiments do not allow an assessment of the extent to which the
counterions are 2D localized around the stretched arms or 3D condensed inside the
coronal layer. Due to the neutralization of the coronal layer by trapping of the
counterions, the electrostatic contribution to the intermicelle interaction potential is
expected to play a minor role [17, 18].
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Figure 3.6: Center of mass solution structure factor for 10% (a) and fully (b)
charged PS-b-PA micelles versus momentum transfer. The concentrations
are as in Figure 3.1 and Figure 3.2. The data are shifted along the y-axis
with an increment of 1.5 units. The curves represent the hard sphere solution

structure factor with parameters listed in Table III.

3.5.3. Inter-micelle Structure

Inter-micelle interference is clearly demonstrated in Figure 3.6 for 10% and fully
charged micelles and no added salt, where the core structure factor has been divided
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by the core form factor. Although the center of mass structure factor could also be
derived from the corona structure factor, we have chosen to use the core structure
factor because the core form factor shows a smooth and moderate variation in the
relevantq-range, while consistency with the corona structure factor is illustrated in
Figure 3.1 and Figure 3.2. The intensity of the correlation peaks first increases and
eventually levels off with increasing packing fraction, which shows the progressive
and saturating ordering of the micelles. Notice that for the present volume fractions
the position of the primary peak is mainly determined by density, whereas the respec-
tive positions of the higher order correlation peaks are most sensitive to the value of
the hard sphere diameter. The lines in Figure 3.6 represent the hard sphere solution
structure factor convoluted with the instrument resolution with fitted micelle densities
and hard sphere diameters in Table III. The hard sphere model is capable of predicting
the positions of the primary and higher order peaks.

The ratio of the fitted micelle densities and known copolymer concentrations
provides an alternative way to obtain the aggregation number (Table III). The average
value Nag = 98 ± 10 is in perfect agreement with the value obtained from the
normalization of the structure factors. The fixed functionality is evident fromC1/3

pol
scaling of the position of the correlation peak, the constant core diameter, and the
constant aggregation number derived from both the absolute intensities and fitted
micelle densities.

Clear deviations between the experimental data and the hard sphere prediction
are observed in the lowq-range. The model underestimates the intensity of the
second order peak with respect to the primary one. We have checked that a repul-
sive, screened Coulomb potential does not improve the fit, nor does it significantly
influence the peak positions for reasonable values of the micelle charge. The minor
importance of the electrostatic interaction between the micelles and relatively small
net micelle charge due to the trapping of the counterions in the coronal layer are
demonstrated by very similar center of mass structure factors for 10, 50 and 100%
charged micelles. The failure in predicting the relative amplitude of the higher
order peak is probably related to the softness of the micelles; similar behavior has
been reported for interpenetrating neutral polymer stars[17, 18]. The deviations
observed in the lowq-range might be due to long-range inhomogeneity in density, the
formation of aggregates, and/or stickiness between the micelles. We have checked
that the sticky hard sphere model does not improve the fit in the low momentum
transfer range, but it gives a better description of the depth of the first minimum after
the primary peak (result not shown) [23]. However, the derived distance of closest
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Figure 3.7: Concentration dependence of the diameter of 100 (a), 50 (b),
and 10% (c) charged PS-b-PA micelles: (•), Dmic without added salt; (◦),
Dmic in 1.0 M (100 and 50%) or 0.04 M (10% charge) KBr. The hard-sphere
diameter of salt-free micellesDhs is denoted by (�). The lines represent

ρ−1/3, i.e. the average inter-micelle distance.

micelle approach is the same as the hard sphere diameter and we have refrained from
interpreting our data with this more elaborate model.

The outer micelleDmic and hard sphereDhs diameters as obtained from the form
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and solution structure factor analysis, respectively, are displayed in Figure 3.7.Dmic

and Dhs are estimated within a 3 and 2% accuracy margin, respectively, which is
about the size of the symbols. The hard sphere diameters were derived for salt-
free micelles only, because in the presence of excess salt inter-micelle interference
is effectively suppressed. For the less concentrated, 5 and 17 g/l solutions, the hard
sphere diameters match the micelle diameters derived from the form factor analysis.
This supports the applicability of the hard sphere interaction model in order to extract
the effective hard sphere diameters. At higher packing fractions and for the 50
and 100% charged micelles in particular, the effective hard sphere diameters are
significantly smaller than the outer micelle diameters. We take the difference as a
measure of the extent to which the corona layers interpenetrate. Accordingly, the 100
and 50% charged, salt-free micelles interpenetrate around 17 g/l; for the smaller 10%
charged micelles this occurs at a higher concentration,∼ 25 g/l.

Figure 3.7 also displays the average distance between the micellesρ−1/3. Once
the micelles interpenetrate, the effective hard sphere diameter equalsρ−1/3. Based on
the optimized densities and hard sphere diameters, effective micelle volume fractions
are calculated (Table III). For interpenetrating micelles, the effective volume fraction
is found to be constant within experimental accuracy and takes the value0.53± 0.02.
Although this volume fraction corresponds with closely packed, simple cubic order,
the center of mass structure factor remains liquid-like and no long-range order in
the SAXS and SANS diffraction patterns is observed. Interdigitation thus occurs
when the volume fraction exceeds the critical value 0.53. For higher copolymer
concentration, this value is effectively preserved by interpenetration of the coronal
layers.

3.5.4. Visco-elastic Behavior

The interpenetration of the coronal layers has a profound influence on the visco-
elastic properties. All samples are fluid and they flow when the test tubes are inverted.
We have measured the viscosity of the solutions with 50% charged micelles. In excess
salt (1 M KBr), the viscosity is in the range 1-2 mPa·s, which is on the order of
the viscosity of the solvent (data not shown). The viscosity versus shear rate of
the samples without added salt is displayed in Figure 3.8. A Newtonian plateau is
observed, which increases in value by 3 orders of magnitude when the concentration
is increased so that coronal layers interpenetrate. The salt-free sample with the lowest
micelle concentration has a 10 fold higher viscosity than the ones with excess salt.
For the more concentrated samples, the onset of shear thinning at high shear rates is
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micelles without added salt. The copolymer concentration is 44 (4), 30
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also observed.

We have also measured the dynamic moduli of the solutions with 50% charged
micelles without added salt. Data are shown in Figure 3.9. For the lowest con-
centration, the dynamic moduli show viscous liquid behavior withG′(ω) ∼ ω2 and
G′′(ω) ∼ ω1. For interpenetrating micelles and in the lower frequency range in
particular,G′(ω) andG′′(ω) show approximately parallel scaling laws as a function
of frequency with scaling exponents around unity. Such behavior has been observed
for a wide variety of polymer gels and similar micellar solutions of polyelectrolytes
with adhesive corona chains [2, 29]. Although we do not observe the transition to
an elastic solid sinceG′ > G′′ and almost independent on frequency, an intuitive
explanation of the parallel frequency scaling behavior ofG′ andG′′ is the formation
of an interconnected network of micelles by the interpenetration of the coronal layers.
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3.6. Conclusions

With increasing packing fraction, the micelles shrink, irrespective corona charge and
ionic strength of the supporting medium. The modest decrease in size with increasing
concentration is due to the interaction among micelles, increased counterion adsorp-
tion, and/or Donnan salt partitioning between the coronal layer and the supporting
medium (the functionality is fixed due to the glassy core). The corona chain statistics
is rather insensitive to inter-micelle interaction. For the 50 and 100% charged, salt-
free micelles, the chains remain almost fully stretched. In the presence of excess
salt and through the whole range of concentrations, the radial decay of the monomer
density could be described by the same exponent as in neutral star-branched polymers
(4/3). For the 10% charged micelles, the structure factors comply with annealing of
the corona charge towards the outer region due to the recombination-dissociation
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balance of the weak polyacid. Irrespectively the packing fraction, the counterions are
strongly correlated with the corona forming segments with the same radial density
profile. The present experiments do not allow an assessment of the extent to which
the counterions are 2D localized around the stretched arms or 3D condensed inside in
the coronal layer. However, almost all counterions are confined in either way, which
results in a small net micelle charge.

Due to the relatively weak electrostatic interaction, inter-micelle correlation is
rather insensitive to the corona charge fraction and can be satisfactorily described
by a hard sphere model. From a comparison of the outer micelle and hard sphere
diameters, as obtained from the form and solution factor analysis, respectively, it is
concluded that the coronas of 50 and 100% charged, salt-free micelles interdigitate
once the concentration exceeds 17 g/l. Based on the fitted hard sphere diameter, this
concentration corresponds with an effective micelle volume fraction0.53± 0.02. At
higher packing fractions, this critical value is effectively preserved by interpenetra-
tion of the coronal layers. For the smaller 10% charged micelles, interpenetration is
observed at the higher weight concentrations. Interpenetration of the polyelectrolyte
brushes also controls fluid rheology. As an example, the viscosity of the salt-free
sample with 50% corona charge increases in value by 3 orders of magnitude, when
the concentration is increased so that coronal layers interpenetrate. In addition, the
parallel frequency scaling behavior of the dynamic moduli suggests the formation of
an interconnected, physical gel. In the presence of excess salt and in the present con-
centration range, the coronal layers are less extended and they do not interpenetrate.
Accordingly, the viscosity of the latter samples is in the range of the viscosity of the
solvent.
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CHAPTER 4

Encapsulation of DNA by Cationic Diblock
Copolymer Vesicles

Encapsulation of dsDNA fragments (contour length 54 nm) by the cati-
onic diblock copolymer poly(butadiene-b-N-methyl 4-vinyl pyridinium)
[PBd-b-P4VPQ] has been studied with phase contrast, polarized light,
and fluorescence microscopy as well as scanning electron microscopy.
Encapsulation was achieved with a single emulsion technique. For this
purpose, an aqueous DNA solution is emulsified in an organic solvent
(toluene) and stabilized by the amphiphilic diblock copolymer. The PBd
block forms an interfacial brush, whereas the cationic P4VPQ block
complexes with DNA. A subsequent change of the quality of the organic
solvent results in a collapse of the PBd brush and the formation of a
capsule. Inside the capsules, the DNA is compacted as shown by the
appearance of birefringent textures under crossed polarizers and the in-
crease in fluorescence intensity of labelled DNA. The capsules can also
be dispersed in aqueous medium to form vesicles, provided they are sta-
bilized with an osmotic agent (polyethylene glycol) in the external phase.
It is shown that the DNA is released from the vesicles once the osmotic
pressure drops below105 N/m2 or if the ionic strength of the supporting
medium exceeds 0.1 M. The method has also proven to be efficient to
encapsulate pUC18 plasmid in sub-micron sized vesicles. Furthermore,
the general applicability of the method has been demonstrated by the
preparation of the charge inverse system: cationic poly(ethylene imine)
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encapsulated by the anionic diblock poly(styrene-b-acrylic acid).

4.1. Introduction

Self-assembly is clearly going to be a necessary tool to realize practical nanoscale
structures. These nanostructures will probably involve membrane vesicles as either
the nanostructures themselves, or as templates for more complex structures [1]. As
a result of the large molecular weight, compared to lipids, most polymer membranes
are hyper thick, and can thereby achieve far greater stability than any natural lipid
membrane [2]. Accordingly, although vesicles can also be composed of surfactants
or lipids, polymeric vesicles are preferred. The present contribution aims at the
fundamental design, control, and structural characterization of a new class of such
complex, self-assembled structure: cationic copolymer vesicles loaded with DNA.
These vesicles may serve as an experimental model system for diverse applications
such as non-viral gene delivery and packaging of DNA in,e.g., condensates, bacte-
riophages, and viruses [3–6]

Micron and nano-size polymeric vesicles and capsules have considerable poten-
tial in industrial, medical, and pharmaceutical applications, because of their ability to
take up and carry a reagent through an otherwise hostile medium. The usual prepa-
ration procedure involves the adsorption of alternating layers of oppositely charged
polyelectrolytes on a colloidal particle [7, 8]. In the next step, the colloidal core
is destroyed either by UV irradiation or immersion in a strong acid or base. The
resulting empty capsule can subsequently be loaded with a drug. A drawback of this
method is that the molecular weight of the reagent is restricted by the pore size in the
capsule membrane, because the reagent is usually introducedafter the preparation
of the capsule. This restriction makes it difficult to encapsulate rather large macro-
molecules such as cloning vector DNA, although recently progress has been made
by precipitation of spermidine condensed DNA onto the surface of template micro-
particles [9]. There is a clear need for high enough compaction of DNA, efficiency
of encapsulation, and control of the structure and properties of the protective shell.

