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Various aspects of and approaches towards the steric stabilisation of liposomes have been
investigated, mainly by use of fluorescence techniques and cryo-transmission electron
microscopy (cryo-TEM). It is shown that PEG(2000)-lipids can be incorporated in the
liposome membrane up to a critical concentration of 8-10 mol% without any observable
structural perturbations. Above 10 mol%, a breakdown of the liposome structure into flat
lamellar discs was observed. The sterically stabilised liposomes displayed similar, or even
reduced, membrane permeability as compared with conventional liposomes. The presence of
PEG-lipids in the EPC membrane was shown to affect the liposome-to-micelle transition in
mixtures containing OG. Little or no effects of the PEG-lipids were found on the transition in
mixtures containing C12E8.

The interactions between a number of PEO-PPO-PEO triblock copolymers and PC or
PC/Chol liposomes have been investigated. It is shown that these polymers adsorb rapidly
onto the liposome surface and induce a substantial increase in membrane permeability as
well as structural perturbations. No evidence of an effective steric stabilisation due to the
presence of the polymers at the membrane surface was found. This was shown, by the use of
a QCM-technique, to be a consequence of the weak interaction between the polymers and the
lipid membrane.

Dispersions of reversed lipid phases in mixtures of DOPE and PEG-lipids were characterised
using cryo-TEM. Dispersions displaying reasonable colloidal stability were obtained and
particles exhibiting a periodic dense inner structure were observed.

PEG-lipid micelles were characterised mainly using light scattering techniques. Micelle
aggregation numbers and hydrodynamic radii were determined as a function of temperature.
It is shown that the inter-micellar interactions are dominated by the steric repulsion.

PEG-lipid stabilised liposomes loaded with boronated drugs intended for BNCT have been
characterised. The drugs were efficiently encapsulated into the liposomes, resulting in a drug
precipitation in the water core of the liposomes.
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1. Introduction

The molecules under study in the present thesis are typically found in such
diverse locations as cell membranes, soaps and foodstuffs. In general terms
they are called amphiphilic molecules, alluding to their unique properties
when dissolved in water or oil. To understand the importance of amphiphilic
molecules for all forms of life as well as for our everyday life, it is illuminating
to consider the function of the molecules in a cell membrane. The living cell is
extremely complex and contains, among other things, the genetic code
(DNA). It is intuitively realised that for life to exist there must be a barrier that
hinders the content of the cell from diffusing into the surrounding medium.
Living organisms have solved this problem by surrounding the cell with a
semi-permeable barrier, the cell membrane. This membrane is constructed by
amphiphilic molecules that have parts that are soluble in water and parts that
are soluble in oil. Given the choice, these molecules will assemble such that
the water-soluble (polar) parts are directed toward the water medium and the
parts that dislike water (apolar) are dissolved in an oil medium. In the case of
the cell membrane, the oil medium is represented by the apolar parts of the
amphiphilic molecules. In this way, the molecules will build up the cell
membrane that regulates everything that passes in or out of the cell. Generally
speaking, amphiphilic molecules function in the same way regardless of their
location, that is, they assemble at interfaces between polar and apolar media.
This is a consequence of their “dual-personality”, having both polar and
apolar parts. Because of their preference for interfaces, amphiphilic molecules
are often referred to as surfactants (surface-active-agents).

When added to aqueous solutions, surfactant molecules may self-assemble
into a variety of structures. The basic driving force that brings the molecules
together originates from the unfavourable contact between the apolar parts
and water [1]. For this reason, the apolar part of the surfactant is often called
the hydrophobic part. Indeed, everybody who has tried to mix, for example,
olive oil and water recognises this unfavourable interaction. We all know that
the oil droplets will not dissolve. The simplest surfactant aggregates are so-
called spherical micelles which can be viewed as small spheres having the
apolar part of the molecules hidden from water in a core while the polar part
of the surfactant is directed outwards against the water medium. A number of
other types of surfactant aggregates of larger complexity than the micelle may
form, depending on the nature of the surfactant. A brief overview of such
aggregates will be given in Chapter 2.

The work in the present thesis is focused on amphiphilic molecules which
form membranes. More specifically, the molecules are called phospholipids
and are typically found in cell membranes. In general, phospholipids tend to
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aggregate into lamellar aggregates or lamellar phases. If such a lamellar phase
is dispersed into an excess of water, liposomes, or vesicles,∗ may form. These
are spherical aggregates that contain a lipid membrane (lipid bilayer)
enclosing a water core and can be considered as simple miniature copies of
living cells. The dimension of the liposomes investigated is in the range of 20-
120 nm in diameter, which is in the so-called colloidal domain. In comparison,
the cell diameter is in the order of 10 µm. A more detailed picture of lamellar
phases and liposomes will be given in Chapter 3.

The colloidal stability of liposome dispersions is often limited. One strategy to
stabilise the liposomes is to attach water-soluble polymers to the surface of
the liposomes. The polymers will sterically stabilise the liposomes, if
compatible with the lipid matrix. Papers I-V deal with the effects of polymer-
lipids or amphiphilic block copolymers on the liposome structure and
membrane permeability. The results are discussed in relation to the molecular
architecture of the polymer additives (Chapter 5). Polymer-lipids may also be
used for the stabilisation of dispersed particles of reversed phases. Reversed
phases are built by amphiphilic layers that are bent toward the polar (water)
region (aggregates of negative curvature, cf. Chapter 2). Paper VI deals with
the aggregate structure in mixtures of a phospholipid that prefers reversed
phases and polymer-lipids preferring aggregates of high positive curvature,
such as normal micelles. The nature of the polymeric micelles is investigated
in Paper VII (Chapter 5).

An attractive feature of sterically stabilised liposomes is that they may be
utilised as drug delivery vehicles. This is discussed in Chapter 6 as well as the
results presented in Paper VIII where the characterisation of liposomes loaded
with potentially interesting compounds for use in BNCT (Boron Neutron
Capture Therapy) of cancer, is presented.

The study of the aggregation behaviour of surfactants in water is of vast
fundamental and practical interest. From a fundamental point of view, the
aim is to understand the often intricate interactions that lead to a certain type
of aggregation behaviour. Given this understanding, utilisation of surfactant
aggregates for different types of applications may be at hand. Hopefully, the
results presented in this thesis will aid the understanding of the investigated
and related systems. In addition, a specific application that has emerged from
the fundamental studies will be presented. Thus, the importance of basic
studies preceding practical applications will be explicitly pointed out.

                                                  
∗ In the thesis, the terms liposome and vesicle will be used as synonyms.
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2. Self-Assembly in Surfactant-Water Mixtures

Surfactants may be dissolved in water as monomers. However, at some
critical concentration of the surfactant, which depends upon the molecular
nature of the amphiphilic molecule, the system gains free energy by a
spontaneous aggregation (self-assembly) of the surfactants. The basic driving
force for this aggregation is the unfavourable interaction between water and
the hydrophobic part of the surfactant. At first sight, the assembly of the
surfactants into aggregates may seem to increase the overall order of the
system resulting in decreased entropy. However, it is generally recognised
that the entropy of the system increases when aggregation occurs [1, 2]. The
reason for this counterintuitive observation is the fact that water molecules
are assumed to exhibit local ordering around the hydrophobic part of the
surfactant. Upon surfactant self-assembly, these water molecules are released
into the bulk solution, thus providing the entropic gain necessary for the
aggregation process. It should be mentioned, however, that there is still a
debate in the literature about the existence of a local water structure around
apolar groups that is significantly different from that of bulk water [3, 4].

2.1 Optimum aggregate structure

The most favourable surfactant aggregate structure can be estimated based on
a simple shape concept [5-7]. This theory relates the molecular geometry of
the surfactant to the overall shape of the structures that are formed. The basic
idea is that for every type of surfactant, there exists an optimal headgroup
area a0 at which the free energy of the surfactant in the aggregate is
minimised. By relating a0 to the hydrophobic chain volume v and the critical
length of the hydrophobic chain (or chains) lc, the dimensionless packing
parameter or shape factor Ns is given by v / (a0 × lc) [7]. Based on the magnitude
of this simple packing parameter, the structure of the aggregates that are
formed can be predicted. This is schematically shown in Figure 2.1. The
strength of the shape theory is that the parameters v, a0 and lc can often be
estimated with reasonable accuracy for a given surfactant although it should
be remembered that the optimal headgroup area might be strongly dependent
on the solution conditions. The downside of the theory is that it is difficult to
estimate Ns in mixtures of two or more amphiphiles. This is because one
cannot, in general, assume that the magnitude of Ns for the components in a
mixture is the same as in the respective pure systems. Nevertheless, it is
possible to make qualitative statements about possible aggregate structure in
mixtures of surfactants, using the molecular shape concept. Thus, for
predictive purposes, the shape theory provides an invaluable tool in
surfactant science.
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Figure 2.1. Predicted aggregate structure as a function of the shape factor.

2.2.1 Surfactant Phase Behaviour

At reduced water content, the surfactants may form condensed phases or so-
called liquid crystalline phases. The structure of the sub-units that build up
the various liquid crystalline phases may be very different and is sensitive to
the geometrical shape of the molecules as modified by the characteristics of
the dispersion medium and inter-molecular and inter-aggregate interactions.
In fact, it is possible to rationalise the phase behaviour (gross features) of a
given surfactant-water mixture using the molecular shape concept described
above. There are many generic features in surfactant phase behaviour and a
typical phase sequence may be constructed as schematically shown in Figure
2.2 [8, 9]. In this context, it is convenient to introduce the concept of interfacial
curvature. The curvature of an aggregate is by convention taken to be positive
when the surface (the interface between the polar (water) and apolar
(hydrocarbon) regions) is bent toward the apolar region and negative when
the surface is bent toward the polar region. Accordingly, normal micelles are
aggregates of high positive curvature whereas flat lamellar aggregates have
zero curvature. The curvature concept is central in theories treating
amphiphilic layers as thin films [10-14]. In Chapter 3, the film theory will be
used to characterise the thermodynamics of liposome formation.
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Figure 2.2. Typical (idealised) phase sequence as a function of water content. L:
micelle solution, I: cubic phase, H: hexagonal phase, Q: cubic bicontinuous phase, Lα:

lamellar phase. Subscripts I (1) and II (2) denote normal and inverted phases,
respectively.

As can be seen from Figure 2.2, a multitude of phases can be formed from a
single surfactant-water mixture depending on the water content. In the
present thesis, the emphasis is on lamellar phases, or more specifically, on
dispersed versions of lamellar phases. Therefore, a deeper discussion on
lamellar phases will be given in Chapter 3. Here, we just note the
characteristics of some of the most prevalent liquid crystalline phases found
in surfactant-water mixtures.

2.2.2 Hexagonal Phases

The hexagonal phase is usually designated H and exists in two versions, HI

and HII, that differ in the way the interfaces are curved. In the HII phase, the
sub-units are curved toward water and the HII phase is therefore called a
reversed, or inverted, hexagonal phase. The sub-units in the hexagonal phase
are cylindrical micelles which are assembled in a hexagonal array. In Paper
VI, we have investigated a system containing a phospholipid (DOPE) that in
dilute aqueous solution forms a reversed hexagonal phase. The results from
that study will be discussed in Chapter 5.

2.2.3 Cubic Phases

Cubic phases may be found at various locations in the phase sequence [8, 9,
15-17]. It is important to distinguish cubic phases that are built by close
packing of discrete aggregates (II and III) from those that are formed by
“infinite” bicontinuous structures (QI and QII) [8, 15, 18]. Reversed
bicontinuous cubic phases (QII) can be viewed as interconnected bilayers
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curved in such a way that the mean curvature of the surface is close to zero [8,
15, 16, 19]. The water molecules in the QII phase are imbibed in interconnected
water channels. Bicontinuous cubic phases have received a lot of attention
lately, mainly due to the fact that cubic phase membranes may exist and have
specific roles in biological systems [15-17]. Furthermore, because of the high
bilayer content per unit volume, cubic phases have been suggested as being
well suited for the reconstitution of membrane proteins [20]. One may also
envision the use of dispersed versions of the QII phase for drug delivery of
water-insoluble or amphiphilic drugs [19]. Quite recently, Gustafsson et al.
presented direct evidence for such dispersed cubic phase particles [21, 22]. In
the present thesis, we will present electron microscopy images of dispersed
particles that most likely originate from a QII phase (Paper VI). The stability
and nature of these aggregates are discussed in Chapter 5.
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3. Lamellar Phases and Liposomes

Lamellar phases are characterised by their one-dimensional crystallinity and
zero-mean curvature. In fact, a lamellar phase is included in the phase
diagram of most surfactant-water mixtures. In the present thesis, the
emphasis is on phospholipids and so this chapter will begin with a brief
description of phospholipid molecules.

3.1 Phospholipids

Phospholipids are typically found in high proportions in cell membranes of
living matter [23]. Besides providing the semi-permeable barrier alluded to in
Chapter 1, the membrane also serves as a medium for membrane proteins.
The molecular structure of some of the most prevalent phospholipids is
shown schematically in Figure 3.1. There are a number of phospholipid
classes which are characterised by the nature of the headgroup. In the present
thesis, most studies have been performed on zwitterionic phosphatidyl
choline (PC) systems. However, in Paper VI, a phosphatidyl ethanolamine
(PE) lipid was investigated. The phospholipids were obtained from different
sources, both synthetically manufactured and of natural origin. PC extracted
from egg yolk (egg phosphatidylcholine, EPC) has been used extensively,
mainly because of the reasonable material cost but also because a lot of data
have been published on the properties of EPC membranes. Furthermore, EPC
may be regarded as a model lipid and the behaviour of EPC-based systems
can be used for predicting the behaviour of related systems.

Figure 3.1. Phospholipid molecular structure and the composition of the lipids used
in the present thesis. EPC is a natural product and only an average composition can

be stated therefore.

In general, the hydrophobic chains (acyl chains) of the phospholipids are
comparably long and the monomer solubility is thus extremely low (~10-10 M)
[1, 24]. This means that the phospholipids will self-assemble even at very low
concentrations. Using the molecular shape concept outlined in Chapter 2, it is
realised that the molecular geometry of phospholipids can, in most cases, be
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approximated as cylinders. Thus, phospholipids tend to form lamellar
aggregates upon self-assembly.

3.2.1 Phospholipid Lamellar Phases

Phospholipid lamellar phases may exist in a number of different physical
states. At low temperature, the hydrophobic acyl chains are ordered and the
interior of the membrane can be viewed as crystal-like (Lc), much like the
parent hydrocarbon in the solid state. Increasing the temperature results in
increased rotational motions of the acyl chains and the crystalline state
becomes energetically disfavoured. At a specific temperature there is a phase
transition into a lamellar gel phase (Lβ or Lβ´ - the prime indicates that the
chains are tilted from the bilayer normal) in which the chains are more
expanded. A further rise in temperature yields yet another phase transition
into the liquid crystalline phase (Lα). In this phase, the acyl chains are
disordered and the interior of the membrane is liquid-like. The details of the
processes described above depend on the molecular nature of the lipid and
the level of hydration, that is, the water content in the sample [2, 25, 26]. The
equilibrium phase behaviour is summarised in phase diagrams and a
schematic phase diagram for a typical PC lipid is shown in Figure 3.2.

Figure 3.2. Schematic phase diagram of a typical PC/water mixture (see for example
ref. 26).

It is often found for PC lamellar phases that there is a pretransition from the
Lβ (or Lβ´) phase to a so-called ripple phase (Pβ or Pβ´) before the main
transition to the Lα phase. The main transition temperature Tm is of particular
interest. Tm depends strongly on the composition of the acyl chains and is
significantly lower for unsaturated PC lipids compared with their saturated
analogues [25]. This is because the double bond in the acyl chain(s) prevents
efficient close packing and, thus, decreases the inter-molecular attractive
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forces in the membrane. Accordingly, we may conclude that the membranes
of unsaturated lipids are more disordered than their saturated analogues at a
specific temperature. Naturally-occurring phospholipids, such as EPC,
usually have a cis double bond.

3.2.2 Cholesterol in Phospholipid Lamellar Phases

Cholesterol (Chol) is frequently found in animal cell membranes and belongs
to a class of lipids called sterols [23]. Figure 3.3 shows the structural formula
of cholesterol. In lipid bilayers, the hydroxyl group is situated at the
hydrocarbon water interface, whereas the rigid ring structure and the
hydrocarbon tail are located in the hydrophobic interior of the membrane
[27]. This molecule may seem relatively simple, yet its effects on the
properties of the lipid bilayer are remarkable. Inclusion of Chol in moderately
unsaturated bilayers, such as EPC bilayers, increases the packing order of the
bilayer [28]. The exact mechanism of this condensation (ordering) effect is not
known and is still an area of intense research. When Chol is added to bilayers
composed of long saturated lipids, such as DSPC, the result is a stabilisation
of the liquid crystalline phase [29]. This means that the Tm, which is ~55°C for
DSPC, is lowered. In fact, if the DSPC bilayer is supplemented with more than
~35 mol% of cholesterol, the main phase transition is smeared out and for all
practical purposes the membrane can be considered to exist in an ordered
liquid crystalline phase over a wide temperature range [29]. Cholesterol also
dramatically reduces the membrane permeability and the area compressibility
and increases the elastic bending modulus of the lipid membrane [25, 30, 31].
These effects are observed both for saturated and unsaturated lipid
membranes and are advantageous for the use of liposomes as drug delivery
vehicles (cf. Chapter 6).

Figure 3.3. Cholesterol (Chol) molecular structure.
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3.3.1 Liposomes

Liposomes, or vesicles, are composed of a lipid bilayer enclosing a water core
(Figure 3.4). The structure and basic properties of the liposomes were fully
recognised by Bangham and co-workers [32] in the mid-60s. Soon after this
discovery, the enormous potential of liposomes as mimics of cell membranes,
in fundamental colloid research and for the reconstitution of membrane
proteins, was realised. The field of liposome research, or liposomology, has
grown since then and today spans from biophysics to cosmetics.

Figure 3.4. Schematic view of a liposome.

As will be shown below, liposomes are, in general, not thermodynamically
stable aggregates, meaning that they are not equilibrium structures. An
obvious question then arises in relation to the equilibrium phase diagram
shown in Figure 3.2: where do we find the non-equilibrium liposomes? The
answer is that we may regard a liposome dispersion as a lamellar phase
dispersed in excess water. This means that liposomes can be prepared in the
dilute region of the phase diagram where the lamellar phase coexists with a
water phase.

3.3.2 Thermodynamics of Liposome Formation

The formation of closed spherical shells from flat lamellas can be treated at
different levels of complexity [33-36]. In the following, the lamella, or
membrane, will be treated as a thin elastic film, whereby the curvature or
bending energy can be calculated. This approach was pioneered by Helfrich
[10] in the early 70s and later used by Lasic [33, 34] and Fromherz [35] to
characterise the thermodynamics of liposome formation.
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Figure 3.5. A flat lamella (a) is divided into flat circular discs (b). The discs may
reduce the edge energy by bending and the radius of curvature becomes R2 (c). Disc-

closure results in liposomes with radii R3 (d).

Consider a flat lamella, large enough that no edge interactions need to be
taken into account (Figure 3.5). Now this large lamella is divided into small
flat circular discs of radius r. The energy cost per disc for this process is the
edge interaction Eedge arising from the unfavourable exposure of hydrophobic
material to water

Eedge = γ  × 2πr  (3.1)

where γ  is the effective edge interaction or line tension. The discs may reduce
Eedge by bending and now the edge interaction of the disc decreases as the
radius of curvature R increases according to

Eedge = γ  × 2πr (1 – (r2 / 4R2))1/2 (3.2)

The energy penalty for the bending process can be calculated using the
Helfrich [10] expression for the elastic curvature energy Ecurv for a bilayer per
unit area

  
E

k
c c c k c ccurv

C
G= + −( ) + ( )

2 1 2 0
2

1 2 (3.3)

where kC and kG denote the bending elastic modulus for cylindrical
deformations and the Gaussian elastic modulus, respectively. The mean
curvature of the surface is given by c1 + c2, the Gaussian curvature by c1c2 and
the spontaneous curvature by c0. For c1 = c2 ≡ (1 / R) and with c0 = 0, the total
curvature energy becomes
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Strictly, there may also be an inelastic contribution to the bending energy,
however, this contribution only becomes significant for small values of r and
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will be neglected here [34]. The resulting expression for the excess energy per
disc (see Figure 3.5) is

  
E r
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We immediately see in eq. 3.5 that when the liposome is formed (r = 2R), the
edge interaction vanishes and the resulting excess energy becomes 8πkC +
4πkG, independent of the liposome radius. On the other hand, the system
gains entropy for every liposome that is formed, so large liposomes are
energetically favoured whereas small liposomes are entropically favoured.
The Gaussian curvature energy contribution can be neglected in the above
analysis [34] and, therefore, the total excess energy per liposome becomes
8πkC. For typical phospholipids, kC is in the order of 10-50 kBT [37] so it is clear
that these liposomes are metastable aggregates. In this context it is important
to emphasise that most phospholipid liposome dispersions are kinetically
stable, meaning that the time required to collapse the liposomes into the
lamellar phase is very long. In practice, therefore, we may regard the
liposomes as quasi-equilibrium structures. It may be noted, however, that
there are several reports in the literature on thermodynamically stable
liposomes [38-41].

3.3.3 Colloidal Stability

For most practical purposes, the colloidal stability of the liposomes is more
important than whether the liposomes are thermodynamically stable or not.
In fact, most of the work in the present thesis is focused on strategies to
increase the colloidal stability via polymer stabilisation of the liposomes.
Therefore, it is in place to consider the interaction between two conventional
liposomes, that is, liposomes that are not stabilised by any polymer additive.
The details of the interactions between lipid (surfactant) bilayers can be found
in an extensive review by Israelachvili and Wennerström [42] and in ref. [24],
so the aim in this section is simply to derive a semi-quantitative expression for
the interaction potential. In most cases, interaction energies between
macroscopic bodies are measured between flat surfaces [24]. Fortunately, we
may use the Derjaguin approximation, which relates the force law between
two spheres with radii R to the interaction energy between two flat surfaces
as [24]

F(h)sphere = πRW(h)flat (3.6)

The Derjaguin approximation holds for all types of force laws provided that
the distance between the spheres, h, and the range of the interaction are much
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smaller than R. We also have that F(h) = -dW(h)/dh and, thus, from the
interaction energy between planar lipid bilayers, we can obtain the interaction
energy between the liposomes.

The total interaction energy between the liposomes is a sum of attractive van
der Waals interactions and repulsive electrostatic, undulation and hydration
interactions. At very short separations, one also needs to consider repulsion
arising from the overlap of lipid headgroups [43], which will not be included
in the analysis below. If we assume that the liposomes can be treated as
homogenous spheres, the van der Waals attraction is given by

W(h)vdW = -AR/ 12h (3.7)

where A is the Hamaker constant. If we in this analysis consider the
interaction between two EPC liposomes, we know from Figure 3.1 that the
EPC lipid is zwitterionic and the lipid bilayer should be net neutral. However,
it is often found that liposomes prepared from EPC carry a net negative
charge [44] and electrostatic interactions cannot, therefore, be neglected.
However, the surface potential is usually low, in the order of 25 mV, so the
electrostatic interaction is approximately given by [24]

W(h)el ≈ 2πRεε0Ψ0
2exp(-κh) (3.8)

where ε and ε0 are the dielectric constant of water and the vacuum dielectric
permittivity, respectively, Ψ0 is the electrostatic surface potential and κ is the
inverse of the so-called Debye length. The undulation repulsion results from
the confinement of thermal undulations within the bilayer as the separation
between the liposomes becomes small. The magnitude of the interaction
depends on the elastic bending modulus kC, and is given by [42, 45]

  
W h

R k T
k hund

B

C

( )
( )= 3

128

3 2π
(3.9)

The remaining repulsive interaction to be accounted for is the so-called
hydration repulsion. The origin of this interaction has been the subject of
numerous studies [46-48] and there is still debate in the literature about the
true nature of this interaction [42, 48, 49]. Nevertheless, from experiment we
know that the interaction decays exponentially according to

W(h)hydr = πRCλ2exp(-h/λ) (3.10)

where C is a constant and λ is a characteristic decay length that is dependent
on the nature of the lipid (surfactant) bilayer.
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Combining eqs. 3.7-3.10 and inserting reasonable values for the different
constants gives the total interaction profile for two EPC liposomes (R = 50 nm)
as shown in Figure 3.6.