Our encapsulation experiments are inspired by DNA-polycation complexes (poly-
plexes) [10]. DNA forms complexes with cationic polymers, which can be used
for targeting DNA into cells [11, 12]. Polyplexes are formed when the DNA fuses
with a cationic polymer and equal numbers of positive (from the DNA) and negative
(from the polymer) small counterions are released into the bulk. This entropic gain
due to counterion release is thought to be the driving force for the formation of
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the complex [13]. The cationic polymer can differ in chemical composition and
architecture of the backbone,e.g., linear, branched, or diblock copolymer. As a
result, a wide range of condensing agents can be synthesized and evaluated in order to
determine the most efficient system. A common feature of the previously investigated
systems is themicelle-likestructure of the complex coarcevate [14]. The micelles
contain a domain with DNA and the neutralizing polymer, possibly surrounded by a
coronal layer composed of the neutral attachment of the copolymer.

It is our contention that the ability of ionic diblocks to form self-assembled
vesicularstructures, together with the counterion release mechanism as a driving
force for the complex formation, offer new opportunities for the encapsulation of
charged (bio)polymers. We will demonstrate our encapsulation procedure for DNA.
The method is based on a water-in-oil emulsion as template, but, contrary to a similar
approach reported in the literature [15], the encapsulated material is part of the mem-
brane. We start with the preparation of an emulsion of aqueous droplets dispersed in
an immiscible organic solvent and stabilized by a polyelectrolyte diblock copolymer.
The droplets can contain any water-soluble macromolecule with opposite net charge
to form a polyelectrolyte bilayer with the ionic block at the water/copolymer inter-
face. The organic solvent should be a good solvent for the hydrophobic attachment.
If the ionic block is sufficiently small, the good solvent quality ensures that the
copolymer can be dissolved in the organic phase prior to mixing. The emulsion
is subsequently prepared by mixing the aqueous and organic phases in the right
proportion. The size of the droplets can be controlled by the emulsification procedure,
e.g., by sonication or micro-filtration. Long time stability of the emulsion can be
achieved by the appropriate choice of the copolymer concentration and molecular
weight of the hydrophobic attachment. There is no restriction to the molecular weight
of the material in the aqueous phase, because at this stage of the preparation the
capsule has not been formed.

For the formation of the capsule, the good organic solvent is replaced by a non-
solvent, which results in a collapse of the hydrophobic chain part. The collapsed
polymer layer now forms a shell around the droplet, as is illustrated in Figure 4.1. If
the non-solvent is miscible with water, the material in the aqueous phase is compacted
since water is extracted from the droplet during the encapsulation process. The
volatile organic solvent can subsequently be evaporated to form capsules in air. To
produce vesicles, the capsules can then be transferred into an aqueous supporting
medium. It is necessary to immerse the capsules in polyethylene glycol (PEG)
solution rather than pure water, since the membrane is not stable in pure water and
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Figure 4.1: Schematic representation of an emulsion droplet in a good (top)
and bad (bottom) solvent for the hydrophobic chain part. The change of the

solvent quality results in a collapse of the interfacial polymer layer.

the encapsulated material is released. The stability of the vesicles is determined by
the balance of the elastic force of the membrane itself and the osmotic forces exerted
by the encapsulated material and the supporting medium, respectively.

Apart from stabilizing the emulsion, the copolymer is also the building block
of the polymer shell in the final stage of the preparation procedure. Accordingly,
the stability and permeability of the membrane depend on the properties of the hy-
drophobic attachment (e.g., glass temperature, molecular weight,etc.) as well as the
properties of the polyelectrolyte bilayer formed by the ionic block and the encapsu-
lated material at the inner side of the interfacial layer. Release of the encapsulated
material, which is of great importance in application studies, can, hence, be affected
by two different, but related mechanisms. The first one is an imbalance in the osmotic
and elastic stretching forces acting on the membrane, while the second mechanism
involves a change in the permeability of the membrane itself. An example of the
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first mechanism is the release of the encapsulated material once the osmotic pressure
exerted by the supporting medium drops below a threshold value. As an example of
the second mechanism, we will see below that the permeability of the membrane can
be controlled by an increase in ionic strength through screening of the electrostatic
interactions in the polyelectrolyte bilayer.

In this chapter we describe first the step-wise production of the vesicles with
the single emulsion technique. This process is followed with polarized light and
scanning electron microscopy, as well as fluorescence microscopy of labeled DNA.
Then we move on to the determination of the compaction efficiency and the DNA
density profile inside the emulsion droplets, capsules in air, and vesicles in aqueous
medium. The stability of the vesicles against osmotic pressure and ionic strength is
investigated by controlled release experiments using fluorescence labeled DNA. We
also demonstrate that there are no restrictions to the molecular weight of the DNA by
the encapsulation of cloning vector, pUC18 plasmid (2686 base pairs). Finally, we
show that the method is generally applicable for the preparation of a “charge inverse”
system: cationic homopolymers encapsulated by an anionic diblock copolymer

4.2. Experimental Section

4.2.1. Chemicals and Solutions

DNA was obtained by micrococcal nuclease digestion of calf thymus chromatin [16].
After precipitation in cold 2-propanol, the DNA pellet was dried under reduced pres-
sure at room temperature. The DNA was brought to the salt free sodium form by dis-
solving it in a 50 mM NaCl, 24 mM EDTA buffer and extensive dialysis against water
that was purified by a Millipore system with conductivity less than10−6Ω−1cm−1.
To avoid denaturation, care was taken that the DNA nucleotide concentration did
not drop below 3 mM nucleotides/l. The differential molecular weight distribution
was monitored by size exclusion chromatography (SEC) with light scattering detec-
tion [17]. The advantage of this isolation procedure is that it yields a large quantity
of mononucleosomal DNA. However, a typical batch contains approximately 25%
lower and higher molecular weight material.

Further SEC fractionation resulted in a relatively monodisperse eluent fraction
with an average molecular weightMw = 104000(158 base-pairs, contour length
L = 54 nm) with polydispersityMw/Mn = 1.14. The hypochromic effect at 260 nm
confirmed the integrity of the double helix. The ratio of the optical absorbancies
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A260/A280 = 1.83 indicates that the material is essentially free of protein [18]. The
material was freeze-dried and the residual water content was determined by IR spec-
troscopy. Stock solutions were prepared by dissolving freeze dried Na-DNA in H2O.
The DNA concentrations are 36, 18, 9, 4.5, and 2.3 g/l. The concentrations are
determined by weight, using the water content in the freeze-dried material and the Na-
DNA partial molar volume 165 cm3/mol. 4’,6-diamidino-2-phenylindole dichloride
(DAPI) was added to the stock solutions with a concentration 58µg of DAPI per gram
of DNA as a fluorescence DNA probe. pUC18 plasmid was isolated from Escherichia
coli bacteria, purified, and characterized as described in previous work [19]. The
plasmid concentration in the stock solution is 1.4 g/l.

Poly(butadiene-b-N-methyl-4-vinyl-pyridinium iodide) [PBd-b-P4VPQI] diblock
copolymer was purchased from by Polymer Source Inc., Dorval, Canada. Accord-
ing to the manufacturer, the number-average molecular weightMn of the PBd and
P4VPQI blocks are 120000 and 28200 g/mol, which corresponds with a degree of
polymerization DP= 2220 and 115, respectively. The molecular weight polydisper-
sity Mw/Mn ratio of the copolymer is 1.05. Solutions were prepared by dissolving
the copolymer in toluene. The copolymer concentrations are determined by weight
and have the values 4, 2, 1, 0.5, 0.1, and 0.01 g/l. Polyethyleneglycol (PEG) with
molecular weight 3000 g/mol was purchased from Merck (Darmstadt). Six osmotic
stress solutions are prepared by dissolving the PEG in purified water. The PEG
weight concentrations are 43, 21, 10, 5, 1, and 0.5 wt %. For the preparation of the
charge inverse system, cationic poly(ethylene imine) (PEI) with molecular weight
35000 g/mol was purchased from Fluka. PEI was encapsulated with the anionic
poly(styrene-b-acrylic acid) (PS-b-PA, Polymer Source Inc). The diblock copolymer
is “crew cut” with molecular weights 11000 and 1240 g/mol of the PS and PA blocks,
respectively. The concentrations of the PEI in water and PS-b-PA in toluene stock
solutions are 11.3 and 1.1 g/l.

4.2.2. Imaging

For light microscopy, a droplet of the emulsion was deposited on a microscope slide
and sealed with a cover slip. DNA capsules were deposited on a microscope slide
by the procedure as described below. The capsules were either directly observed
in air or they were first immersed in PEG solution and sealed with a cover slip.
Polarized light microscopy was performed with a Leica DMR microscope with10×,
63×, and100× (oil immersion) objectives at ambient temperature. The magnification
was calibrated with the help of a ruler. Images were collected with a Ricoh 35 mm
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photo camera. Phase contrast and fluorescence imaging were done with an Olympus
BX - 60 microscope equipped with a 100 W mercury lamp and a UV filter set (U-
MWU/ narrow band cube; excitation at 330-385 nm and with an emission filter at
420 nm). The exposure time of the DAPI fluorescence label was controlled by a
UV light shutter. Images were collected with a CCD camera and analyzed with the
public domain software Object-Image 2.06 [20]. The radial fluorescence intensity
of the emulsion droplets, capsules, or vesicles was measured and the background
was subtracted. For scanning electron microscopy, capsules were deposited on a
microscope slide and dried at40◦ C and 0.75 atm for one week. The specimens were
subsequently sputter coated with gold under vacuum and imaged with a JEOL SEM
6400 microscope.

4.3. Results and Discussion

4.3.1. Production of the vesicles

We will first demonstrate that our procedure can be used to encapsulate DNA. The
first step involves the preparation of an emulsion of aqueous DNA droplets dispersed
in toluene and stabilized with copolymer. For this purpose, two solutions are pre-
pared: one solution is made of the cationic diblock poly(butadiene-b-N-methyl-4-
vinylpyridinium iodide) [PBd-b-P4VPQI] in toluene and the second one is an aque-
ous solution of 150 base-pair DNA fragments without added low molecular weight
salt. The size of the polybutadiene attachment is sufficiently large to ensure a good
solubility in toluene, despite the presence of the cationic block. To achieve long time
stability of the emulsion, it proved to be necessary to dissolve 4 gram of copolymer
per liter of toluene. For most experiments, the DNA concentration in the initial aque-
ous phase was 36 g/l. The aqueous DNA solution is then mixed with the copolymer in
toluene solution in volume ratio 1:9, respectively, and stirred for several hours to form
an emulsion. Due to the amphiphilic behavior of the copolymer, the hydrophobic
polybutadiene attachment prevents the droplets from coalescence and the emulsion
was observed to be stable over months.

Figure 4.2 displays an optical micrograph of an emulsion of DNA/water droplets
immersed in toluene. The size of the droplets is on the order of tens of microns,
but here no special efforts were done for size fractionation and/or to prepare droplets
of smaller size. The DNA concentration inside the droplets amounts 36 g/l, which is
well below the critical concentration pertaining to the transition to the cholesteric, liq-
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Figure 4.2: Light microscopy image of a DNA emulsion stabilized with
PBd-b-P4VPQ diblock copolymer and suspended in toluene. The DNA
concentration inside the droplets amounts 36 g/l and the initial copolymer

concentration in toluene is 4 g/l.

uid crystalline phase (100-220 g/l, depending on ionic strength) [21]. With the help of
polarized light microscopy it was observed that the droplets are not birefringent and,
hence, the DNA is indeed not liquid-crystalline. Fluorescence imaging with DAPI
labeled DNA shows that the droplets contain DNA and that there is no significant
amount of DNA present within the supporting toluene phase (see Figure 4.5).