Figure 3.6. Calculation of the pair interaction profile between two liposomes with
radii (R) 50 nm ( ). The following parameters were used: A=5×10-21 J, ψ0=-20 mV,
κ=1.274 nm-1, kC≈40 kBT, C=4×108 Nm-2, λ=0.17 nm. The right figure is an expansion

including the interaction profile without electrostatic interactions ( ). The numerical
constants were taken from refs. 25, 42, 47.

Although the above calculation is based on estimations of the numerical
constants, the total interaction profile is what is typically found for colloidal
particles. It is clear that, at very short separation, the hydration repulsion
dominates, resulting in an energy barrier that is high enough to consider the
liposome dispersion as kinetically stable. At very small distances, there is a
primary minimum which is not shown in Figure 3.6. However, at slightly larger
separation, closer inspection of the interaction profile reveals a secondary
minimum of depth δ. If the magnitude of δ is significantly larger than the
thermal energy kBT, the liposomes may aggregate. This process is generally
referred to as weak coagulation or flocculation. In the case of the EPC liposomes
considered above, the secondary minimum is shallow and these liposomes
should not display any significant aggregation. Indeed, this is what is usually
found experimentally. However, changing the lipid composition to the
synthetically manufactured DSPC and including cholesterol yields an
essentially non-charged bilayer [44]. Therefore, the electrostatic interaction
between such liposomes becomes negligible. Furthermore, the inclusion of
Chol also increases kC and the undulation repulsion is, thus, suppressed [25].
It is apparent in Figure 3.6 that if the electrostatic interaction is reduced to
zero, the depth of the secondary minimum (δ´) increases. Thus, it is expected
that liposomes composed of DSPC/Chol should flocculate more easily than
pure EPC liposomes. This is indeed what is found experimentally (Paper I).
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4. Experimental Techniques

This thesis is based on results that have been collected using a number of
different experimental techniques, some of which will be described below. It
is not the aim to cover the details in this section, but merely to highlight the
important features including the advantages and limitations of the
techniques.

4.1.1 Cryo-Transmission Electron Microscopy (cryo-TEM)

Cryo-TEM is a powerful technique for the visualisation of the aggregate
structure in surfactant-water mixtures. What makes this technique unique
among electron microscopy (EM) techniques is the preparation and use of a
vitrified specimen [50]. The vitrified surfactant-water film can be considered
as a thin (<500 nm thick) transparent glass film. Due to the thin film and the
vitreous state of water, the electrons can penetrate the specimen and thus the
aggregates residing in the film may be visualised. The vitrified specimens are
prepared by rapidly plunging the samples into liquid ethane held at ~100 K.
This preparation procedure ensures minimum sample perturbation. In this
context it is clearly important to consider what is really meant by minimum
sample perturbation. After all, the samples are submerged into a liquid that
has a temperature of –173 °C (!) and one may wonder if this does not affect
the aggregate structure. In fact, there is a simple argument that tells us that
the effect of this extremely low temperature is rather small: during the rapid
cooling of the aqueous film, the water molecules form vitreous ice instead of
the crystalline ice that is formed when a water solution is cooled slowly. This
means that the cooling of the sample is rapid enough to prevent the small
water molecules from crystallisation. Therefore, we expect that any
reorganisation of the much larger surfactant aggregates due to cooling should
be negligible. There are, however, other possible artefacts that occasionally
can make life less simple for the microscopist. Some of these potential pitfalls
will be dealt with in section 4.1.2.

It is important that the preparation of the thin sample films is performed
under controlled environmental conditions. For that reason, all samples
investigated by cryo-TEM in the present thesis were prepared within a
controlled environment vitrification system (CEVS) [51]. The basic features of
the CEVS chamber are shown in Figure 4.1. To avoid evaporation of water
from the sample films, the humidity in the CEVS chamber is kept high. Figure
4.1 also shows the copper electron microscopy grid that has been used. A
small drop of the sample solution is applied onto such an EM grid and the
excess solution is removed by means of a filter paper (blotting). The EM grid
with the thin sample film is then rapidly plunged into the liquid ethane for
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vitrification. This preparation procedure is similar to that described by Bellare
et al. [51].

Figure 4.1. Schematic view of the Controlled Environment Vitrification System
(CEVS) and the EM-grids used.

The cryo-TEM technique is especially well suited for the investigation of
aggregate structure in dilute aqueous solution. It gives a detailed and direct
image of the aggregate morphology and thereby provides information that is
difficult to obtain with any other technique. Image interpretation and analysis
will not be dealt with here and the interested reader may consult a recently
published review on cryo-TEM for more details on image interpretation [52].
There is of course a severe limitation to the cryo-TEM technique in that only
dilute samples, say >95 wt% water, can be investigated. This is mainly due to
the requirements of the preparation of the thin films where the viscosity of the
solution must not be too high. Furthermore, if the films contain too much
material, effects such as multiple scattering and crowding become
pronounced.

4.1.2 Artefacts in cryo-TEM

A correct interpretation of c-TEM images requires awareness of possible
artefacts. With due precautions, it is, in most cases, possible to pinpoint
artefacts and thereby to distinguish between artefacts and “real” structures. A
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particularly intriguing feature of many, though not all, liposome dispersions
is the fact that the liposomes often appear to be invaginated in cryo-TEM
micrographs. Such invaginated structures were observed in early cryo-TEM
investigations [50]. The underlying driving force behind the appearence of
these structures was thought to be an osmotic stress due to an increased salt
concentration as the solvent evaporated during preparation [50]. We have
found that EPC liposomes prepared in pure water always appear as nice
spheres whereas the same liposomes prepared in a physiological buffer (150
mM NaCl) sometimes, though not always, appear invaginated (see Figure
4.2). This clearly supports the osmotic stress theory. On the other hand,
invaginated liposomes have also been found in systems with no added salt
[53] so there may be other processes than the osmotic effect involved.

  
Figure 4.2. EPC lipsomes in pure water (MQ-water) (a) and in Hepes buffer (150 mM

NaCl, pH 7.4) (b). The arrows in (b) denote invaginated liposomes. Bar = 100 nm.

The copper EM grids used (see Figure 4.1) are covered with a perforated
polymer film. When the sample solution is thinned down on the grid, the
resulting film will span the holes in the polymer film and form thin lenses.
Due to the fact that the sample films are thicker close to the edge of the holes,
there is a risk of misleading aggregate size estimations. It is often found that
there is a “size-sorting” in the thin sample film that yields a predominant
location of large aggregates near the edge of the hole and small aggregates
closer to the centre of the hole. An example of this effect is shown in Figure
4.3. Clearly, care must be exercised when stating anything about the
aggregate size or size distribution. It may be noted, however, that Egelhaaf et
al. [54] measured the size distribution of a liposome dispersion using cryo-
TEM, freeze fracture EM and dynamic light scattering and found reasonable
agreement between the techniques.
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Figure 4.3. Size-sorting in cryo-TEM micrographs (from a sonicated sample
containing DOPE/PEG(750)-lipid, 83/17 (mol%)). Bar = 100 nm.

4.2  Intensity Light Scattering

Light scattering (LS) is a non-invasive technique that can be used to measure,
for example, particle size, particle molecular weight and inter-particle
interactions [55]. LS may also be used to measure relative aggregate size
changes in a simple and straightforward way because the intensity of
scattered light decreases when the size of the aggregates in the dispersion
decreases. Thus, LS can be used for determining the onset of micelle
formation in mixtures of surfactants and liposomes (Paper III). In a more
sophisticated fashion, intensity light scattering or static light scattering (SLS)
is used to obtain absolute values of the molecular weight M and radius of
gyration Rg of a macromolecule. Instead of measuring the absolute intensity,
the Rayleigh ratio Rθ of the excess intensity, Iexcess = Isample – Isolvent, is obtained by
using a reference solution (commonly toluene) with a known Rayleigh ratio
Rθ,tol according to [55]
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where Itol is the intensity scattered by toluene, n0 and ntol are the refractive
indices of the solvent and toluene, respectively. For small (diameter < λ / 20)
weakly interacting particles (such as dilute solutions of spherical micelles
(Paper VII)) the Rayleigh ratio is related to the osmotic compressibility ∂Π/∂c
through
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where the optical constant K is equal to 4π2n0
2(dn /dc)2 / (λ4NA) with (dn/dc)

the refractive index increment and λ the radiation wavelength. In eq. 4.2, c is
the particle concentration and B2 is the second virial coefficient. B2 is related to
inter-particle interactions and, thus, gives valuable information about the
investigated system. SLS was used in Paper VII to measure micelle molecular
weights and to obtain information about inter-micellar interactions.

4.3 Dynamic Light Scattering (DLS)

Measurements of particle size can be performed using DLS [56]. Using this
technique, it is even possible to obtain the size of particles with diameters <
λ/20 which is not possible using SLS. In DLS, the translational diffusion
coefficient Dc is measured and the dependence of Dc on c in dilute solutions
may be written as

Dc = D0(1 + kD c + …) (4.3)

where D0 is the translational diffusion coefficient at infinite dilution and kD is
the hydrodynamic virial coefficient. Both thermodynamic and hydrodynamic
factors contribute to the magnitude of kD [56]. D0 is related to the
hydrodynamic radius Rh through the Stokes-Einstein relation
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where kB is the Boltzmann constant, T is the absolute temperature and η is the
solvent viscosity. DLS was used in Papers V and VII to measure the size
and/or size distribution of small unilamellar vesicles (SUVs) and micelles.

4.4 Fluorescence Measurements

Steady-state fluorescence measurements have been used extensively to
measure the leakage of fluorescent molecules encapsulated into liposomes
(Papers II, IV, V, VIII). A particularly convenient fluorescence assay is the
carboxyfluorescein (CF) assay [57]. The basic principle of this method is that
at high concentrations of CF, the fluorescence intensity is negligible, due to
self-quenching. Accordingly, the liposomes are prepared in a solution
containing a high concentration of CF, usually ~100 mM, and thereafter
chromatographed on a size-exclusion column. The liposome fractions are
collected which results in liposomes containing 100 mM CF dispersed in a
medium in which no CF is present. As the probe leaks out from the aqueous
compartment of the liposomes, it becomes diluted and fluorescence can be
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detected. Fortunately, the fluorescence intensity is directly proportional to the
fraction of released CF, given that the conditions are appropriately chosen. CF
is a hydrophilic probe (divalent anion at pH 7.4) and to investigate the
leakage properties of more amphiphilic dyes, an assay developed by
Silvander and Edwards [58] was used in Papers II and VIII. This assay is
based on the ability of certain phenantridinium dyes, such as ethidium
bromide (EB) and propidium iodide (PI), to intercalate into DNA. When this
intercalation occurs, a strong enhancement of the fluorescence intensity is
observed which is utilised for the measurement of the leakage rate of these
molecules. The CF assay is indeed very useful for the characterisation of
membrane permeability in physiological buffers. However, it has been shown
that CF interacts with serum components [59] making the measurements in
biologically more relevant fluids prone to artefacts. To circumvent this
problem, we investigated whether the leakage assay based on the
phenantridinium dye PI was suitable in a medium containing human serum.
This leakage assay was found to work well in this medium (Paper II).

Steady-state fluorescence has also been used to measure the critical micelle
concentration (cmc) of a number of surfactants (Papers III, VII). In this case,
the fluorescent probes pyrene (Paper VII) and diphenylhexatriene (DPH)
(Paper III) are of hydrophobic nature and thus poorly water-soluble. At the
cmc, the probes are dissolved in the hydrophobic interior of the micelles
resulting in a change of the fluorescence spectrum and/or fluorescence
intensity.

Time-resolved fluorescence quenching (TRFQ) was used in Paper VII in order
to determine micelle aggregation numbers (see refs. [60, 61] for details on
TRFQ). In this case, the fluorescence quencher dimethylbenzophenon (DMBP)
was added to micelle solutions containing pyrene. Following excitation of
pyrene, the micelles containing quencher will only contribute to the
fluorescence during the first nanoseconds. At longer times, the fluorescence
decay is single exponential with the same decay rate as in the absence of
quencher. Once the exact distribution of the quenchers among the micelles is
known, the average number of quenchers per micelle <n> can be estimated
from the ratio between the initial intensity I(0) and the amplitude of the single
exponential decay at long times It→∞(t). From <n>, the aggregation number Na

is easily calculated if the concentrations of surfactant and quencher in the
micellar subphase are known.

4.5 Quartz Crystal Microbalance (QCM)

The QCM technique is based upon the piezoelectric effect in which an electric
field applied across the quartz crystal induces a stress in the quartz material.
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The electric field causes the crystal to oscillate with a certain frequency. In
practice, the quartz crystal is sandwiched between two electrodes [62].
Sauerbrey [63] was the first to show that any deposited mass, ∆m, on one or
both sides of the electrodes induces a shift in the frequency, ∆f, that is
proportional to the added mass. Provided that the mass is deposited evenly
over the electrode(s) and that ∆m is much smaller than the mass of the crystal
itself, the frequency shift is related to the to the adsorbed mass by

∆m = -C ∆f (4.5)

where C is a constant which for the crystal used in Paper V was 17.8
ng/cm2Hz. Importantly, the frequency shift is measurable to within ±1 Hz in
aqueous solution meaning that very small mass uptakes can be detected. In
paper V we investigated the adsorption of an amphiphilic block copolymer on
SUVs using a QCM-DTM∗ technique, which allowed us to measure both the
frequency shift and the energy dissipation, D. The energy dissipation is
essentially a measure of the viscoelastic properties of the adsorbed layer [62].
One particular advantage of the QCM technique used in Paper V is that it is
possible to follow the adsorption process in real time. This gives information
not only on equilibrium-adsorbed amount but also on the adsorption kinetics.

                                                  
∗ The QCM-D is a trademark of Q-Sense, Gothenburg, Sweden.
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5. Steric Stabilisation of Lipid Aggregates

There are two different strategies to stabilise a colloidal dispersion:
electrostatic stabilisation and steric stabilisation. Electrostatic stabilisation
simply means that the surface charge density of the particles is high enough
for the electrostatic repulsion between the particles to “win” over the
attractive van der Waals interaction. However, this stabilisation is sensitive to
the solution conditions because a high salt concentration will effectively
screen the electrostatic repulsion. In contrast, steric (polymeric) stabilisation is
relatively insensitive to the ionic strength and works in both aqueous and
nonaqueous media (see ref. [64] and references therein). The steric repulsion
between two particles with grafted or adsorbed polymers arises due to the
overlap of the two polymer layers as the particles come in close proximity. In
principle, this may be viewed as an osmotic pressure because there will be a
chemical potential difference between the solvent molecules (water in the
present case) in the bulk and in the interaction zone. Furthermore, there is
also a repulsive contribution arising from the restriction of the chain
configurational entropy. Having said this, the impression is that the steric
interaction is of purely entropic origin. However, it is often found that
sterically stabilised particles can be flocculated by increasing the temperature
[64]. This would not be expected if only entropic interactions were at play.
This behaviour may, at least partly, be explained by the fact that the solvency
conditions for the stabilising polymers may change drastically as the
temperature is varied. In a poor solvent, inter-segment attractions can
dominate over the osmotic repulsion.

5.1.1 Steric Stabilisation of Liposomes

Steric stabilisation of liposomes was first successfully achieved in the early
90s using the water-soluble polymer poly(ethylene glycol) (PEG)∗ [65-67]. In
these studies, a comparably low molecular weight PEG was covalently linked
to a phospholipid (PEG-lipid) which was subsequently incorporated in the
lipid membrane. Thus, in this approach, the polymer is, in principle, grafted
to the lipid membrane as shown in Figure 5.1. The early studies were focused
on developing a liposome formulation that could circulate within the blood
stream of an animal or human for prolonged periods of time (cf. Chapter 6).
This was indeed achieved but it is fair to say that the fundamental
physicochemical properties of these dispersions were left uninvestigated. The
phase behaviour and aggregate structure of PEG-lipid/phospholipid systems

                                                  
∗ There are many names for this polymer including poly(ethylene glycol) (PEG),
poly(ethylene oxide) (PEO) and poly(oxy ethylene) (POE). The reader is asked to excuse the
use of more than one name of the polymer in this thesis.
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have later been studied by a number of groups ([68-71], Paper I) and the
general behaviour of these systems is now well characterised.

Figure 5.1. Schematic view of a sterically stabilised lipid bilayer (left). The PEG-DSPE
molecular structure (right) where n typically ranges from 17 (PEG(750)) to 114

(PEG(5000)).

Our own results on PEG-lipid/phospholipid systems in dilute aqueous
solution will be presented below. However, to obtain insight into the efficacy
of the steric stabilisation, it is illuminating to see how the presence of the
polymer layer influences the interaction between two liposomes. Therefore,
before discussing the results in Paper I, a comparison will be made between
the conventional liposome system as shown in Figure 3.6, and the sterically
stabilised liposome system.

The force law between two flat surfaces covered with so-called polymer
brushes has been derived by de Gennes [72] based on polymer-scaling
concepts. This force law has been shown to accurately account for the
experimentally determined forces between polymer (brushes) covered
surfaces [42, 70]. Israelachvili [24] has shown that the de Gennes expression
can be simplified, within certain limits, to yield an exponentially decaying
force law. This force law, together with the Derjaguin approximation (eq. 3.6),
gives the steric repulsive interaction between two liposomes with polymer
layer thickness Lbrush and radius R according to
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for 0.4 Lbrush < h < 1.8 Lbrush where Lbrush = (NEO × l5/3 / s2/3) [24]. NEO is the number
of monomers (-OCH2CH2-) in the PEG chain, l is the effective segment length
and s is the distance between the grafting points. For the calculation of the
potential between two sterically stabilised liposomes (5 mol% PEG(2000)-
lipid), the same type of liposomes as in Figure 3.6 is considered and it is
assumed that the liposomes are non-charged. This is formally not correct
because the PEG-lipid in itself carries a negative charge. However, the
electrostatic contribution is minute compared with the steric interaction ([70],
Paper VII). In the calculation it is assumed that eq. 5.1 holds also for h < 0.4
Lbrush which is not strictly the case. Nevertheless, it is evident in Figure 5.2 that
the magnitude of the steric interaction is more than sufficient to neutralise the
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secondary potential minimum found for the conventional liposomes (see inset
figure in Figure 5.2). Note that the depth of the energy minimum can be even
more significant for cholesterol containing liposomes as discussed in section
3.3.3.

Figure 5.2. Interaction profile between two sterically stabilised liposomes with R=50
nm ( ) compared with the interaction profile between two conventional liposomes
( ) (see Figure 3.6). The following parameters were used: NEO=45, l=0.39 nm, s=3.74

nm ⇒ Lbrush=3.9 nm (corresponding to 5 mol% PEG(2000)-lipid).

5.1.2 Steric Stabilisation by PEG-lipids: Aggregate Structure

The effects of PEG(2000)-lipids on the structure of liposomes composed of
EPC, EPC/Chol, DSPC/Chol and DPPC/Chol were examined in Paper I. In
preparations of pure DSPC/Chol liposomes, the liposomes have a
pronounced tendency towards aggregation as shown in Figure 5.3a. In fact,
this is what was (semi-quantitatively) predicted in Chapter 3 (Figure 3.6) even
though it may be argued that the aggregation seen in Figure 5.3a is an effect
of the cryo-TEM preparation procedure. However, there is a strong argument
against the “preparation procedure” explanation and that is that the
aggregation of pure DSPC/Chol liposomes is easily observed also by visual
inspection of the samples. After some incubation time, sedimented material
was obtained in the bottom of the sample container. Incorporation of 5 mol%
of PEG(2000)-DSPE into the DSPC/Chol membrane resulted in a preparation
of nicely-shaped and well-separated liposomes as shown in Figure 5.3b.
Indeed, we see that this is in accordance with the calculations shown in Figure
5.2, that is, the colloidal stability of this liposome dispersion is enhanced
many times compared with the DSPC/Chol dispersion. Furthermore, the
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colloidal stability of the sterically stabilised dispersions prevailed in the long
term (months).

  
Figure 5.3. Cryo-TEM micrographs of DSPC/Chol (60/40) liposomes (a) and

DSPC/Chol/PEG(2000)-DSPE (55/40/5) liposomes (b). Bar = 100 nm. From Paper I.

The liposome structure remained intact for PEG-lipid concentrations below 10
mol%. Above 10 mol%, the appearance of essentially flat bilayer discs was
observed as shown in Figure 5.4. This structural perturbation was observed
regardless of the main membrane lipid component, although the exact
concentration at which disc formation occurred was somewhat lower for the
DPPC/Chol system (~ 8 mol% PEG-lipid).

Figure 5.4. Cryo-TEM micrograph from a DSPC sample containing 40 mol% Chol
and 15 mol% PEG(2000)-DSPE. Arrows denote bilayer discs as observed face-on (A)

and edge-on (B). Bar = 100 nm. From Paper I.

The appearance of bilayer discs is noteworthy in a number of different ways.
First, the critical PEG-lipid concentration for disc formation clearly sets a limit
for the amount of PEG-lipid that can be used in liposome preparations
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intended for drug delivery. Other studies on the phase behaviour of PEG-
lipid/phospholipid systems have shown that micelles (presumed to be of
spherical shape) are formed at some critical concentration of PEG-lipid [68,
69]. In the case of the DSPC/Chol system, the onset of micelle formation was
estimated to occur at 15-20 mol% PEG(2000)-lipid [69]. However, the
experimental techniques used in these studies were not able to detect the disc
formation and in this respect the cryo-TEM technique proved to be valuable.
Second, as was discussed in Chapter 3, bilayer discs or lamellar fragments are
not expected to be stable, due to the unfavourable exposure of hydrophobic
material at the rim of the discs. However, the discs were found to be stable on
the time scale of weeks and so there must be a mechanism that stabilises the
discs toward fusion or closure. The obvious conclusion is that the PEG-lipids
are situated preferentially at the highly curved rim. Accordingly, the discs can
be described as sterically stabilised lamellar fragments as shown in Figure 5.5.

Figure 5.5. Schematic view of a bilayer disc “edge-stabilised” by PEG-lipids.