The DNA molecules form a polyelectrolyte bilayer with the cationic block at the
copolymer/water interface and contribute to the stability of the membrane. To gauge
the importance of the polyelectrolyte bilayer, some experiments were done in which
the toluene was evaporated from the emulsion. If the droplets do not contain DNA,
i.e. if they are prepared with pure water, this process results in the formation of
a copolymer film. In the presence of DNA however, the droplets remain spherical
and capsules are formed (these capsules are covered by a copolymer film, results not
shown). It was observed, however, that for the lowest 2.3 g/l DNA concentration
the larger droplets collapse, whereas the integrity of the smaller ones is preserved.
These results support the view that the electrostatic interaction between DNA and the
cationic block controls the stability and permeability of the membrane. Indeed, as
we will see below with fluorescence microscopy, screening of this interaction by the
addition of low molecular weight salt results in the release of DNA.

In the second step of the preparation procedure, the emulsion is transferred into
ethyl acetate, which is a non-solvent for polybutadiene. Figure 4.3a displays a polar-
ized light micrograph of the emulsion during solvent exchange by capillary suction
of ethyl acetate between slide and cover slip. The micrograph shows the coexis-
tence of non-birefringent droplets and birefringent capsules. After completion of
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Figure 4.3: Polarized light microscopy of the encapsulation process: (a)
emulsion phase in a mixture of toluene and ethyl acetate; (b) capsules after
evaporation of the volatile organic solvent in air; (c) vesicles immersed
in an aqueous PEG solution (CPEG = 43 wt%); (d) as in (e) but for
cholesteric vesicles. Notice that the micrograph in (a) shows the coexistence

of emulsion droplets and birefringent DNA capsules.

the solvent exchange, all droplets have become birefringent and the textures are
reminiscent of those observed for liquid crystalline DNA [22, 23]. Apart from the
solvent quality induced collapse of the hydrophobic attachment, during the solvent
exchange water is extracted from the capsule and the DNA is compacted in an orderly
fashion imposed by the emulsion template. The compaction is facilitated by the
good miscibility of water and ethyl acetate. Occasionally, we have observed the
characteristic fingerprint-like textures for cholesteric DNA (as in Figure 4.3d), but in
most cases the textures were quite irregular.

As shown by polarized light, scanning electron, and fluorescence microscopy in
Figure 4.3b, Figure 4.4, and Figure 4.5b, respectively, the integrity of the capsules
is preserved after evaporation of the volatile ethyl acetate. In particular, there is no
change in polarized light microscopy textures over an extended period in time. The
textures show clear cholesteric fringes, if the dry capsules are taken up in toluene
again. This observation suggests that the rigidity of the interfacial layer prevents
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Figure 4.4: Scanning electron microscopy images of DNA capsules at two
different magnifications indicated by the bars.

uniform alignment of the liquid crystal. As we will see below with fluorescence
microscopy, the DNA concentration inside the dry capsules is indeed in the range
of the one pertaining to the macroscopic cholesteric phase. The scanning electron
micrographs in Figure 4.4 show that the surface of the capsules is homogeneous and
that there is a broad distribution in capsule size with average and minimum diameter
16 and 3µm, respectively, well above the resolution of the equipment. Notice, the
size of capsules is controlled by the emulsification procedure. As will be shown
below, sub-micron size capsules with cloning vector DNA can be prepared if the
emulsion is sonicated prior to the solvent quality induced collapse of the hydrophobic
attachment. At room temperature, polybutadiene is well above the glass temperature
and liquid-like, which explains the tendency of the dry capsules to stick together once
the solvent is evaporated. However, this does not affect the long-term stability of the
capsules and their ability to re-disperse in aqueous medium.

In the final stage of the preparation, vesicles are produced by transferring the
capsules into an aqueous medium. Since the vesicles are unstable in pure water, it is
necessary to use an osmotic agent in the external phase. Figure 4.3c and Figure 4.3d
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display polarized light micrographs of the vesicles suspended in 43 wt % aqueous
PEG solution. The micrographs show two types of liquid-crystalline textures in co-
existence. All vesicles show a Maltese cross and blue and yellow interference colors
generated by a full-wave retardation plate, which suggests that the DNA molecules
are oriented perpendicular to the radius. Around 5 percent of the vesicles exhibit
a cholesteric molecular arrangement (Figure 4.3d). In the radial direction away
from the center they show a periodicity with an alternation of dark and light stripes
corresponding to half the cholesteric pitch. The pitch is 2µm, which is the same value
as the one reported for the macroscopic cholesteric phase [22, 23]. The remaining
vesicles do not show a periodicity in the radial direction, so there is no twist in
orientation order with increasing distance away from the center (Figure 4.3c). The
latter texture does not show, however, the characteristic fan-like shapes as reported
for the macroscopic, high density, hexagonal phase [22, 23]. The absence of the
fan-like shapes might be related to the mesoscopic dimension and the geometric
frustration effect of the spherical interface. The fact that we observe two different
textures in coexistence indicates that the DNA concentration is in the range of the
critical boundaries pertaining to the first order phase transition from the cholesteric
to the hexagonal phase (280-410 g/l, depending on ionic strength) [24]. This will be
confirmed below with fluorescence microscopy.

4.3.2. Density distribution and compaction factors

In order to investigate the density distribution of the encapsulated material, we have
done fluorescence microscopy with DAPI labelled DNA. Figure 4.5 displays the
fluorescence micrographs of the emulsion droplets in toluene, dry capsules in air,
and vesicles suspended in 43 wt% aqueous PEG solution. The radial dependencies
of the corresponding, azimuthally averaged intensities are displayed in Figure 4.6.
The radial coordinate has been scaled by the maximum radiusR and the intensities
have been divided by the corresponding intensities measured at the center of the
object. In Figure 4.6, the scaled intensities collapse to a single master curve, which
shows that the intensity profiles are similar for DNA confined in an emulsion droplet,
a capsule in air, or a vesicle in aqueous medium. If the density is uniform, the
azimuthally averaged profile of the 2D projected image of a spherical object with
maximum radiusR takes the form

I (r) = αR

√
1−

( r
R

)2
(4.1)



70 Chapter 4

10 µm

10 µm

10 µm

a

b

c

Figure 4.5: Fluorescence micrographs showing labelling of DNA by DAPI;
(a) emulsion droplets in toluene; (b) capsules in air; (c) vesicles immersed

in an aqueous PEG solution (CPEG = 43wt %).
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Figure 4.6: Radial distribution of the fluorescence intensity of DAPI labeled
DNA inside an emulsion droplet in toluene (squares), a capsule in air
(circles), and a vesicle immersed in an aqueous PEG solution (43 wt%,
triangles). The intensities are normalized to the intensity at the center of the
2D image of the object, while the radial coordinate is scaled by the radius R.
The solid curve represents a fit of a uniform profile Eq. (4.1) withR = 1.5,

2.6, and 4.8µm in toluene, air, and PEG solution, respectively.

wherer is the distance away from the center andα denotes a constant which is propor-
tional to the DNA concentration. In Figure 4.6, the radial intensities satisfy Eq. (4.1),
which shows that the DNA distribution is indeed uniform. The deviations observed
for r/R> 1 are related to the optical resolution of the microscope.

For each object (i.e., droplet, capsule, or vesicle in toluene, air, and aqueous
medium, respectively), the radiusR and the fluorescence intensity at the centerI (0)
was determined from a fit of Eq. (4.1) to the radial fluorescence intensity profile. The
results are displayed in Figure 4.7, for a population in radii between 2 and 15µm.
For a uniformly filled spherical object and if the DNA concentration does not depend
on the size, the fluorescence intensity at the center of the 2D image is linear in the
radius

I (0) = αR (4.2)

No systematic deviation from a linear dependence ofI (0) versusR in Figure 4.7 is
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Figure 4.7: Fluorescence intensity at the center of the 2D image of droplets
in toluene (triangles), capsules in air (circles), and vesicles in aqueous PEG
solution (0.43 wt%, squares). The solid lines represent linear fits of Eq. (4.2)
with slopes collected in Table I. Notice that the scattering of the data is
largely due to the variation in DNA concentration inside capsules or vesicles

of comparable size.

observed. In particular, for the capsules in air and vesicles in aqueous medium the
fluorescence intensities show a rather strong and random scatter. This scatter is not
related to uncertainty in the measurements, but to a variation in DNA concentration
between capsules or vesicles of comparable size, since the average concentration is
size independent. As already shown by the occurrence of birefringent textures, the
concentration increases and, hence, the DNA gets progressively compacted from the
emulsion, through the capsules in air, to the vesicles in aqueous medium. The con-
centrations can be derived from the slopesα, becauseα is proportional to the DNA
concentration and the DNA concentration inside the emulsion droplets is known.
Results of the fit of Eq. (4.2) to the data in Figure 4.7 are collected in Table I. From
the ratios of the slopes with respect to the one pertaining to the emulsion (compaction
factors), we obtain240± 40 and350± 50 g/l for the DNA concentration inside the
capsules in air and vesicles in aqueous medium, respectively. The data imply that our
encapsulation procedure has resulted in a 10-fold compaction of the DNA.
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It is interesting to compare the DNA concentrations with the critical boundaries
in the bulk phase diagram of DNA with the same molecular weight. The phase
diagram shows two first-order phase transitions. Depending on ionic strength, the
isotropic-cholesteric phase transition occurs between 100 and 220 g/l and the tran-
sition from the cholesteric to the hexagonal phase takes place in the region 280-
410 g/l [21, 24]. The DNA concentration inside the capsules in air, as obtained
from fluorescence microscopy, is indeed in the cholesteric regime. However, the
average DNA concentration inside the vesicles in aqueous medium is close to the
critical boundaries pertaining to the first-order transition to the hexagonal phase. This
explains the coexistence of vesicles exhibiting different polarized light microscopy
textures: the structure inside around 95 percent of the vesicles is hexagonal and the
remaining fraction is cholesteric. It also explains the observed scatter in fluorescence
intensity; the difference in concentrations in the coexisting hexagonal and cholesteric
bulk phases is in the range 5 to 10 percent [24].

Table 1: Slopesα resulting from the fit of Eq. (4.2) to the fluorescence intensities in
Figure 4.7 for emulsion droplets in toluene, capsules in air, and vesicles in aqueous

PEG solution. The margins forCDNA refer to a variation in DNA concentration
between capsules or vesicles of comparable size.

α (a.u.) CDNA (g/l)
Droplets 0.08± 0.01 36
Capsules 0.5± 0.1 240± 40
Vesicles 0.8± 0.1 350± 50

The fluorescence microscopy experiments support the view already obtained with
polarized light microscopy. If the emulsion droplet is immersed in ethyl acetate, the
hydrophobic attachment collapses and forms a membrane. During this process and
after evaporation of the volatile organic solvent, water is extracted from the capsule
until the osmotic pressure exerted by the DNA equilibrates the surface tension of
the polymeric shell. The compaction, however, continues when the dry capsules
are taken up in the aqueous PEG solution. Now, the osmotic pressure exerted by
the supporting medium should be incorporated in the force balance. As a result, the
vesicle further shrinks with a concomitant increase in DNA concentration and, hence,
internal osmotic pressure until mechanical equilibrium is reached. As we will see
below, a certain minimum external osmotic pressure is needed to balance the osmotic
pressure exerted by the encapsulated DNA and to prevent release of the DNA into
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Figure 4.8: Fluorescence (left panels) and phase contrast (right panels)
micrographs showing the stabilization of the vesicles by osmotic stress
exerted by PEG in aqueous solution. From top to bottom the PEG
concentration decreases according toCPEG = 43 (a), 21 (b), 10 (c), and

1 wt% (d). Notice that DNA is released forCPEG < 5 wt% .

the aqueous medium. We will now further explore the stability of the vesicles against
osmotic stress and ionic strength.
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4.3.3. Stability of the vesicles

Control of the stability of the vesicles and release of the encapsulated material are of
great importance in application studies. The stability of the vesicles is achieved by the
balance of forces acting on the membrane. This force balance involves the osmotic
pressure exerted by the encapsulated DNA, the surface tension of the membrane
itself, and the pressure exerted by the osmotic agent in the supporting medium. At
least two different, but related release mechanisms can be envisioned. The first one
is an imbalance in the osmotic and elastic stretching forces acting on the membrane.
If the osmotic pressure exerted by the supporting medium decreases, the vesicle is
expected to swell with a concomitant decrease in internal pressure and increase in
membrane tension until the force balance is reestablished. However, if the external
pressure drops below a certain critical value, the elasticity of the membrane might not
be sufficient to balance the internal pressure: the membrane ruptures and the DNA is
released. The other mechanism involves a change in the properties of the membrane
itself. Part of the membrane is composed of a polyelectrolyte bilayer formed by the
cationic block and DNA. This suggests that the permeability of the membrane can be
controlled by ionic strength through screening of the electrostatic interactions in the
polyelectrolyte bilayer.

The stability of the vesicles against osmotic pressure exerted by the supporting
medium is illustrated in Figure 4.8. Fluorescence (left panels) and phase contrast
(right panels) micrographs of the same specimens clearly show the release of DNA
once the PEG concentration drops below 5 wt%. The empty vesicles are still visible,
but the shape of the membrane has become quite irregular. This irregularity suggests
that the membrane has been ruptured due to the excess pressure exerted by the en-
capsulated DNA. Even after release of the DNA, the fluorescence micrographs show
the incorporation of a residual amount of DNA in the membrane. The results are
summarized in the stability diagram in Figure 4.9. Here, the minimum, average, and
maximum observed radius of the vesicles is displayed versus the osmotic pressure of
the supporting medium. The pressure has been derived from the experimental PEG
weight fraction and the empirical relation

log(πPEG) = 4.42+ 0.74(wt%)0.4 (4.3)

(Mw = 3000) [25]. It is clear that the larger vesicles are less stable; they eject their
encapsulated material at higher external pressure (see also Figure 4.8c). In order
to confine DNA inside the vesicles, the minimum osmotic pressure exerted by the
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Figure 4.9: Minimum (circles), average (triangles), and maximum
(squares) radius of the vesicles vs the osmotic pressure exerted by PEG in

aqueous solution.

supporting medium is around105 N/m2. This corresponds with the osmotic pressure
of an assembly of long DNA molecules with concentration 150 g of DNA/l [26].

We have also investigated the stability of the vesicles for different ionic strengths.
So far, we have not added any low molecular weight salt; all ions come from the DNA
(sodium) and the cationic block (iodide). Figure 4.10 displays fluorescence micro-
graphs of the vesicles in 43 wt% aqueous PEG solution, but with various amounts of
added NaCl. If the salt concentration does not exceed 0.1 M, the vesicles are stable
and there is no change in confinement of the encapsulated material. For the highest
employed 1 M ionic strength, the DNA is released into the medium. As can be seen
in the fluorescence micrographs in Figure 4.10c, the shape of the empty vesicles
remains quite regular and some DNA is still incorporated in the membrane. Con-
trary to the first release mechanism, there is no difference in permeability for DNA
between vesicles of different size. These results suggest that the salt influences the
permeability of the membrane, rather that the membrane ruptures at certain salinity.
A plausible explanation is that the membrane is semipermeable for small ions, which
allows Donnan salt partitioning between the aqueous supporting medium and the
vesicle. The salt screens the electrostatic interactions between DNA and the cationic



4.3. Results and Discussion 77

a

b

c

10 µm

Figure 4.10: Fluorescence micrographs showing the destabilization of the
capsules by an increase of the ionic strength of the supporting medium: (a)
no added salt, (b) 0.1 M NaCl, and (c) 1 M NaCl. The PEG concentration
is CPEG = 43 wt%. Notice that for salt concentrations exceeding 0.1 M the

DNA is released.
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block in the polyelectrolyte bilayer. Due to this screening, the bilayer is less stable
and eventually the membrane is permeable for the encapsulated material. Release
of DNA, either by salt screening or osmotic pressure, occurs typically within tens of
seconds to minutes.

4.3.4. Cloning Vector DNA and the “Charge Inverse” System

To demonstrate that there are no restrictions to the molecular weight of the DNA, we
have encapsulated pUC18 plasmid (2686 base pairs) in cationic PBd-b-P4VPQI vesi-
cles by the same procedure. The polarized light micrograph in Figure 4.11a shows
birefringent, liquid-crystalline capsules after the evaporation of the volatile organic
solvent in air. For macroscopic, bulk solutions, a first order phase transition to a
cholesteric liquid crystal has been observed with a critical boundary pertaining to the
complete disappearance of the isotropic phase at 15 g of DNA/l [27]. Accordingly,
since the DNA concentration in the stock solution is 1.4 g/l, the observation of the
birefringence indicates that the plasmid is compacted by at least a factor of 10. Sub-
micron size, pUC18 capsules can be prepared by sonication of the emulsion prior to
the solvent quality induced collapse of the copolymer layer. The size distribution of
the capsules after evaporation of the volatile solvent was investigated with scanning
electron microscopy. With a sonication power of 25 W applied for 5 minutes, a log-
normal distribution was obtained with average capsule diameter0.7 ± 0.2 µm. The
minimum observed diameter was 0.3µm. The pUC18 capsules can be transferred
into aqueous medium to produce vesicles with the help of an osmotic agent. With gel
electrophoresis we have checked that the integrity of the plasmid is preserved after
subsequent release induced by either an increase in ionic strength or a decrease in
external osmotic pressure.

Finally, we show that our method is not unique for DNA, but that it can also be
used to encapsulate other macromolecules. As an example, we have prepared the
charge inverse system: capsules of cationic poly(ethylene imine) (PEI) encapsulated
by the anionic diblock poly(styrene-b-acrylic acid) (PS-b-PA) copolymer. For this
purpose, stock solutions of PEI in water and “crew cut” PS-b-PA were mixed in
volume ratio 1:9 to form an emulsion. Subsequently, the hydrophobic PS attachment
was collapsed and dry capsules were made according to the procedure as described
above for the encapsulation of DNA. A light micrograph of such capsules is shown in
Figure 4.11b. Vesicles can subsequently be produced by transferring them into water,
provided they are stabilized with PEG.
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a

Figure 4.11: Light micrographs of (a) pUC18 plasmid encapsulated
by cationic PBd-b-P4VPQ (between crossed polarizers) and (b) PEI

encapsulated by anionic PS-b-PA.

4.4. Conclusions

We have demonstrated that we can achieve efficient encapsulation and at least a 10-
fold compaction of short fragment DNA with a cationic diblock copolymer and a
single emulsion technique. In principle, there are no restrictions to the molecular
weight of the DNA and there is no need for precipitation onto template particles,
since the material is inserted in the emulsion droplets before the membrane has been
formed. Another advantage is that the size of the vesicles can be controlled by the
emulsification procedure. To illustrate these features, we also have prepared sub-
micron size vesicles loaded with cloning vector, pUC18 plasmid. Around 5 percent
of the vesicles with short fragment DNA exhibit a cholesteric texture under crossed
polarizers. The remaining fraction does not show a periodicity in light intensity in
the radial direction, which suggests that the molecules are hexagonally ordered. They
do not show, however, the characteristic fan-like shapes. This might be related to
the mesoscopic dimension and the geometric frustration of the spherical copolymer
interface. The DNA inside the vesicles is tightly packed. As derived from the
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concentration, the interaxial spacing between the molecules is around 3.3 nm, which
is similar to that in DNA condensates and phage heads [4, 5].

We have achieved long-time stability of the vesicles by using an osmotic agent.
Apart from stability, controlled release is also of great importance for practical appli-
cations. We have demonstrated that the DNA is released once the osmotic pressure
of the supporting medium drops below a certain critical value. The larger vesicles
are less stable against osmotic pressure, which indicates release by rupture of the
membrane. Another characteristic property is the sensitivity to ionic strength. The
stability and permeability of the membrane depend on the electrostatic interactions
between the ionic block of the copolymer and DNA. At very high salinity (around 1
M), the electrostatic interactions in the polyelectrolyte bilayer are effectively screened
and the membrane becomes permeable for the encapsulated material.

We have demonstrated that the encapsulation method can also be used to encap-
sulate other charged (bio)polymers. As an illustrative example, we have prepared
the inverse system: capsules of cationic poly(ethylene imine) encapsulated by the
anionic diblock poly(styrene-b-acrylic acid) copolymer. Since the copolymer is also
the building block of the membrane, its chemical composition and molecular weight
control the stability and functionality of the vesicle. In particular, the stability of
the self-assembled structure in various environments needs to be optimized to suit
the particular application. A promising option is chemical cross-linking (polymer-
izing) of the collapsed polymer layer. Other promising features are the possibilities
to control biodegradability and tissue-specific adaptation by the specific choice of
copolymer.
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CHAPTER 5

DNA-copolymer vesicles for gene delivery

We report the design and structural characterization of cationic diblock
copolymer vesicles loaded with plasmid DNA based on a single emul-
sion technique. For this purpose, a aqueous pUC18 or pEGFP-N1 plas-
mid solution is emulsified in an organic solvent (toluene) and stabilized
by the amphiphilic copolymer poly(butadiene-b-N-methyl 4-vinyl pyri-
dinium) [PBd-b-P4VPQ]. The neutral block forms an interfacial brush,
whereas the cationic attachment complexes with DNA. A subsequent
change of the quality of the organic solvent results in the collapse of the
brush and the formation of a capsule. The capsules are subsequently
dispersed in aqueous medium to form vesicles and stabilized with an os-
motic agent (polyethylene glycol) in the external phase. Inside the vesi-
cles, the plasmid is compacted in a liquid-crystalline fashion as shown
by the appearance of birefringent textures under crossed polarizers and
the increase in fluorescence intensity of labelled DNA. The compaction
efficiency and the size distribution of the vesicles were determined by
light and scanning electron microscopy, and the integrity of the DNA
after encapsulation and subsequent release was confirmed by gel elec-
trophoresis. We demonstrate the gene transfer ability of this new model
carrier system by the transfection of encapsulated pEGFP-N1 plasmid
into cultured HeLa cancer cells through the fluorescence of the expressed
Green Fluorescence Protein.
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5.1. Introduction

Micro- and nano-sized polymeric vesicles have vast industrial, medical, and phar-
maceutical potential due to their capacity to encapsulate a reagent and to protect it
against a possibly hostile medium [1, 2]. The nowadays most common preparation
procedure involves the adsorption of alternating layers of oppositely charged poly-
electrolytes on a template particle to form a multilayer shell [3, 4]. The template par-
ticle is subsequently destroyed, after which the resulting empty capsule is loaded with
a drug or reagent. A drawback of this method is that the reagent is usually inserted
after the preparation of the capsules and, hence, the loading efficiency depends on
the permeability of the membrane. Recently, we proposed an alternative preparation
procedure to encapsulate water-soluble macromolecules based on a single emul-
sion technique [5]. In this procedure, an aqueous solution containing the reagent
(e.g., DNA) is emulsified in an organic solvent and stabilized by an amphiphilic
diblock copolymer. The neutral block of the copolymer forms an interfacial brush,
whereas the polyelectrolyte attachment forms a complex with the reagent at the
copolymer/water interface. A subsequent change of the quality of the organic solvent
results in a collapse of the brush and the formation of a capsule. The capsules
can subsequently be transferred into aqueous medium to form vesicles, provided
that they are stabilized with an osmotic agent (polyethylene glycol, PEG) in the
external phase. In principle, there are no restrictions to the molecular weight of
the encapsulated material, because the reagent is introduced in the emulsion droplets
before the membrane has been formed. In our previous work, we have accordingly
prepared cationic diblock copolymer vesicles encapsulating 50 nm fragment DNA as
well as pUC18 plasmid (2686 base pairs).