Note that at 10 mol% of PEG(2000)-lipid, the polymers are in the so-called
brush regime because the distance between the grafting points is significantly
smaller than the unperturbed radius of the polymer (Flory radius) [73]. In this
regime the polymers overlap laterally and are, therefore, forced to stretch out
into the bulk solution. Accordingly, we can understand the driving force for
the disc formation as relief of the energy stored in the polymer brush. When
the PEG-lipids are situated at the highly curved rim, the polymer-accessible
volume increases (curvature effect) and, thus, the polymer-elastic (stretching)
energy decreases. Hristova and Needham [74] have argued that to release the
energy stored in the polymer brush, the lipid bilayer may either be converted
into cylindrical micelles or spherical micelles. However, the energy penalty
for this transformation is largely determined by the unfavourable packing of
the phospholipids in highly-curved aggregates. We immediately see that the
flat-disc structure, or lamellar fragment, represents a compromise structure in
this respect because the phopholipids may still attain close to optimum
headgroup area and in addition, the free energy of the PEG-lipids decreases.
It should be emphasised that the above argument only holds if we assume
that the decreased mixing entropy, resulting from the lateral segregation of
the PEG-lipids, is small compared with the “curvature energy” gain.
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At PEG-lipid concentrations well above 10 mol%, the formation of mixed
micelles was observed for all the investigated compositions, in accordance
with previously published results [68, 69]. Interestingly, in the EPC/PEG-
lipid system, cylindrical mixed micelles were initially formed whereas in the
EPC/Chol system (and in all the other cholesterol containing systems)
spherical mixed micelles were formed. This observation can presumably be
rationalised in terms of curvature energy because it is known that cholesterol
significantly increases the elastic bending modulus and the area-expansion
modulus (see section 3.2.2). Thus, cholesterol increases the energy penalty for
bending the interface. In the present case, this could result in a population of
spherical micelles, containing mostly PEG-lipids and only small amounts of
cholesterol and phospholipid, coexisting with PEG-lipid-saturated bilayer
discs. In fact, a similar argument can be used to explain the nearly perfectly
circular shape of the discs in the Chol systems (Figure 5.4). This is because, for
a given area, the circular shape minimises the highly curved circumference of
the discs. In the case of the EPC/PEG-lipid system, the curvature energy cost
is not that high (lower kC) and larger amounts of the EPC lipid can be
dissolved in the micelles, resulting in the cylindrical shape. Furthermore,
irregularly shaped discs were found in the EPC system. In a way, the
behaviour of the cholesterol containing systems reflects the fact that these
bilayers are difficult to solubilise by means of surfactants. It is a general
observation that the amount of surfactant needed to convert all the lamellar
material into the pure micelle phase is significantly higher for PC/Chol
systems than pure PC systems.

In samples containing only PEG(2000)-lipid, we observed spherical micelles in
accordance with previously published results [68, 75]. The nature of these
micelles (aggregation number, polymer layer thickness etc.) was investigated
in Paper VII (cf. section 5.3).

5.1.3 Steric Stabilisation by PEG-lipids: Permeability Effects

It has been shown in numerous studies that the addition of micelle-forming
surfactants to liposomes may increase the permeability of the lipid membrane
in a quite dramatic way [76-79]. In many cases, this occurs at surfactant
concentrations well below the critical concentration at which structural
perturbations of the lipid bilayer can be observed. Besides a few reports on
the effect of PEG-lipids on the permeability of gel phase DSPC and DPPC
liposomes [80, 81], no systematic study of the permeability effects in PEG-
lipid/phospholipid systems has been presented. Therefore, we set out to
characterise such systems, varying both the lipid composition and the nature
of the encapsulated species (probe molecule). The probe molecules used were
carboxy fluorescein (CF), ethidium bromide (EB) and propidium iodide (PI).
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These molecules differ in hydrophilicity, as estimated from their partition
between octanol and water, and charge.

Somewhat surprisingly, we found that the addition of up to 8 mol% of
PEG(2000)-lipid to DSPC/Chol or EPC/Chol liposomes did not significantly
affect the leakage properties of the amphiphilic cationic probe EB. On the
other hand, the leakage of the much more hydrophilic anionic probe CF was
significantly reduced when the PEG-lipids were included in the lipid mixture
(Figure 5.6).

            

Figure 5.6. Molecular structures of EB and CF and the leakage of EB (a) and CF (b) in
Hepes buffer (150 mM NaCl, pH 7.4) at 37°C. DSPC/Chol ( ), + 5 mol% PEG(2000)-

DSPE ( ), + 8 mol% PEG(2000)-DSPE ( ). From Paper II.

To understand the results shown in Figure 5.6, it is necessary to consider the
possible leakage mechanisms of the fluorescent probes. EB partitions readily
into the octanol phase in an octanol-water two phase system (~60% of the
dissolved EB partitioned into the octanol phase [58]) and may, therefore, be
regarded as an amphiphilic probe. Accordingly, we expect that this molecule
should be able to partition into the hydrophobic part of the lipid membrane
and then diffuse across the bilayer (a solubility-diffusion mechanism). The
diffusional rate of the molecules across the membrane depends strongly on
the physical state of the bilayer. The more gel-like (or ordered) the membrane,
the lower is the diffusional rate of the encapsulated species across the
membrane [82]. Inclusion of the negatively charged PEG-lipids increases the
(negative) surface potential and leads to an elevated concentration of the
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cationic EB at the surface as compared with the bulk. However, this did not
alter the leakage properties of the dye and we, therefore, concluded that a
modest change of the surface potential is of minor importance as a rate-
determining factor. Furthermore, the PEG-lipids did not seem to induce any
significant changes in the physical state of the bilayer since this should have
resulted in permeability changes. In contrast, a change of the lipid
composition from DSPC/Chol to EPC/Chol resulted in elevated leakage rates
as shown in Figure 5.7. This is expected because the EPC lipid contains a cis
double bond and the EPC/Chol membrane should, therefore, be more
disordered than the all-saturated DSPC/Chol membrane.

Figure 5.7. EB leakage from DSPC/Chol (60/40) and EPC/Chol (60/40) liposomes in
Hepes buffer at 37°C. From Paper II.

CF is a divalent anion at pH 7.4 and is as such highly water-soluble.
Therefore, we expect that this dye will escape from the liposomes much more
slowly than EB, and possibly also permeate the lipid membrane via a different
leakage mechanism. Indeed, a lower leakage rate was observed as shown in
Figure 5.6. Previous experimental results [78, 79] have indicated that the
leakage of CF is probably not a solubility-diffusion mechanism but rather a
leakage through transient pores in the membrane. Such pores, or defects, are
constantly formed in the membrane due to thermal fluctuations but the highly
unfavourable exposure of hydrophobic material to water at the pore edges
makes them narrow and short-lived. However, micelle-forming surfactants
are known to increase the leakage rate of CF [78, 79]. A plausible explanation
for this is that the surfactants have a geometry that is well adapted for an
effective shielding of the hydrophobic pore edges. Thus, the surface tension
may be significantly reduced and the probability of having a pore open
increases. Despite this common effect of micelle-forming surfactants, the
leakage of CF decreased with PEG-lipid inclusion in the membrane. Given
that the leakage of CF is appropriately described by the pore mechanism, the
conclusion is that the PEG-lipids decrease the probability of pore formation.
The reason for this behaviour is not straightforward but one may at least
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speculate that it might be related to the unusually large PEG headgroup. One
hypothesis, put forward in Paper II, was that the large PEG headgroup would
significantly decrease the preference of the PEG-lipid surfactant for the highly
curved pore edge. The reason for this is that the pores are expected to be
rather narrow and the confinement of the large PEG polymer within such a
pore should be entropically disfavoured (in contrast to the lateral segregation
of PEG-lipids in the case of the discs, where the polymer accessible volume
increases (Figure 5.5)). Other possible explanations of the decreased CF
leakage may be that the PEG-lipids increase the packing order of the lipid
membrane at the water-hydrocarbon interface. If this is the case, the effect
must be relatively small because the EB leakage rate was not affected.
Nevertheless, an increased packing order in the lipid headgroup region
induced by the PEG-lipids has been observed in a number of recent studies
[44, 83].

In general, the leakage of liposome-entrapped substances in aqueous buffer
solution is not an adequate measure of the suitability of the liposome
composition for in vivo applications. This is because blood contains a large
number of surface-active species, such as lipoproteins, proteins and fatty
acids, which destabilise the liposome membrane via adsorption or lipid
transfer [84]. Using a leakage assay based on the phenantridinium dye PI
(divalent cation) we found that the inclusion of PEG-lipids in the EPC
membrane had very little effect on the serum-induced leakage (Figure 5.8).

Figure 5.8. Leakage of propidium iodide (PI) in buffer and in a medium containing
20% (w/w) human serum after 6 h at 37°C. The PEG-lipid content in the sterically

stabilised liposomes was 5 mol%. From Paper II.

The underlying reason for this behaviour is that small amphiphilic molecules
can easily diffuse through the PEG barrier, insert into the lipid bilayer and
cause leakage of entrapped material. However, with 40 mol% of Chol in the
membrane, the difference between the leakage in a serum containing medium
and in pure buffer was very small (Figure 5.8). This effect of cholesterol has
been known for a long time [85] and is likely related to the ability of
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cholesterol to increase the cohesive strength of the lipid bilayer. It is also in
line with the results discussed in section 5.1.2, that is, cholesterol-containing
lipid bilayers can withstand higher amounts of surfactant before structural
perturbations of the bilayer occur.

5.1.4 Steric Stabilisation by PEG-lipids: Effects on the Interactions between
Liposomes and Nonionic Surfactants

The structural transition from liposomes to micelles in mixtures of lipids and
nonionic surfactants has been the subject of numerous studies ([86] and
references therein). The gross features of this transition are well understood
and can be described by the so-called three-stage model [87]. At low
surfactant concentration, the surfactants partition between the aqueous phase
and the liposomes. At some point, the lipid bilayer is saturated and a
formation of mixed micelles takes place. The lamellar and micellar aggregates
coexist, at constant composition, up to a point where all the lamellar material
is solubilised into mixed micelles. It should be emphasised that the three-
stage model does not furnish a unique description of surfactant solubilisation
of lipid bilayers. A number of systems have been found where the distinct
coexistence between lamellar aggregates and micelles is absent [86, 88, 89]. In
Paper III, we have investigated how the presence of PEG-lipids affects the
structural transitions and the location of the phase boundaries in mixtures of
EPC and the nonionic surfactants octa(ethylene glycol)-dodecyl monoether
(C12E8) and octyl glucoside (OG). This study was, in part, motivated by a
previous report claiming that the PEG layer protected the lipid bilayer from
the solubilising action of lysolecithin [90]. Furthermore, it was hoped that the
study would provide a more detailed picture of the structural transitions as
well as of the mechanism of surfactant-induced growth of small unilamellar
vesicles (SUVs).

Simple phase diagrams of the investigated systems, determined using
turbidity and/or light scattering measurements, are shown in Figure 5.9. The
lower and upper lines represent the onset of micelle formation and
completion of bilayer solubilisation, respectively. The molar ratio of
surfactant to lipid in the lamellar and micellar aggregates in the coexistence
region can be deduced from the slopes of the phase boundary lines. From
these ratios it was concluded that the conventional and sterically stabilised
EPC/C12E8 systems behaved very similarly. The molar ratio of C12E8 to lipid
(Re) was found to be ~0.5 in the saturated bilayers. In contrast, the molar ratio
of OG to lipid at bilayer saturation was significantly smaller for the sterically
stabilised liposomes (~1.1) compared with the conventional liposomes (~1.5).
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Figure 5.9. Simple phase diagrams of EPC/surfactant (circles) and EPC/PEG(2000)-
DSPE (5 mol%)/surfactant (squares) mixtures. Open points are taken from the onset

of bilayer solubilisation and closed points are from the completion of bilayer
solubilisation. T = 25°C. From Paper III.

The aggregate structure was monitored using cryo-TEM and we found
evidence of an extensive formation of small bilayer discs in the EPC/PEG-
lipid/OG system, close to bilayer saturation concentrations of OG (Figure
5.10a). These discs appeared to be stable on the time scale of days. Disc
formation was also observed in the EPC/OG system but to a much lesser
extent as shown in Figure 5.10b. Assuming that the underlying reason for the
lower OG to lipid molar ratio in the saturated EPC/PEG-lipid bilayers is
related to the aggregate structure, then the key to understanding the
behaviour is the small bilayer discs (Figure 5.10a). Note that the above
experiments were performed on unilamellar liposomes with radii of ~50 nm
in the absence of surfactant.