Our encapsulation procedure is based on the formation of a complex between
DNA and the cationic attachment of the diblock copolymer. Complexes of DNA
and cationic polymer (polyplexes) are used for targeting DNA into cells [6–8]. A
common feature of the previously investigated systems is themicelle-likestructure of
the complex coarcevate in whichall DNA is complexed [9]. The micelles contain a
domain with DNA and the neutralizing polymer, possibly surrounded by a coronal
layer composed of the neutral attachment of the copolymer. Our carrier system
consists of a vesicular membrane; inside the vesicles the plasmid is retained without
coadsorbed copolymer. As we will see in the present chapter, once released from
the vesicles, the plasmid is truly free, not complexed with cationic copolymer, and
retain its biological functionality. In this chapter we focus on the preparation of sub-
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micron sized vesicles for gene delivery. We will show that these vesicles are easily
deposited on a glass substrate and they can be used for “reverse” transfection. In a
reverse transfection experiment, the cells are growing on top of the expression vector
on a glass slide rather than the conventional method in which the DNA is added to
the adherent cells [10, 11]. It is our contention that the easy and efficient deposition
of vesicles loaded with cloning vector DNA on a substrate, the control of release,
biocompatibility, and functionality of the carrier system have potential in the further
development of transfected cell arraying techniques for functional genomic studies.

The organization of this chapter is as follows. First we will describe the pro-
duction of submicrometer-sized vesicles loaded with plasmid DNA. This process
is followed by polarized light, scanning electron microscopy, as well as (confocal)
fluorescence microscopy of labeled DNA. Then we move on to the determination of
the stability of the vesicles against osmotic stress, the extent to which the plasmid
is compacted, and the density distribution of the plasmid inside the vesicles. The
integrity of encapsulated and subsequently released DNA is checked with gel elec-
trophoresis. We have also investigated the permeability of the membrane for small,
low molecular weight molecules by following the time dependence of the staining
of the encapsulated DNA with a fluorescence dye. Most of these encapsulation
experiments were done with pUC18 plasmid. We also demonstrate the gene transfer
ability of our model carrier system by the transfection of encapsulated pEGFP-N1
plasmid (4733 base pairs) into HeLa cancer cells. pEGFP-N1 encodes a red shifted
variant of the wild-type green fluorescent protein (GFP), which has been optimized
for brighter fluorescence and higher expression in mammalian cells.

5.2. Materials and methods

5.2.1. Plasmid isolation

pUC18 was isolated fromEscherichia coliDH5α [12]. A colony was transformed
with pUC18 and grown on a LB agar plate with ampicillin (100µg/ml ). A single
colony was taken to grow a culture in Terrific Broth (TB) medium (12 g tryptone,
24 g yeast extract, 4 ml glycerol, 2.3 g KH2PO4, and 12.5 g K2HPO4 per dm3)
and ampicillin at 37◦ C. After 7 h, this culture was put into a fermentor, which
contained 30 dm3 TB-medium, ampicillin, and an antifoam agent. The bacteria were
cultured for 17 h at 37◦ C under continuous shaking, aeration, and, subsequently,
harvested and stored at -20◦ C. The cells were suspended in TEG buffer (25 mM
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Tris, 10 mM EDTA, 50 mM glucose, pH 8) and lysed with an alkaline solution (0.2
M NaOH, 1% SDS) at room temperature. Bacterial genomic DNA, cellular debris,
and proteins were precipitated by the addition of 3 M potassium acetate at 4◦ C. After
centrifugation, the supernatant was treated with 5 M ammonium acetate to precipitate
any residual contaminants. RNA and protein were removed with RNase (20µg/ml,
37◦ C, 1h) and proteinase K (100µg/ml, 55◦ C, 1h) treatments, respectively. After
precipitation with cold isopropanol, the DNA pellet was dried for a short period and
dissolved in TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) for storage at 4◦ C.

The integrity of the plasmid before and after encapsulation was checked by 1%
agarose gel electrophoresis in Tris-acetate buffer (40 mM Tris-acetate, 2 mM EDTA,
pH 8.3) at 75V for 1h [13]. Less than 10% of the plasmid is nicked and open circular,
the remaining fraction is supercoiled. The ratio of the optical absorption A260/A280 =

1.83 indicated that the material was also free of protein. The hypochromic effect at
260 nm (>35%) confirms the integrity of the duplex. The pUC18 concentration in the
stock solution (TE buffer) was 12 g/dm3. pEGFP-N1 (Clontech, Palo Alto, CA) was
isolated according to the same protocol as for pUC18. The pEGFP-N1 concentration
in the TE buffer stock solution was 3.8 g/dm3.

5.2.2. Copolymer and osmotic agent

Poly(butadiene-b-N-methyl-4-vinyl-pyridinium iodide) [PBd-b-P4VPQI] diblock co-
polymer was purchased from Polymer Source Inc., Dorval, Canada. According to the
manufacturer, the number-average molecular weightsMn of the PBd and P4VPQI
blocks are 120 and 28.2 kg/mol, which correspond with a degree of polymerization
DP = 2220 and 115, respectively. The molecular weight polydispersityMw/Mn ratio
of the copolymer is 1.05. Solutions were prepared by dissolving the copolymer
in toluene. The copolymer concentrations are determined by weight and have the
value 4 g/dm3. Polyethyleneglycol (PEG) was purchased from Merck. Osmotic
stress solutions were prepared by dissolving the PEG in TE buffer. For the pUC18
encapsulation experiments, the PEG concentration is 50 wt% with molecular weight
3 kg/mol. In the case of the transfection experiment with pEGFP-N1 plasmid, we
have used PEG with molecular weight 10 kg/mol and concentrations 10 and 27 wt%.

5.2.3. Growth and transfection media

HeLa cancer cells were transfected with the copolymer vesicles in Phosphate Buffer
Saline (PBS, 1.09 g Na2HPO4, 0.32 g NaH2PO4, and 9 g NaCl per dm3, pH 7.2)
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medium with 10 or 27 wt% PEG. After 2 hour incubation with the DNA-copolymer
vesicles, the cells were extensively rinsed with PBS and subsequently cultured for 48
hours at 37◦ C at 5% CO2 pressure in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% bovine serum.

5.2.4. Imaging

For light microscopy, a droplet of the emulsion was deposited on a microscope slide
and sealed with a cover slip. DNA capsules were deposited on a microscope slide by
the procedure as described below. The capsules were either directly observed in air
or they were first immersed in PEG solution and sealed with a cover slip. Polarized
light microscopy was done with a Leica DMR microscope with 10×, 63×, and 100×
(oil immersion) objectives at ambient temperature. The magnification was calibrated
with the help of a ruler. Images were collected with a Ricoh 35 mm photo camera.
Phase contrast and fluorescence imaging were done with an Olympus BX-60 micro-
scope equipped with a 100 W mercury lamp and a UV filter set (U-MWU/narrow
band cube; excitation at 330-385 nm and with an emission filter at 420 nm). The
exposure time of the DAPI fluorescence label was controlled by a UV light shutter.
Images were collected with a charge coupled device (CCD) camera and analyzed
with the public domain software Object-Image 2.06 (http://simon.bio.uva.nl/object-
image.html). The radial fluorescence intensity of the emulsion droplets, capsules, or
vesicles was measured and the background was subtracted. Confocal fluorescence
images were captured with an inverted Leica DMIRBE two-photon laser scanning
microscope. The excitation was done with a MIRA laser operating at 800 nm,
whereas the images were collected in the spectral range between 405 and 609 nm.
Finally, the in situ staining of pUC18 with Hoechst dye as well as the transfection
of HeLa cells with copolymer-pEGFP-N1 vesicles were monitored with a Zeiss Ax-
iovert 135 fluorescence microscope equipped with Nikon Coolpix 950 CCD camera.

For scanning electron microscopy, capsules were deposited on a microscope slide
and dried at 40◦ C and 0.75 atm for one week. The specimens were subsequently
sputter coated with gold under vacuum and imaged with a JEOL SEM 6400 micro-
scope.
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10 µm

Figure 5.1: Scanning electron microscopy images of capsules loaded with
pUC18 plasmid. The emulsion was sonicated with a power of 25 W applied
for 5 min prior to the solvent-quality-induced collapse of the copolymer

layer.

5.3. Results and discussion

5.3.1. Production of the vesicles

We have described the procedure for the preparation of the cationic diblock copoly-
mer vesicles loaded with short fragment DNA (150 base pairs) in a previous chapter.
The same 3-step procedure can be applied for the encapsulation of plasmid DNA.
The first step involves the preparation of two solutions: one solution is made of
the cationic diblock PBd-b-P4VPQI copolymer in toluene, and the second one is
a solution made of either pUC18 (12 g/dm3) or pEGFP-N1 (3.8 g/dm3) plasmid
suspended in TE buffer. The polybutadiene block is sufficiently large to ensure good
solubility of the copolymer in toluene, despite the presence of the cationic block.
Besides TE-buffer, the plasmid solutions were prepared without the addition of salt.
The aqueous plasmid solutions were subsequently mixed with the copolymer in a
toluene solution in a volume ratio of 1:9, respectively, and stirred for several hours
to form an emulsion (some samples are sonicated to produce submicrometer-sized
vesicles, see below). The cationic block forms a bilayer complex with DNA at
the copolymer/water interface and the hydrophobic attachment prevents the droplets
from coalescence. As in the case of the encapsulation of short fragment DNA, the
emulsion was observed to be stable over months.

In the second step of the preparation procedure, the emulsion is transferred into



5.3. Results and discussion 89

a

b

100 µm

10 µm

Figure 5.2: Polarized light microscopy of the encapsulation of pUC18: (a)
capsules after evaporation of the volatile organic solvent in air; (b) vesicles
immersed in aqueous PEG solution (CPEG = 50 wt%). The specimens are

observed through crossed polarizers.

ethyl acetate, which is a nonsolvent for polybutadiene. Under this condition, the
polybutadiene attachment of the copolymer collapses and forms a shell-like mem-
brane around the emulsion droplet. Besides the collapse of the hydrophobic block,
during the transfer into ethyl acetate water is extracted from the capsule and the DNA
gets compacted. The compaction is facilitated by the good miscibility of water and
ethyl acetate and the permeability of the membrane for small molecules (see below).
As shown by the scanning electron and polarized light microscopies in Figure 5.1 and
Figure 5.2a, respectively, the integrity of the capsules loaded with pUC18 is preserved
after evaporation of the volatile ethyl acetate. The polarized light micrograph shows
that the capsules are birefringent, which indicates that the plasmid solution inside the
capsules has become liquid-crystalline.

In the third and final step, vesicles are produced by taking up the dry capsules in
an aqueous medium. As in the case of short DNA fragments, the vesicles loaded with
plasmid are not stable in pure water and they need to be stabilized with an osmotic
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Figure 5.3: Size distribution of dry capsules loaded with pUC18 as obtained
from scanning electron and light microscopy: without (squares) and with
(diamonds) sonication of the emulsion prior to the solvent-quality-induced
collapse of the copolymer layer. The solid lines represent log-normal

distributions.

agent in the external phase. Figure 5.2b displays a polarized light micrograph of
the vesicles with pUC18 suspended in 50 wt% PEG solution. The vesicles remain
weakly birefringent, in accordance with a liquid crystalline molecular arrangement.
The initial pUC18 concentration inside the emulsion droplets is 13 g/dm3. As we
will see below with fluorescence microscopy, the pUC18 concentration inside the
vesicles is 62 g/dm3. Since the critical boundaries pertaining to the first appearance
of the anisotropic phase and disappearance of the isotropic phase of pUC18 dispersed
in water or salt solution are around 5 and 15 g/dm3, respectively, the concentration of
the DNA inside the vesicles is in the liquid-crystalline regime [16].

For transfection of the encapsulated plasmid into mammalian cells, the size of
the vesicles should be smaller than the size of the cells. Since the dimensions of
the cells are on the order of several tens of micrometers, it is necessary to prepare
submicrometer-sized vesicles. For this purpose, we have sonicated the emulsion
prior to the solvent quality induced collapse of the copolymer layer with a power
of 25 W applied for 5 min. The size distributions of the dry capsules were measured
with scanning electron and light microscopy and are shown in Figure 5.3. Without
and with sonication, log-normal size distributions are obtained with average diameter
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10± 0.7 and0.7± 0.2 micrometer, respectively. In the scanning electron micrograph
(Figure 5.1), the minimum observable diameter is 0.3 micrometer. This value is well
below the typical dimensions of the cells, which is promising for efficient uptake of
the vesicles. However, before we can do the transfection experiment, we need to
explore the stability of the vesicles, the extent to which the plasmid is compacted, the
integrity of the DNA after encapsulation and subsequent release, and the permeability
of the membrane.

5.3.2. Stability, density distribution, and compaction

The mechanism for the confinement of the plasmid is the elasticity of the membrane
formed by the complex of the collapsed copolymer and DNA. In our previous work on
short DNA fragments, we have shown that the vesicles need to be stabilized with an
osmotic agent in the external medium. If the osmotic pressure drops below a certain
critical value, the membrane ruptures and the DNA gets released. To investigate the
stability against osmotic stress and the extent to which the plasmid is compacted, we
have done (confocal) fluorescence microscopy with DAPI-labeled pUC18. Figure 5.4
displays the phase contrast and fluorescence micrographs of vesicles immersed in 50
wt% PEG solution. As shown by the confocal fluorescence microscopy image in
Figure 5.5, the distribution of the plasmid inside the vesicles is uniform. As in the
case of short fragment DNA, the plasmid is released from the vesicles once the PEG
concentration drops below 5 wt%. The critical minimum PEG concentration depends
on the size of the vesicles and the initial plasmid concentration. The larger vesicles
are less stable against osmotic pressure; they eject their DNA at higher external
pressure. The inset of Figure 5.5 displays a confocal fluorescence micrograph of
such a large, discharged vesicle with a ruptured membrane (with a piggy-back vesicle
attached to it).

Another characteristic property of the polyelectrolyte copolymer vesicles is the
sensitivity to ionic strength. The stability and permeability of the membrane depend
on the electrostatic interactions between the ionic block of the copolymer and DNA.
At very high salinity (around 1 M), the electrostatic interactions in the polyelectro-
lyte bilayer are effectively screened and the membrane becomes permeable for the
encapsulated material. Under the conditions of the transfection experiment to be
described below (10 wt% PEG, PBS medium), vesicles with a diameter smaller than,
5 micrometer, are observed to be stable.

The radial dependencies of the azimuthally averaged fluorescence intensities in
emulsion droplets in toluene and the vesicles suspended in 50 wt% PEG solution



92 Chapter 5

a

10 µm

b

Figure 5.4: Phase contrast (a) and fluorescence (b) micrographs of the
vesicles in 50 wt%. PEG solution.

Figure 5.5: DAPI labeled pUC18 fluorescence confocal microscopy of
vesicles in 50 wt% PEG solution. The plasmid density inside the vesicles
is uniform. The inset shows a discharged vesicle with a ruptured membrane

and a small piggy-back vesicle.
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Figure 5.6: Normalized radial distribution of the fluorescence intensity of
DAPI-labeled pUC18 inside an emulsion droplet in toluene (squares) and
vesicles immersed in 50 wt% PEG solution (circles). The intensities are
normalized to the maximum value and the radial coordinate is scaled by the
radiusR. The solid curve represents a fit to a uniform profile withR = 2.7
and 3.7µm in toluene and 50 wt% PEG solution, respectively. The inset
shows the fluorescence micrograph of the vesicles in 50 wt% PEG solution.

are displayed in Figure 5.6. Notice that the radial coordinate has been scaled by the
maximum radiusR and the intensities are divided by the corresponding intensities
measured at the center. The scaled intensities collapse to a single master curve, which
shows that the density profiles are similar for pUC18 in an emulsion droplet or a
vesicle immersed in aqueous medium. If the density is uniform, the azimuthally
averaged profile of the 2D projected image of a spherical object with maximum radius
R takes the form wherer is the distance away from the center and a denotes a constant
which is proportional to the DNA concentration. As can be seen in Figure 5.6, the
radial intensities satisfy Eq. (4.1), which shows that the DNA distribution inside the
vesicles is indeed uniform. The deviations observed forr/R > 1 are related to the
optical resolution of the microscope. These results confirm the observations made
with the confocal microscope, where the uniform distribution of the plasmid in a
cross-sectional slice is visualized (Figure 5.5).

The fluorescence intensity measurements can be used to determine the extent to
which the plasmid is compacted. For each emulsion droplet in toluene or vesicle in
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aqueous medium, the radiusR and the fluorescence intensity at the centerI (0) was
determined from a fit of Eq. (4.1) to the radial fluorescence intensity profile. The
results are displayed in Figure 5.7, for a population in radii between 1 and 8µm.
For a uniformly filled spherical object and if the DNA concentration does not depend
on the size, the fluorescence intensity at the center of the 2D image is linear in the
radius, Eq. (4.2). As shown in Figure 5.7, for the vesicles no systematic deviation
from a linear dependence ofI (r = 0) versusR is observed. In the case of the larger
emulsion droplets, the fluorescence intensities fall below the line. This might be
due to deformation of the droplets when they are deposited on the glass substrate.
As already indicated by the occurrence of birefringent textures, the concentration
increases and, hence, the plasmid gets compacted from the emulsion to the vesicles
in aqueous medium. The concentrations can be derived from the slopesα, because
α is proportional to the DNA concentration and the DNA concentration inside the
emulsion droplets is known (13 g/dm3 pUC18 in TE buffer). From the ratios of
the slopes with respect to the one pertaining to the emulsion (compaction factors),
we obtain62± 9 g/dm3 for the pUC18 concentration inside the vesicles in aqueous
medium. Our encapsulation procedure has resulted in a 5-fold compaction of DNA.
In the case of short fragment DNA, we have reported a 10-fold compaction factor.
The smaller compaction factor for the plasmid might be due to the differences in
molecular weight and topology.

5.3.3. Integrity of the plasmid and permeability of the membrane

We have checked the integrity of the plasmid after encapsulation and subsequent
release with the help of gel electrophoresis. For this purpose, a 19 g/dm3 solution
of pUC18 in TE buffer was emulsified in toluene and stabilized with PBd-b-P4VPQI
copolymer. This emulsion was kept for two months at 4◦ C, after which capsules were
produced according to the procedure described above. The capsules were dried and
stored for another week. Prior to the gel electrophoresis experiment, the encapsulated
plasmid was released by transferring the capsules into TE buffer. Because of the
absence of an osmotic agent, the plasmid is released from the vesicles and can be
collected and put on agarose gel. The result of the gel electrophoresis experiment
is displayed in Figure 5.8. The chromatogram of the encapsulated and subsequently
released plasmid is the same as the one pertaining to the control experiment with
plasmid which has not been encapsulated. Besides supercoiled plasmid, the chro-
matograms show a small amount of open circular DNA, but no linear plasmid (the
marker in lane 1 represents linear DNA). Furthermore, we observe no band smear,
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µ

Figure 5.7: Fluorescence intensity of DAPI labeled pUC18 at the center
of the two-dimensional image of droplets in toluene (triangles) and vesicles
in 50 wt% PEG solution (squares). The solid lines represent linear fits of
Eq. (4.2) to the experimental data in the rangeR = 1− 6 nm. The slopesα
are0.7±0.2 and3.2±0.5 au, which corresponds with plasmid concentration
CDNA = 13± 3 and62± 9 g/dm3 inside emulsion droplets and vesicles in

PEG solution, respectively.

which shows that the released plasmid is truly free and not complexed with copoly-
mer.

Although the vesicles retain the high molecular weight DNA, the vesicular mem-
brane should be permeable for water molecules in order to facilitate the compaction.
Here, we demonstrate the permeability of the membrane for small molecules with an
in situ staining experiment. For this purpose, vesicles loaded with pUC18 plasmid
were deposited on a glass slide and immersed in 10 wt % PEG solution containing a
fluorescent dye (Hoechst 33342, Figure 5.9). The staining of the plasmid inside the
vesicles was followed in time and the results are displayed in Figure 5.10. Within
seconds, the staining agent penetrates the membrane. The vesicles become fully and
uniformly stained after 5 to 10 minutes with a rate proportional to the surface area
of the vesicles, which shows that the staining is limited by the diffusion of the dye
through the porous membrane.



96 Chapter 5

1 2 3

10 kb

8

6

5

4

3.5

3

2.5

2

1.5

1.2

sc

oc

Figure 5.8: Analysis of the pUC18 plasmid by agarose gel electrophoresis.
Lane 1: linear marker; lane 2: after encapsulation and subsequent release;
lane 3: isolated batch prior to encapsulation. The chromatogram shows less
than 10 % nicked, open circular (oc) DNA, irrespective of the encapsulation
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Figure 5.9: Hoechst 33342.

5.3.4. Reverse Transfection

We will now show that the copolymer vesicles can be used for the delivery of plasmid
into in vitro cultured HeLa cancer cells. According to the procedure described above,
we have covered a microscope slide with capsules loaded with pEGFP-N1 plasmid.
pEGFP-N1 encodes a red shifted variant of the wild-type green fluorescent protein
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Figure 5.10: In situ staining of vesicles loaded with pUC18 plasmid. The
fluorescence micrographs were taken at the indicated times after transferring
the vesicles in 10 wt% PEG solution with 0.008 g/dm3 staining agent

Hoechst 33342.

(GFP), which has been optimized for brighter fluorescence and higher expression in
mammalian cells. The concentration of the plasmid in the emulsion droplets is 3.8
g/dm3. Due to sonication of the emulsion prior to the solvent quality induced collapse
of the copolymer layer, the deposited capsules have a log-normal size distribution
with a most probable diameter 0.9 micrometer. In order to remove the volatile organic
solvent, the slides were allowed to dry for a week at ambient temperature.

The necessity to use PEG as an osmotic agent in order to stabilize the copolymer
vesicles in combination with living cells presents some concerns. At low concen-
trations (0-15 wt.%), PEG with molecular weight in the range 8-10 kg/mol tends to
deplete from cell surfaces, creating an osmotic gradient which brings cells together.
At higher concentrations (15-45 wt%), the high osmotic pressure eventually leads to
cell fusion and/or dehydration of the cells [15]. On the other hand, the addition of
2-6 % of PEG to the transfection media enhances the association between liposome-
DNA complexes and targeted cell membranes and results in up to 100 times increase
in transfection [16]. We have done transfection experiments with 10 and 27 wt%
PEG added to the PBS medium. In the case of 27 wt% PEG, the cells did not
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0.1 mm

Figure 5.11: Phase contrast light micrograph of the HeLa cells during
the transfection experiment. The microscopy slide was first covered with
capsules, after which the cells in PBS medium with 10 wt% PEG were
deposited. Please notice that the vesicles are one order magnitude smaller

than the cancer cells.

survive following a 2 hour immersion in the transfection medium, which is likely
due to dehydration and/or disruption of the cell membrane. The addition of 10 wt%
PEG with molecular weight 10 kg/mol is a good compromise; the cells survive
the incubation medium although they aggregate to some extent. We checked by
confocal fluorescence microscopy that the vesicles with a diameter smaller than, say
5 micrometer in 10 wt% PEG in PBS, are stable and retain their pEGFP-N1 plasmid
(results not shown). Figure 5.11 displays an optical micrograph of HeLa cells (in
PBS medium with 10 wt% PEG) deposited on top of the vesicles. Notice that the size
of vesicles is one order of magnitude smaller than the cells.