  
Figure 5.10. Cryo-TEM micrographs of samples containing EPC/PEG-lipid (95/5)

with 15.3 mM OG (Re ≈ 1.0) (a) and EPC with 17.0 mM OG (Re ≈ 1.3) (b). Arrows in (a)
denote small bilayer discs as observed edge-on (A) and face-on (B). Arrows in (b)
denote a bilayer disc (A) and an open liposome (B). [Lipid] = 3 mM. Bar = 100 nm.

From Paper III.
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In a normal case, we expect the discs observed in Figure 5.10a to grow by
lateral fusion and/or possibly close into liposomes. This did not happen (at
least on the time scale of days) in the present case. However, a limited
number of small discs were observed in the EPC/OG system but, in this case,
the discs did not appear to be stable. Thus, the conclusion is that OG induces
disc formation but the discs then need to be stabilised by some further
mechanism. Again this can be understood if the PEG-lipids are preferentially
situated at the highly curved rim and, therefore, sterically obstruct both
lateral fusion and closure. If we assume that these discs are kinetically
trapped and can not reduce the edge energy by fusion or closure, then a
transformation of these structures into cylindrical micelles upon the addition
of slightly more OG, should relax this “frustration”. The formation of
cylindrical micelles may then occur at a lower molar ratio of OG to lipid
compared with the conventional EPC/OG system. It should be emphasised
that it remains to be established whether the discs in Figure 5.10a are
kinetically trapped structures. Note that in the C12E8 systems, disc formation
was rarely observed also in the case of the sterically stabilised system.

A long-standing issue in the literature has been the mechanism of surfactant-
induced growth of small unilamellar vesicles (SUVs) with radii < 20 nm.
Three different mechanisms have been delineated including intact SUV fusion
[91], formation and lateral fusion of small bilayer discs with a subsequent
closure into larger liposomes (“disc mechanism”) [34, 35, 79] and a surfactant-
mediated lipid transfer mechanism [92]. The results in Paper III showed that
SUV growth only occurred in the conventional EPC/OG system whereas no
growth was observed in the EPC/PEG-lipid/OG system. In the latter case,
small bilayer discs were formed, in analogy with the results presented in
Figure 5.10a, at OG concentrations where SUV growth otherwise could be
expected to occur (Re ≈ 1.0). This result is shown in Figure 5.11d. A small, but
significant, amount of bilayer discs was also observed in the case of the
EPC/OG system but the vast majority of observed structures were closed
liposomes with radii ~40 nm (Figure 5.11b). Note that the SUV growth in the
EPC/OG system took place at constant composition (Re ≈ 1.5) and that the
growth occured within seconds after addition of OG to the EPC SUVs. Taken
collectively, these experimental facts clearly indicate that the OG-induced
growth of EPC SUVs occurs through the disc mechanism and that the long-
lived discs observed in the EPC/PEG-lipid SUV system are stabilised toward
lateral fusion by the PEG-lipids.
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Figure 5.11. Cryo-TEM micrographs of EPC SUVs and OG (a, b) and EPC/PEG-lipid
(95/5) and OG (c, d). The OG content in the samples was 17.3 mM (Re ≈ 1.5) (b) and
14.9 mM (Re ≈ 1.0) (d). Reference samples without OG are shown for EPC SUVs (a)

and EPC/PEG-lipid SUVs (c). Arrow in (b) denotes a disc observed edge-on. [Lipid]
= 2 mM. Bar = 100 nm. From Paper III.

In contrast to the above results, small discs were only rarely observed in the
C12E8 systems.  Nevertheless, SUV growth occurred in both the conventional
and sterically stabilised system. The kinetics of the growth process were
found to be somewhat slower in the sterically stabilised system than in the
conventional system (at Re ≈ 0.5). However, the final result was the same in
both cases, that is, the SUVs were transformed (within minutes after the
addition of C12E8) to relatively large liposomes (radii ≈ 50 nm). From the
results shown in Figure 5.2, we can safely rule out the mechanism based on
fusion of intact SUVs in the case of the EPC/PEG-lipid/C12E8 system.
Furthermore, previous studies have shown that a C12E8-mediated lipid
transfer mechanism seems less likely to occur in the pure EPC SUV system
than the other two mechanisms discussed above [78, 93]. In addition, there is
no reason why a surfactant-mediated lipid transfer should take place more
easily in the presence of PEG-lipids than with the conventional EPC system.
Thus, we are left with the disc mechanism of SUV growth. The only way
lateral fusion of small discs can occur in the EPC/PEG-lipid/C12E8 system is
by having lower density of the PEG-lipids at the highly curved rim than in the
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OG case. Accordingly, the picture that emerges from the results discussed
above can be schematically described as shown in Figure 5.12.

Figure 5.12. Schematic picture of SUV growth in the case of the EPC/PEG-
lipid/C12E8 system (left) or inhibition of SUV growth in the case of the EPC/PEG-

lipid/OG system (right).

In summary, the behaviour of the sterically stabilised SUV/surfactant systems
seems to be dictated by the ability of the surfactants, OG and C12E8, to shield
the hydrophobic material exposed at the highly curved rim of the small discs.
In this respect, OG is clearly a less effective “edge-actant” than C12E8, resulting
in a higher density of PEG-lipids at the rim in the OG system. This is also
demonstrated by the fact that the lipid bilayer can accommodate more than 50
mol% OG before the highly curved micelles start to form whereas a
concentration of only ~33 mol% C12E8 is enough to induce micelle formation.

5.1.5 Other Approaches towards Steric Stabilisation of Liposomes

The inclusion of PEG-lipids in the lipid membrane generates a system where
the PEG polymer can be considered to be grafted to the surface. However, the
lifetime of the PEG-lipid within the bilayer is largely determined by the
nature of the lipid anchor. Thus, a PEG-lipid with a short lipid anchor has a
limited residence time in the lipid bilayer [94]. In the course of looking for an
alternative way to sterically stabilise the liposomes, we decided to explore the
possibilities of incorporating a PEG containing polymer which could span the
entire bilayer. Such a stabiliser would be effectively anchored to the bilayer
with a negligible loss of the polymer during, for example, liposome
circulation within the blood stream. It turned out that this strategy had
already been explored to some extent in studies where amphiphilic triblock
copolymers, so-called Pluronics ((EO)x(PO)y(EO)x or (PEO)(PPO)(PEO)), were
mixed with liposomes [95-101]. In this case, the middle poly(propylene oxide)
(PPO) block is relatively hydrophobic and was believed to anchor the
polymer to the lipid bilayer surface. This approach is schematically described
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in Figure 5.13. Note that there are two possible configurations of this polymer
within the bilayer (assuming that the PEO blocks do not interact with the
surface), either a membrane-spanning configuration or a physical adsorption
of the PPO chain on the surface.

Figure 5.13. Schematic models of possible interactions between a Pluronic molecule
and a lipid membrane. The PEG-lipid stabilised membrane is shown on the far right

for comparison.

Despite the claim in some of the published papers that the block copolymer
approach was successful, very little, if any, experimental evidence for an
effective stabilisation of the liposomes was presented. However, a limited
increase of the circulation time in vivo of liposomes treated with a Pluronic
molecule has been reported by Woodle et al. [96]. This increase was, however,
small compared with the increase of the circulation time observed with
liposomes sterically stabilised by PEG-lipids. In order to obtain a deeper
understanding of these systems, we have performed a study where the
molecular architecture of the Pluronic polymer was varied as well as the lipid
composition of the liposomes (Paper IV). The characteristics of the different
Pluronics are given in Table 5.1. Note that all of the polymers formed
spherical micelles in dilute aqueous solution and that the cmc was strikingly
dependent on temperature. This is in accordance with previously published
results [102].

Table 5.1. Properties of the Pluronics in Hepes buffer (150 mM NaCl, pH 7.4).
Pluronic composition cmc / mM (25°C) cmc / mM (37°C)

P85 (EO)26(PO)40(EO)26 2.76 0.14
P105 (EO)37(PO)56(EO)37 0.40 0.023
F87 (EO)61(PO)40(EO)61 12.09 0.68
F127 (EO)100(PO)65(EO)100 0.32 0.013
F108 (EO)132(PO)50(EO)132 1.86 0.18

The effect of adding a number of different Pluronics to liposomes composed
of EPC/Chol is shown in Figure 5.14. The general result was that these
liposomes appeared heavily aggregated in the cryo-TEM micrographs. This
aggregation could also be observed by visual inspection of the samples after
some incubation time. If we compare this result with the results shown in
Figure 5.2 and 5.3, we can safely state that there is no steric stabilisation of
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these liposomes. Thus, it seems that previously published studies on similar
systems have greatly over-estimated the potential of the Pluronics as an
alternative to PEG-lipids.

Figure 5.14. Cryo-TEM micrographs of EPC/Chol samples containing Pluronics in
concentrations of 5.3 mol% F127 (a), 6.0 mol% F87 (b) and 6.0 mol% P85 (c). Note the

extensive liposome aggregation. Bar = 100 nm. From Paper IV.

The cryo-TEM investigation of the EPC/Chol/Pluronic systems gave detailed
information on the aggregate structure but, as discussed previously, there
may still be effects on the lipid bilayer that are not observable using cryo-
TEM. One way to investigate this is to measure the membrane permeability as
a function of polymer concentration. Indeed, we found that although no
structural effects were observed (besides the extensive aggregation), the
polymers induced a dramatically increased permeability of the liposomes as
shown in Figure 5.15. Thus, it is clear that there must be a substantial
interaction between the liposomes and the Pluronics and that this interaction
depends on the molecular architecture of the Pluronic. We found that the
magnitude of the induced leakage correlated with the cmc of the particular
Pluronic, that is, the lower the cmc the higher the induced leakage. This
suggests that the leakage is directly correlated with the amount of adsorbed
polymer. It will be shown later on, in Paper V (cf. section 5.1.6), that this is
indeed the case. Furthermore, the fact that no steric stabilisation of the
EPC/Chol liposomes was observed despite evident adsorption of the Pluronic
molecules, may indicate that the polymers are only weakly adsorbed at the
membrane-water interface. Again, this seems to be the case as will be shown
in section 5.1.6.



44

Figure 5.15. Pluronic-induced leakage of CF from EPC/Chol liposomes at 25°C (a)
and 37°C (b). The leakage is calculated relative to the leakage of CF from pure

EPC/Chol liposomes. 2 mol% F127 ( ), 2 mol% P105 ( ), 8 mol% P105 ( ), 2 mol%
F108 ( ), 8 mol% F108 ( ), 16 mol% PEO(3400) (×). From Paper IV.

The structural behaviour of systems containing EPC and Pluronics, at low
polymer concentrations, is shown in Figure 5.16. The most obvious effect was
a formation of small bilayer discs in the preparations containing Pluronics
with relatively large PEO blocks. Such structural perturbations have not been
reported in the studies previously referred to. In any case, the results in
Figure 5.16 show that these preparations are not particularly well suited for
use in drug delivery applications.

Figure 5.16. Cryo-TEM micrographs of EPC samples containing 5.0 mol% F127 (a)
and 5.3 mol% F108 (b). Arrows in (a) denote an open liposome (A) and a disc as

observed edge-on (B). Arrow in (b) denotes a disc observed face-on. Bar = 100 nm.
From Paper IV.

The formation of discs was interpreted in an analogous way to the PEG-lipid
systems, that is, the disc formation results in decreased lateral interactions
between the PEO (or PEG) polymers, provided that the polymers are
preferentially adsorbed at the highly curved rim of the discs. In fact, the onset
of disc formation was found to correlate quite well with the predicted surface
concentration of polymer where the PEO chains start to overlap laterally. This
analysis was based on the assumption that the Pluronics were spanning the
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membrane and therefore must have the PPO block dissolved in the
hydrophobic part of the bilayer. It should be mentioned, however, that a
recent study has shown that the miscibility of PPO in hydrocarbon media is
limited [103]. This may indicate that only a relatively small fraction of the
polymers are spanning the membrane. On the other hand, for the Pluronics
with large PEO blocks, the overlap concentration occurs already at a few
mol% of polymer in the membrane and so the analysis may still provide an
explanation for the observed disc formation.