The microscopy slides with HeLa cells and copolymer vesicles are incubated
for 2 hours in PBS medium with 10 wt% PEG at 37◦ C. During this period, the
cells attach to the slide (on top of the vesicles) and are thought to be transfected by
either cytosis or by fusion of the vesicles and the cellular membrane and subsequent
release of the plasmid into the cytoplasm. After the incubation period, the osmotic
agent, excess unattached cells, possibly released plasmid and copolymer debris are
flushed by extensive rinsing of the slides with PBS. The HeLa cells were subsequently
cultured in DMEM medium with 10% serum at 37◦ C in a 5% CO2 atmosphere. After



5.3. Results and discussion 99

F FPC PC

0.05 mm

Figure 5.12: Fluorescence (F) and phase contrast (PC) light micrographs of
HeLa cells after transfection with pEGFP-N1 plasmid-copolymer vesicles.
The micrographs were recorded 48 hours after incubation with the vesicles.

24 and 48 hours the cells were screened for the presence of expressed GFP inside the
cytoplasm.

Fluorescence and phase contrast micrographs of the HeLa cancer cells recorded
48 hours after incubation with the plasmid-copolymer vesicles are displayed in Fig-
ure 5.12. It is clear from the observed green fluorescence that transfection has indeed
occurred; there are cells which have expressed the GFP protein encoded by the
transfected pEGFP-N1 plasmid. We have checked that cells that were deposited
on the glass substrate without copolymer vesicles did not show any green fluores-
cence. The efficiency is however low, only a low percentage of the cells contain the
expressed GFP.
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5.4. Conclusions

We have demonstrated that we can encapsulate plasmid DNA in cationic diblock
copolymer vesicles with a single emulsion technique. Advantages of our method-
ology are that there are no restrictions to the molecular weight and that the size of
the vesicles can be controlled by the emulsification procedure. To illustrate these
features, we have encapsulated supercoiled pUC18 and pEGFP-N1 plasmids in sub-
micrometer-sized vesicles. Inside the vesicles, the plasmid is compacted in a liquid
crystalline fashion as shown by the appearance of birefringent textures under crossed
polarizers and the increase in fluorescence intensity of labeled DNA. The mechanism
for confinement is the elasticity of the membrane formed by the complex of the col-
lapsed copolymer layer and DNA. Long time stability of the vesicles can be achieved
by using an osmotic agent in the supporting medium. The plasmid can be released
from the vesicles by at least two different, but related mechanisms. If the osmotic
pressure of the supporting medium drops below a certain critical value, the membrane
ruptures and the plasmid is no longer retained. At very high salinity (around 1 M), the
electrostatic interactions in the polyelectrolyte bilayer composed of the ionic block
of the copolymer and DNA are effectively screened and the membrane becomes
permeable for the encapsulated material. We have checked by gel electrophoresis
that the released plasmid is truly free and not complexed with copolymer. This shows
that there is no coadsorbed copolymer inside the vesicles. In this respect, our carrier
system is different from the classical preparation of non-viral gene vectors, where
all DNA is complexed. In addition, we observed no changes in the topology of the
plasmid induced by the encapsulation procedure, i.e. no detectable linearization of
the plasmid or change in the ratio supercoiled versus open circular, nicked DNA.

An advantage of our preparation procedure is that the vesicles can easily be
deposited on a glass substrate. With fluorescence staining experiments, we have
shown that the copolymer membrane is highly permeable for small molecules such
as fluorescence dyes. This is also supported by the permeability of the membrane
for small ions, which results in release of the DNA from the vesicles in very high
salt concentrations. We have demonstrated that our model carrier system can be
used for the delivery of encapsulated cloning vector DNA intoin vitro cultured HeLa
cancer cells in a reverse transection experiment. The efficiency for gene transfection
is however low, which might be related to the robustness of the copolymer membrane
and/or stickiness of the cationic copolymer vesicles to the (negatively charged) glass
surface. It is our contention that the easy and efficient deposition of vesicles loaded
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with compacted DNA on a glass substrate, the semi-permeability of the membrane,
and the ability of the vesicles for gene delivery, has potential in the design and
development of new high throughput, micro arraying screening techniques. However,
the biocompatibility, stability, and functionality of the vesicles clearly need further
optimization.





Bibliography

[1] Arshady, R., Editor. Microspheres, Microcapsules & Liposomes, Plenum:
New York, 1998.

[2] Lee, J. C-M., Bermudes, H., Discher, B.M., Sheehan, M.A., Won, Y. -Y.,
Bates, F.S., Discher D.E., Biotechnology and Bioengineering,73, 135, 2001.

[3] Decher, G., Science,277, 1232, 1997.

[4] Mohwald, H., Colloids Surf. A,171, 25, 2000.

[5] Korobko, A.V., Jesse, W., van der Maarel, J.R.C., Langmuir,21, 34, 2005.

[6] Arigita, C., Zuidam, N.J., Crommelin, D.J.A., Hennink, W. E. Pharm. Res.,
16, 1534, 1999.

[7] Kakizawa, Y., Kataoka, K., Adv. Drug Deliv. Rev.,54, 203, 2002.

[8] Reschel, T., Konak, C., Oupicky, D., Seymour, L.W., Ullbrich, K., J.
Controlled Release,81, 201, 2002.

[9] Gebhart, C.L., Kabanov, A.V., J. Controlled Release,73, 401, 2001.

[10] Ziauddin, J., Sabatini, D.M., Nature,411, 107, 2001.

[11] Wu, R.Z., Bailey, S.N., Sabatini, D.M., Trends in Cell Biol.,12, 485, 2002.

[12] Sun, N., Chen, B., Zhou, J., Yuan, J., Xu, X., Zhu, D., Han., K., DNA and Cell
Biol., 13, 83, 1994.

[13] Backendorf, C., Olsthoorn, R., van de Putte. P., Nucleic Acids Res.,17, 10337,
1989.

103



104 BIBLIOGRAPHY

[14] Zakharova, S.S., Jesse, W., Backendorf, C., van der Maarel, J.R.C.,
Biophysical J.,83, 1119, 2002.

[15] Hui, S.W., Kuhl, T.L., Guo, Y.Q., Israelachvili. J., Coll. & Surf. B-
Biointerfaces,14, 213, 1999.

[16] Ross, P.C., Hui. S.W., Biochem. et Biophys. Acta-Biomems.,1421, 273, 1999.

Appendix

5.A. Permeability of Membrane

The purpose of this appendix is to qualify the permeability of the membrane, which is
composed of copolymer complexed with DNA. The permeability for small molecules
such as water and salt explains the increase in DNA concentration once the vesicles
are dried in air or immersed in an aqueous medium with high osmotic pressure.
The final DNA concentration is determined by the balance of the normal forces
acting on the membrane (osmotic forces of confined DNA, supporting medium, and
counterions, and surface tension).

As a probe to measure the permeability, we have used Hoechst 33342 fluo-
rescence dye. Once inside the vesicle, Hoechst binds preferentially to A-T base-
pairs and the concentration of bound molecules can be measured with fluorescence
microscopy.

We will first estimate the concentration of base-pairs which are not stained with
dye molecules. Assuming that the diffusion of the dye is much faster than the dif-
fusion of DNA and that there is no flux of DNA through the membrane, the balance
equations for the concentration of non-stained base-pairs take the form

dc
dt

= −knc, (5.1)

dn
dt

= −αS
V

(n− n∞) − knc. (5.2)

Here, c denotes the concentration of non-stained base-pairs andn is the con-
centration of free Hoechst molecules inside the vesicle (0 ≤ n ≤ n∗). The initial
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Figure 5.13: Fluorescence intensity vs time collected from in situ stained
DNA. The experiment is done with vesicles with radii 9.4, 8.6, 6.5, and 4.3

micrometer from top to bottom.

conditions aren(0) = 0, c(0) = c∗, wherec∗ denotes the initial concentration of
non-stained base-pairs. The first equation describes the decrease of the concentration
of non-bound base pairs due to the binding reaction with Hoechst (k is the binding
constant). The second equation describes the change of the concentration of free
Hoechst molecules inside the vesicle. The first term represents the increase in concen-
tration due to diffusion through the membrane, whereas the second term represents
the decrease due to the binding on DNA.V andS are the volume and surface area of
the vesicle, respectively andα is the permeability constant of the membrane.

The intensity of the fluorescence light emitted by dye molecules bound to DNA
inside the vesicle is given by

I (t) = µ
4
3
πR3 (

c∗ − c(t)
)
, (5.3)

whereR is the radius of the vesicle, andµ is the proportionality constant between
measured intensity and the DNA concentration.

We now consider the experimental fluorescence emitted by the stained pUC18
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Figure 5.14: Slope of the linear increase of the intensity versus the size of
capsules in double logarithmic representation. A fit oflog(slope) = A+ B∗

log(R) yieldsA = 4.16± 0.5, B = 1.89± 0.23.

DNA molecules. The vesicles were deposited on a glass substrate as described above
and washed with toluene. The vesicles were subsequently immersed in 10% PEG
solution with 0.008 g of Hoechst per dm3. The intensity of the fluorescence was
immediately monitored and the results for vesicles with different radii are displayed
in Figure 5.13. After approximately 130 seconds, the intensity increases linearly with
time. Eventually, the intensities level off once the DNA gets saturated.

In the stationary state, the rate of diffusion of the dye through the membrane
equals the binding rate of Hoechst on DNA. Withdn/dt = 0 and after some simple
algebraic manipulations, the rate of change of the concentration of non-stained DNA
takes the form

dc
dt

= − n∞c

k−1 + V
αSc

. (5.4)

Although Eq. (5.4) can be solved analytically, we are primarily interested in the
linear regime where the concentration of stained DNA increases linearly with time. In
the linear regime, the concentration of base-pairs which are not bound with Hoechst
is high andk−1 � V/(αS)c. Accordingly, the solution to Eq. (5.4) takes the simple
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form

c(t) = c∗ − αS
V

n∞t, (5.5)

and the fluorescence intensity is given by

I (t) = µαS n∞t. (5.6)

In the linear regime, the increase in fluorescence intensity scales with the surface
area of the vesicle proportional toR2.

For a series of vesicles with different sizes, the slopes of the linear parts ofI (t) are
displayed in Figure 5.14. It is indeed observed that the slope scales with the square
of the radius within experimental error.





CHAPTER 6

Conclusions

In this thesis the structure of polyelectrolyte diblock copolymer micelles and vesicles
at various length scales and under different conditions was considered in detail.

With increasing packing fraction, polyelectrolyte diblock copolymer micelles
shrink irrespective corona charge and ionic strength of the supporting medium. The
modest decrease in size with increasing concentration is due to the interaction among
micelles, increased counterion adsorption, and/or Donnan salt partitioning between
the coronal layer and the supporting medium (the functionality is fixed due to the
glassy core). The corona chain statistics is rather insensitive to inter-micelle in-
teraction. At sufficiently high corona charge under salt-free conditions, the chains
remain almost fully stretched. For low charge, the corona chains are coiled and the
structure factors comply with annealing of the charge towards the outer region due
to the recombination/dissociation balance of the weak polyacid. In the presence of
excess salt and through the whole range of concentrations, the radial decay of the
monomer density is similar to the one observed in neutral star-branched polymers.
Irrespectively the packing fraction, the counterions are strongly correlated with the
corona forming segments with the same radial density profile. Our experiments do
not allow an assessment of the extent to which the counterions are 2D localized
around the stretched arms or 3D condensed inside in the coronal layer. However,
almost all counterions are confined in either way, which results in a relatively small
net micelle charge.

Due to the adsorption of the counterions in the coronal layer, inter-micelle cor-
relation is rather insensitive to the corona charge fraction and can be satisfactorily
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described by a hard sphere model. From a comparison of the outer micelle and hard
sphere diameters, as obtained from the form and solution factor analysis, respectively,
it was concluded that the coronas of sufficiently charged, salt-free micelles inter-
digitate once the concentration exceeds a certain critical value. Based on the fitted
hard sphere diameter, this concentration corresponds with an effective micelle volume
fraction0.53±0.02. At higher packing fractions, this value is effectively preserved by
interpenetration of the coronal layers. For lower corona charge, interpenetration was
observed at the higher weight concentrations. Interpenetration of the polyelectrolyte
brushes also controls fluid rheology. As an example, the viscosity of a salt-free,
50% corona charge sample increases in value by 3 orders of magnitude, when the
concentration is increased so that coronal layers interpenetrate. In addition, the
parallel frequency scaling behavior of the dynamic moduli indicates the formation
of an interconnected, physical gel. In the presence of excess salt, the coronal layers
are less extended and they did not interpenetrate. Accordingly, the viscosity of the
latter samples was in the range of the viscosity of the solvent.

Polyelectrolyte diblock copolymers can also be used to assemble vesicular struc-
tures. Here, the membrane is stabilized by complexation of the cationic copolymer
with oppositely charged polyelectrolyte and a solvent quality induced collapse of the
hydrophobic block in a single emulsion preparation procedure.

We have demonstrated that we can achieve efficient encapsulation and at least a
10-fold compaction of short fragment DNA (150 base pairs) with a single emulsion
technique. With this technique, there are no restrictions to the molecular weight of the
DNA and there is no need for precipitation onto template particles, since the material
is inserted in the emulsion droplets before the membrane has been formed. Another
advantage is that the size of the vesicles can be controlled by the emulsification
procedure. Inside the vesicles, the DNA is tightly packed and organized in a liquid
crystalline fashion; they exhibit the characteristic birefringent textures when they are
observed with a polarized light microscope. As derived from the concentration, the
interracial spacing between the molecules is around 3.3 nm, which is similar to that in
DNA condensates and phage heads. With fluorescence staining experiments, we have
shown that the copolymer membrane is highly permeable for small molecules such
as fluorescence dyes. This is also supported by the permeability of the membrane for
small ions, which results in release of the DNA from the vesicles in very high salt
concentrations.

As a biotechnological example, we have shown that our model carrier system can
be used for delivery of cloning vector DNA into in vitro cultured HeLa cancer cells in
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a reverse transfection experiment. In a reverse transfection experiment, the cells are
growing on top of the expression vector on a glass slide rather than the conventional
method in which the DNA is added to the adherent cells. Potential advantages of the
DNA/vesicle system are higher DNA coverage, control of release, protection of the
DNA against nucleases produced by the cells, and possibilities for specific targeting
by grafting of functional groups to the exterior of the vesicles. It is our contention that
the easy and efficient deposition of the vesicles on a glass substrate and the control
of the functionality of the carrier system have potential in the further development of
transfected cell arraying techniques for functional genomics studies.

Our encapsulation procedure is not restricted to DNA; it can also be used to en-
capsulate other charged (bio)polymers. As an illustrative example, we have prepared
the inverse system: capsules of cationic poly(ethylene imine) encapsulated by the
anionic diblock poly(styrene-b-acrylic acid) copolymer. Since the copolymer is also
the building block of the membrane, its chemical composition and molecular weight
control the stability and functionality of the vesicle. In particular, the stability of
the self-assembled structure in various environments needs to be optimized to suit
the particular application. A promising option is chemical cross-linking (polymer-
izing) of the collapsed polymer layer. Other promising features are the possibilities
to control biodegradability and tissue-specific adaptation by the specific choice of
copolymer.





Samenvatting

Dit proefschrift bevat een gedetailleerde studie naar structuurvorming in systemen
met een relatief lage concentratie polyelectrolyt twee-blok copolymeren. De copoly-
meren bestaan uit twee chemisch aan elkaar verbonden stukken met ieder een spe-
cifieke lading en chemische compositie. Afhankelijk van de concentratie ontstaan na
toevoeging van dit copolymeer aan een oplosmiddel spontaan druppels (micellen),
met een kern en een corona, of blaasjes (vesicles) waarin binnen- en buitenkant
van elkaar zijn afgesloten door een (geladen) membraan. Hoewel de structuren in
deze twee hoofdklassen uiteenvallen, kunnen de details binnen een klasse (op het
moleculaire niveau) nogal verschillen. Mijn onderzoek is erop gericht de factoren
die dit detail bepalen beter te begrijpen en, waar mogelijk, deze kennis te gebruiken
in biotechnologische toepassingen.

De invloed van de experimentele condities op de interne structuur van de druppels
(micellen) is als eerste onderzocht. In het algemeen leiden oplopende pakkingsfrac-
ties tot een reductie in volume. Deze reductie, die weliswaar bescheiden blijft, is
onafhankelijk van de specifieke lading van de corona en de ionische sterkte van het
omringende medium. Een aantal andere factoren kunnen als oorzaak worden aange-
merkt: de wisselwerking tussen verschillende druppels, hogere opname van de tegen-
ionen, en/of de zogenaamde Donnan zout-partitionering tussen de buitenste delen van
de corona en het omringende medium (in alle gevallen is de functionaliteit dankzij
de glasachtige kern gelijk). Om de eventuele oorzaken van elkaar te onderscheiden
is een aantal zaken nader onderzocht. Allereerst vonden we dat de ketenstatistiek
in de corona grotendeels onafhankelijk is van de wisselwerking tussen de druppels.
In de afwezigheid van zout zijn de coranaketens met voldoende hoge lading bijna
geheel uitgestrekt. Voor lage ladingen zijn de ketens opgerold, en kan men aan
de structuurfactor afleiden dat de lading zich vooral aan de buitenkant van de drup-
pels bevindt. De oorzaak hiervan is een recombinatie/dissociatie evenwicht van het
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zwakke polyzuur. Voor een overmaat aan zout is de afname in monomeren-dichtheid
(als functie van de straal) gelijk aan die van stervormige vertakte polymeren. Dit geldt
voor het gehele concentratie-gebied. De tegen-ionen zelf zijn sterk gecorreleerd met
de corona-vormende ketensegmenten en hebben hetzelfde radiële dichtheidsprofiel,
onafhankelijk van de specifieke pakkingsfractie. De gebruikte experimentele metho-
den staan ons niet toe te bepalen of tegen-ionen effectief twee-dimensionaal rondom
de gestrekte coronaketens zijn geordend of drie-dimensionaal gecondenseerd zijn in
de gehele corona. Het feit dat de tegen-ionen zich in de corona bevinden, resulteert
in druppels met een relatief kleine netto lading.

Deze bevindingen hebben een aantal gevolgen. Doordat de specifieke lading in de
corona er tot op zekere hoogte niet toe doet (hij wordt afgeschermd door absorptie van
tegen-ionen) kunnen de druppels voldoende goed beschreven worden door een model
met harde bollen. Uit een analyse van de vorm en oplossing structuurfactoren in beide
systemen concluderen we dat, in afwezigheid van zout, de corona’s van voldoende
geladen druppels elkaar penetreren boven een bepaalde druppel-concentratie. Deze
kritische concentratie komt overeen met een druppel-volumefractie van0.53± 0.02;
een waarde die ook geldt voor hogere pakkingsfracties. Voor een lagere lading van de
corona treedt interpenetratie (overlap van corona’s) alleen op voor hogere (gewichts)
concentraties. De interpenetratie heeft ook invloed op het rheologisch gedrag van
deze vloeistoffen. Een voorbeeld is het gedrag van een zoutvrije oplossing met
druppels waarvan de corona voor 50% geladen is. De viscositeit in deze oplossing
neemt significant (drie orden van grootheid) toe wanneer de concentratie boven de
kritische waarde stijgt. Bovendien wijst het schalingsgedrag van de dynamische
moduli op de formatie van netwerken, dwz het geheel gedraagt zich als een fysische
gel. Echter, in oplossingen met een overmaat van zout, dwz waarin de corona veel
minder uitrekt, is de viscositeit gelijk aan die van de vloeistof zelf. We concluderen
dat de penetratie van corona’s een bepalende factor is voor het rheologische gedrag.

Hetzelfde copolymeer materiaal wordt ook gebruikt om grotere, blaasvormige
structuren te maken, de zogenaamde vesicles. Hierin wordt het membraan gesta-
biliseerd door het samengaan van cationische copolymeren met het tegengesteld ge-
laden polyelectrolyt en het, door de kwaliteit van het oplosmiddel veroorzaakte,
opvouwen van het hydrofobe blok. De bereidingsmethode maakt gebruik van een
enkele emulsificatie stap. Dit deel van het onderzoek was gericht op het gebruik van
deze blaasjes in biotechnologische toepassingen.

We hebben laten zien dat we met behulp van deze techniek in staat zijn tot
efficiente inkapseling en minimaal tienvoudige volumereductie van een kort DNA
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fragment (150 base paren). Het voordeel van deze techniek is dat er a) geen beper-
king is aan het moleculaire gewicht van het in te pakken DNA, en b) geen gebruik
wordt gemaakt van bestaande deeltjes om het materiaal op neer te slaan, omdat
het zich al in de emulsie-druppels bevindt voordat het membraan is gevormd. Een
ander en aantrekkelijk voordeel is dat de grootte van de blaasjes gereguleerd kan
worden tijdens de emulsificatie procedure, door de grootte van de emulsie-druppels
te variëren. Ten gevolge van de volume-reductie in het blaasje wordt het DNA sterk
samengedrukt en neemt de vorm aan van een vloeibaar kristal. Dit vloeibare kristal
vertoont het karakteristieke dubbelbrekende verstrooiing onder een microscoop met
gepolariseerd licht. Uit de concentratie kunnen we de afstand tussen DNA-moleculen
bepalen als 3.3 nm, in overeenstemming met andere gemeten waarden voor gecon-
denseerd DNA en DNA in de kop van fagen. We hebben ook laten zien dat de syn-
thetische membranen gemakkelijk kleine moleculen doorlaten, zoals fluoriserende
moleculen, in experimenten met fluoriserend licht. Bovendien vormen deze membra-
nen geen barrière voor ionen. Zeer hoge zout concentraties kunnen derhalve worden
gebruikt voor het vrijmaken van het DNA uit de blaasjes.

Als voorbeeld van een biotechnologische toepassing, hebben we het synthetische
blaasje gebruikt voor het vervoer en het bezorgen van plasmide DNA in in-vitro
gecultiveerde HeLa kankercellen. In dergelijke experimenten groeien de cellen op
een glasplaat. Op het glas is materiaal geïmmobiliseerd waarmee de functie van
het DNA (en daarmee de aanwezigheid in de cel) kan worden aangetoond. Deze
methode verschilt van de klassieke methoden waarin het DNA wordt toegevoegd
aan drie-dimensionale clusters van cellen. Potentiële voordelen zijn meervoudig:
deze nieuwe techniek is bruikbaar voor grote hoeveelheden en uiteenlopende soorten
DNA, er is controle op de afgifte, het blaasje beschermt de inhoud tegen nucleasen
die door de cellen worden gemaakt en er bestaat een mogelijkheid om het blaasje
specifieke cellen binnen te laten dringen door functionele groepen te plaatsen aan
de buitenkant. We denken bovendien dat deze techniek, vanwege de eenvoudige en
efficiènte neerslag op een glazen ondergrond en de controle op de functionaliteit,
waardevol kan zijn voor de verdere ontwikkeling van geautomatiseerde technieken
waarmee de relatie tussen DNA en functie kan worden onderzocht.

Onze inkapselingprocedure is geenszins beperkt tot DNA. Hij kan ook worden
toegepast voor de inkapseling van andere (bio)polymeren met lading. Om dit te be-
wijzen, hebben we een zgn “inverse” systeem geprepareerd: capsules van cationisch
poly(ethylene imine) ingekapseld door een anionisch poly(styrene-b-acrylic acid)
copolymeer. Het copolymeer maakt hierin deel uit van het membraan; de chemische
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compositie en moleculair gewicht ervan bepaalt daarom mede de stabiliteit en de
functionaliteit van het blaasje, en moeten voor de toepassing worden geoptimaliseerd.
Een veelbelovende oplossing voor de stabiliteitskwestie bestaat uit het creëren van
een netwerk (het verbinden van de ketens door polymerisatie) in het membraan.
Andere veelbelovende voordelen van deze techniek zijn de eigenschappen die kunnen
worden verkregen door de juiste keuze van het polymeer. Hierbij kan men denken
aan de mogelijkheid tot beheersbaarheid van de bio-afbreekbaarheid en weefsel-
specifieke aanpassingen.
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