5.1.6 Adsorption of a (PEO)(PPO)(PEO) Triblock Copolymer on SUVs

The results in Paper IV gave us a relatively good picture of the behaviour of
the Pluronic/lipid systems. However, some of the results, such as the
correlation between the Pluronic-induced leakage and the adsorbed amount,
could only be qualitatively explained. This was also the case for the peculiar
fact that the Pluronics did adsorb to the membrane-water interface but the
liposomes did not appear to be sterically stabilised. Therefore, there seemed
to be a need for a more detailed investigation of the adsorption behaviour of
the Pluronics on lipid bilayers. In order to investigate the Pluronic adsorption,
we used a quartz crystal microbalance (QCM) technique that allowed
measurements of the adsorbed amount in real time and so yielded
information on both the kinetics of the adsorption process and the
equilibrium-adsorbed amount (Paper V).

The approach in the QCM measurements can be described as shown in Figure
5.17. The first step involves the adsorption of EPC SUVs onto the gold
electrode. For this initial step we measured a substantial frequency shift, ∆fSUV,
which was translated to the adsorbed SUV mass using the Sauerbrey equation
[63]. This mass was shown to be close to the theoretically predicted adsorbed
mass of a close-packed monolayer of spheres. Furthermore, the energy
dissipation, D, was comparably high indicating that the adsorbed layer was
relatively viscoelastic. In contrast, adsorbed lipid bilayers cause only small
changes of the D-factor [104]. Based on these results, we concluded that a
close-packed monolayer of vesicles is formed at the gold surface. This is in
accordance with a previous study of EPC SUV adsorption on gold,
characterised using QCM [104].
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Figure 5.17. Schematic picture of the approach in the QCM measurements. The EPC
SUVs adsorb onto the gold surface (a). A solution of the Pluronic F127 is introduced

into the measuring cell and the polymers adsorb rapidly onto the SUVs (b). The
polymer solution is exchanged for a pure buffer solution and the polymers are

desorbed (c).

In the second step, a Pluronic solution is introduced into the QCM cell. In the
study we chose to investigate the Pluronic F127 (see Table 5.1) which has a
comparably low cmc at 25°C. Furthermore, from the leakage measurements in
Paper IV (see Figure 5.15), we know that this Pluronic is one of the most
potent membrane permeabilisers of the triblock copolymers investigated.
Immediately after the introduction of the F127 solution into the measuring
cell, the frequency dropped and the energy dissipation increased. This is
shown in Figure 5.18. A number of important conclusions can be drawn from
the results shown in Figure 5.18. First, the adsorption is very rapid and a
plateau value of the frequency is approached within ~10-20 s. Second, the
energy dissipation increased indicating that the viscoelastic properties of the
adsorbed layer are changed. This may indicate that the PEO blocks are
stretched out into the bulk solution. The adsorbed mass of polymer was
calculated from the frequency shift, ∆fF127, according to the Sauerbrey
equation.

At the end of every QCM experiment, the polymer solution was exchanged
for a pure buffer solution. As shown in Figure 5.18, the frequency increased
and levelled off at essentially the same value as before the addition of
polymer. This clearly shows that the F127 polymers are easily displaced by
rinsing with pure buffer and indicates that the polymer is only weakly
adsorbed at the membrane-water interface. Furthermore, the dissipation
value decreased to the same value as before the polymer addition, a fact that
is consistent with the frequency data. The results confirmed what was stated
qualitatively in Paper IV, that is, the polymer adsorbs rapidly but does not
seem to function very well as a steric stabiliser of the liposomes. The latter fact
seems to be a consequence of the weak adsorption of the F127 polymer at the
membrane-water interface.
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Figure 5.18. Change in QCM resonance frequency ( ) and dissipation ( ) versus
time for the adsorption of F127 onto the EPC SUV monolayer. Black arrows denote

the introduction of the polymer solution (0.0774 mg/mL) into the QCM cell (or
exchange of the F127 solution for an identical F127 solution). White arrows denote
rinsing with pure Hepes buffer. ∆fF127 was extracted from the frequency difference

between the dashed lines. T = 23.2 °C. From Paper V.

By performing a number of such experiments as described above, at different
F127 concentrations, an adsorption isotherm was constructed, as shown in
Figure 5.19. The experimental data were fitted to a Freundlich isotherm (see
figure legend) which described the binding isotherm reasonably well at F127
concentrations below the concentration yielding plateau adsorption.

Figure 5.19. Adsorption isotherm for F127. The adsorbed amount was calculated as
the adsorbed mass of F127 divided by the adsorbed mass of EPC SUVs, mF127/mSUV.

The dashed line represents the best fit of the polymer isotherm to the Freundlich
equation according to Γ=Γp×1.61×C0.862, where Γp=0.187 g F127/g SUVs is the plateau
adsorption value indicated by the full drawn line and C is the concentration of F127.

From Paper V.

A number of assumptions have to be made in order to correlate the adsorbed
amount of F127 with the polymer-induced leakage. First, it is assumed that
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the adsorption of F127 on freely suspended SUVs follows the same binding
isotherm as the polymer adsorption onto the immobilised SUVs. Second, as is
evident in Figure 5.17, the maximum adsorbed amount has to be recalculated
because only a fraction of the total SUV surface area is available for polymer
binding in the QCM experiments. Assuming close packing of the SUVs on the
gold surface, we estimated that 50% of the total SUV surface area was
available for polymer binding in the QCM experiments. With these
assumptions we calculated that the maximum adsorbed amount of F127 on
freely suspended EPC SUVs was 0.614 g F127/g EPC or 0.0382 mole
F127/mole EPC. It may be noted that this value corresponds to ~1.8 mg
F127/m2 which is very close to the values found for F127 adsorption on flat
hydrophobic surfaces [105] and on polystyrene latex spheres [106]. With the
estimated maximum adsorbed amount, or plateau value, and the data from
the binding isotherm (Figure 5.19), it was possible to correlate the leakage rate
of CF with the adsorbed amount of F127 as shown in Figure 5.20.
Qualitatively, it is expected that the magnitude of the leakage rate should
reach a plateau when the maximum adsorbed amount (or plateau value) of
F127 is obtained. Indeed, the magnitude of the leakage rate constant seemed
to approach a constant value at, or close to, the estimated plateau value
(Figure 5.20). In support of our assumptions discussed above, we also found
that the steady-state anisotropy of the membrane-bound probe diphenyl
hexatriene (DPH) decreased with F127 concentration and reached a constant
value close to the point where the plateau adsorbed amount of F127 was
predicted to occur.

Figure 5.20. CF leakage rate versus the adsorbed amount of F127. The inset figure
shows an expansion of the low surface coverage regime and the solid line represents

a linear fit to the data. From Paper V.

In summary, a number of important results were obtained in Paper V that
explained some of the peculiar features of Pluronic adsorption onto
liposomes. In particular, the fact that the Pluronics adsorb only weakly to the
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membrane-water interface explains why the triblock copolymers are inferior
to PEO-lipids (PEG-lipids) as steric stabilisers of liposomes.

5.2 PEG-lipids as Stabilisers of Aggregates of Dispersed Inverted Phase Lipid

Inverted phases, or reversed phases, can be found on the right-hand side of
the lamellar phase in the phase sequence given in Figure 2.2. It is important to
note that these phases may be found to coexist with a dilute aqueous phase at
high total water content. As discussed previously, lamellar phases of
phospholipids may also coexist with a water phase in the dilute regime and
we know that liposomes may be formed by dispersing such lamellar phases in
excess water. However, for inverted phases, the exposure of hydrophobic
material to the aqueous phase upon dispersion poses a severe restriction on
the colloidal stability of the particles that are formed. Obviously, to obtain
reasonable kinetic stability of colloidal dispersions of reversed phases, some
type of particle stabilisation is required. Several approaches to improve the
colloidal stability have been reported, especially in connection to dispersed
particles originating from bicontinuous cubic phases (QII). These include, for
example, steric stabilisation [21, 22] and adsorption of a lamellar phase onto
the surface of the particles [16]. In Paper VI, we have investigated the phase
behaviour and aggregate structure in mixtures of DOPE, a lipid that forms an
inverted hexagonal phase (HII) [107], and PEG-lipids that form spherical
micelles in the dilute region of the phase diagram. According to the shape
concept (section 2.1) we expect that when moderate amounts of the cone-
shaped PEG-lipids are added to the inverted cone-shaped DOPE, there
should be a phase transition from the HII phase to the Lα phase. At high PEG-
lipid concentrations, a L1 phase should appear (Figures 2.1, 2.2). It is
particularly interesting to investigate the aggregate structure in the
intermediate regime, that is, in the transition region between HII and Lα.
According to the idealised phase sequence shown in Figure 2.2, a QII phase
may appear and therefore the possibility of observing dispersed particles
from such a phase arises. Furthermore, the intermediate structures formed in
the transition from Lα to HII have been suggested as being of importance for
the understanding of the fusion of biological (and synthetic) membranes [108,
109].

At acidic or near neutral pH, DOPE is net neutral and prefers aggregates of
negative curvature such as the HII phase. However, at high pH (~ pH 9), the
primary amine in the PE headgroup is deprotonated and the lipid acquires a
negative charge. Thus, the effective headgroup area increases due to
electrostatic interactions and the preferred aggregate structure changes to
lamellar aggregates. If DOPE is dispersed at high pH, liposomes are formed
which rapidly aggregate upon acidification and a phase transition to the HII

phase occurs [110]. One way to prevent liposome aggregation (flocculation) is
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to sterically stabilise the liposomes by the addition of PEG-lipids. In Paper VI
we showed that addition of 2.5 mol% of PEG(2000)-lipid or 6 mol% of
PEG(750)-lipid prevented the aggregation and also inhibited the phase
transition to inverted lipid phases. However, we found that there was a
critical density of PEG-lipid in the membrane, below which aggregation and
phase transition could occur. This is exemplified in Figure 5.21 where the
turbidity of DOPE/PEG-lipid liposome dispersions was followed as a
function of time at pH 5. The turbidity increase of the sample containing 3
mol% PEG(750)-lipid was shown, using cryo-TEM, to be a consequence of
liposome aggregation and subsequent liposome fusion. Indeed, membrane
fusion is believed to proceed through intermediate structures that are likely to
be more easily adopted by lipids preferring inverted phases, such as DOPE
[109]. In this context it should be emphasised that the final outcome of the
fusion event depends on the properties of the membrane constituents.
Experimental and theoretical studies have shown that both HII and QII phases
may be the final result of the fusion process in PE systems [109]. Of course, in
biological systems, vesicle fusion always results in a larger vesicle or
membrane [23]. Interestingly, after several weeks of incubation, the aggregate
structure had changed from the initial unilamellar liposomes (diameter ~100
nm) to large particles exhibiting a dense inner structure (see Figure 5.21). As is
also evident in Figure 5.21, partly fused liposomes often appeared at the
surface of the large particles. As will be discussed below, the large particles
are likely to represent dispersed QII phase particles in accordance with
previously proposed mechanisms of membrane fusion in PE systems [109].

  
Figure 5.21. Turbidity as a function of time at pH 5 of DOPE liposome dispersions
containing 3 mol% PEG(750)-lipid ( ), 6 mol% PEG(750)-lipid ( ) and 2.5 mol%
PEG(2000)-lipid ( ). Cryo-TEM micrograph of the DOPE/PEG(750)-lipid (97/3)

sample after 1 month at 25°C. Bar = 100 nm. From Paper VI.

The aggregate structure was also investigated in dispersions prepared at pH
7.4. Dispersions of DOPE/PEG(750)-lipid, at low PEG(750)-lipid
concentration, were prepared by ultrasonic irradiation (sonication). This
initially produced small, mainly unilamellar, liposomes which coexisted with
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larger particles (~100-200 nm in diameter) with seemingly dense inner
structures. After some incubation time (weeks), the turbidity of the
dispersions increased and the aggregate structure was now large particles
displaying a periodic, dense inner structure. This behaviour is shown in
Figure 5.22. Most of the particles displayed lamellar features at the outermost
surface and we also found several so-called interlamellar attachments (ILAs),
or membrane passages in the vicinity of the areas of the dense inner structure.
Note also that the particles are fairly well separated in the cryo-TEM
micrograph (Fig. 5.22b) suggesting that PEG(750)-lipids are situated at
outermost surface, thereby stabilising the aggregates toward a rapid
flocculation.

Figure 5.22. Cryo-TEM micrographs of a sonicated DOPE/PEG(750)-lipid (97/3)
sample incubated at 25°C for 2 days (a) and 3 weeks (b). Arrowheads in (b) denote

membrane passages or interlamellar attachments ILAs viewed down their axes. Bar
= 100 nm. From Paper VI.

The appearance of the particles shown in Figure 5.22b is very similar to
particles observed by cryo-TEM in mixtures of glycerol monooleate (GMO)
and Pluronic F127 [22], at low polymer concentrations. In this case, the
particles were proposed to have originated from a cubic phase based on x-ray
diffraction data. It may also be noted that very similar particle morphologies
were found in a cryo-TEM study of mixtures of PC, PE, Chol and
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diacylglycerol by Basáñez et al. [111]. The authors confirmed the existence of
a cubic phase by means of x-ray diffraction. Furthermore, Koynova et al. [112]
have found a cubic phase in mixtures of DEPE (trans analogue to DOPE) and
PEG(550)-DMPE, at low PEG-lipid content. Based on these previous results,
we concluded that the particles observed in Figure 5.22b are likely to
represent dispersed cubic-phase particles. However, it is not possible by cryo-
TEM to unambiguously determine the true nature of the structures formed.
Therefore, an investigation of the phase behaviour in a wider range of lipid
concentrations has been initiated. Preliminary x-ray diffraction data do
indeed indicate that a cubic phase is present at low PEG(750)-lipid content in
the concentrated regime of the DOPE/PEG(750)-lipid/150 mM NaCl phase
diagram [113].

To the above discussion should be added the fact that the behaviour of the
DOPE/PEG(2000)-lipid system closely followed the DOPE/PEG(750)-lipid
system. Furthermore, at intermediate concentrations of PEG-lipids in the
samples, only liposomes, predominantly unilamellar, were observed. As
discussed above, this is expected based on simple molecular shape
considerations. Most likely, the formation of liposomes, or a dispersed
lamellar phase, reflects the presence of a lamellar phase in the concentrated
regime of the phase diagram. Again, preliminary x-ray diffraction data
indicate that such a lamellar phase is present [113]. However, at some critical
concentration of PEG-lipid in the lipid bilayer, a formation of spherical
micelles was observed. This occurred at ~17 mol% PEG(2000)-lipid and ~35
mol% PEG(750)-lipid. The fact that the critical concentration for micelle
formation was much lower in the case of the PEG(2000)-lipid agrees well with
the predictions based on the molecular shape concept. We may also view the
micelle formation as a relaxation of the energy stored in the polymer brush
(curvature effect) as discussed previously.

5.3 PEG-lipid Micelles

In the studies discussed above (Papers I, II, III, VI), the PEG-lipids have been
added to a variety of phospholipids and the effects on aggregate structure
and membrane permeability have been investigated. Another interesting
aspect is the behaviour of neat PEG-lipid systems. Surprisingly few reports in
the literature have focused on the properties of PEG-lipid/water systems
considering their extensive use in pharmaceutical formulations (cf. Chapter
6). It is generally accepted that PEG-lipids with PEG molecular weights ≥750
form spherical micelles in dilute aqueous solution [68, 75]. In contrast, Blume
and Cevc [80], as well as Koynova et al. [112], have reported that PEG(5000)-
lipids form lamellar phases in the dilute regime. These contradicting reports
motivated us to undertake a detailed and systematic study of the self-
assembled structures formed in the dilute regime of the pseudo-binary system
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PEG(X)-DSPE/150 mM NaCl (Paper VII). The PEG molecular weights (X)
investigated were 750, 2000 and 5000 (see also Table 5.2).

Table 5.2. Properties of the investigated PEG-lipids at 25°C in 150 mM NaCl.
PEG-lipid NEO cmc / µM

PEG(750)-DSPE 17 4.9
PEG(2000)-DSPE 45 5.0
PEG(5000)-DSPE 114 4.8

The first feature of the PEG(2000)- and PEG(5000)-lipid systems to be noted is
that these lipids do indeed form spherical micelles in dilute aqueous solution.
However, to prepare optically clear solutions, it was necessary to heat the
samples above ~60°C. The solutions thereafter remained optically clear for a
period of ~1 week at 25°C. Prolonged incubation resulted in the appearance of
a crystalline precipitate which we interpreted as a Krafft point phenomenon.
Thus, it is clear that the micelle solutions are metastable at temperatures
below ~60°C and that this fact may be responsible for the contradicting results
discussed above. In the case of the PEG(750)-lipid micelles, preliminary
studies using dynamic light scattering (DLS) showed that the size distribution
was in fact bimodal. In addition to small spherical micelles, larger aggregates
were present (hydrodynamic radius 50-100 nm). However, heating the
PEG(750)-lipid samples to 70°C resulted in a single population of spherical
micelles. This behaviour is shown in Figure 5.23. The hydrodynamic radius of
the small micelles was determined to be ~5 nm (see below). Lasic and co-
workers [85, 114] have reported a hydrodynamic radius of the aggregates in
PEG(750)-lipid samples of ~100 nm and this value was considered by the
authors to be somewhat surprising since the solutions appeared optically
clear [85].

Figure 5.23. Relaxation time distributions from DLS for a sample containing 19.9 mg
PEG(750)-lipid/mL. The scattering angle was 90° and the amplitude of the slow

peaks has been normalised with respect to the fast peak at all temperatures. From
Paper VII.



54

The results shown in Figure 5.23 essentially confirm the result obtained by
Lasic, however, we conclude that to remove the large structures from the
solution, heating is required.

Using cryo-TEM, we were able to show that the large aggregates formed prior
to heating were lamellar aggregates in the form of lamellar fragments (discs)
or closed liposomes. The size of these aggregates was consistent with the size
estimated from DLS. Furthermore, these structures did not reappear (on the
time scale of months) after the heating process and so it seems that they may
be regarded as metastable structures. In order to resolve this issue, further
studies on the phase behaviour of the PEG(750)-lipid in the concentrated
regime are currently being undertaken.

Having noticed the above complications, all samples were heated to 60-70°C
before the measurements. Static light scattering (SLS) was used to determine
the micelle aggregation number Na and to get information on the inter-
micellar interactions. The aggregation numbers of the different micelles at
three different temperatures versus the number of monomers in the PEG
chain are plotted in Figure 5.24. The Na of PEG(750)-lipid micelles was also
estimated using time-resolved fluorescence quenching (TRFQ) whereas ultra
centrifugation (sedimentation) was used to get an independent value of the Na

of PEG(2000)-lipid micelles. It is clear that the Na of the different PEG-lipid
micelles is essentially independent of the PEG chain length although slightly
higher values were obtained for the PEG(750)-lipid at 25 and 40°C. It may also
be noted that the aggregation numbers decreased slightly with temperature.

Figure 5.24. Aggregation number (Na) of PEG-lipid micelles versus PEG size at three
different temperatures, determined using SLS. The Na of the PEG(750)-lipid (NEO=17)

micelles was also determined using TRFQ at 25°C (×) whereas sedimentation
measurements at 25°C were used to get an independent estimate of the Na of the

PEG(2000)-lipid (NEO=45) micelles (×). From Paper VII.
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We also found that the second virial coefficient B2 was positive at all
temperatures (25-60°C) in all cases. This means that the inter-micellar
interaction is repulsive which is expected since there should be both a steric
interaction due to the overlap of the polymer layers (coronas) and an
electrostatic repulsion. This issue will be discussed further below. DLS was
used in order to determine the micelle hydrodynamic radius Rh. The results
are plotted in Figure 5.25 as a function of PEG size. Rh decreased slightly with
temperature in all cases, a fact that is consistent with the decrease of Na with
temperature (Fig. 5.24). The Rh values were in reasonable agreement with
previously published values on PEG(2000)- and PEG(5000)-lipids [75, 115]
(although a value of ~20 nm (!) has been reported for the PEG(2000)-lipid by
Ishida et al. [116]).

Figure 5.25. Hydrodynamic radius (Rh) of PEG-lipid micelles versus PEG size at three
different temperatures, determined using DLS. From Paper VII.

The obtained data did not give the polymer layer thickness, L, directly but
such values were estimated, based on the determined Rh, the aggregation
number Na and literature data on the volume of the lipid anchor. Na, together
with the lipid anchor volume, gives the radius of the micelle core, Rc, and L
was then simply calculated by subtracting Rc from Rh. The importance of
determining the corona thickness lies in the fact that the thickness essentially
determines the range of the repulsive steric interaction between the micelles.
We also showed in Paper VII that the experimentally determined L was in
quantitative agreement with predictions based on a polymer-scaling model
(starlike model). The details of that model will not be discussed here but can
be found in Paper VII or in references [117-119]. In principle, the grafted
polymer layer is treated as several sublayers of blobs where the blobs within a
particular sublayer all have the same size. The blob size depends on the radial
distance from the micelle core surface and is, thus, an increasing function of
that distance. It is important to note that the starlike model accounts for the
high curvature of the surface in contrast to models of polymer brushes grafted
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on planar surfaces [73]. Furthermore, the model predicts a parabolic
concentration profile in the corona. A comparison between the experimentally
determined polymer-layer thickness and the predicted values from the
scaling model is shown in Figure 5.26. As can be seen, very good agreement
between experiment and theory was obtained. Indeed, it has previously been
found that the micelle aggregation number is essentially independent of the
PEG chain length for polymeric micelles that conform to the starlike
description [119, 120]. This fact was also found in our study (Figure 5.24).

Figure 5.26. Polymer-layer thickness (L) versus PEG size. L was determined at 25°C
( ), 40°C ( ) and 60°C (∆). The lines represent the theoretically predicted values

according to a starlike polymer-scaling model (see text) at 25°C (full drawn line), 40°C
(dashed line) and 60°C (dotted line). From Paper VII.

Using the computer program PBCell.1 [121], which solves the Poisson-
Boltzmann equation numerically for the spherical geometry, we were able to
estimate the surface potential of the negatively charged micelles. Because the
PEG-lipid micelles displayed similar aggregation numbers, the surface
potential of the micelles was similar, in the order of –80 mV. The calculated
values of the surface potential were compared with experimental values
obtained using a fluorescent probe-titration technique [122]. The experimental
values were in the order of –55 mV, that is, slightly lower than the calculated
values but still in reasonable agreement. In any case, we could conclude that
the range of the electrostatic interaction was significantly shorter than the
polymer layer thickness (at 150 mM NaCl). This was the case also for the
PEG(750)-lipid micelles where L was ~17Å and this means that the steric
repulsion due to the overlap of the polymeric coronas (which occurs at a
distance 2 L between the micelles) should be the dominating inter-micellar
interaction [123].
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6. Liposomes in Drug Delivery

After the major breakthrough regarding in vivo circulation times of sterically
stabilised liposomes in the early 90s, many pharmaceutical liposome
formulations which are currently either approved for clinical use or in late-
stage clinical trials have been developed. It is important to emphasise that the
medical utility of liposomes was realised some 30 years ago [85]. However,
the early trials showed that the liposomes were removed from the blood
circulation within minutes after injection [67]. The “PEGylation” of the
liposomes solved this problem in an elegant way. In retrospect it may seem
somewhat surprising that the steric stabilisation approach was not explored at
an earlier stage in the pharmaceutical development of liposomes. After all, the
concept of polymeric stabilisation of colloidal particles has been known for a
long time [64]. A probable reason for this is that the mechanism of liposome
clearance was not understood in the early studies. Furthermore, there was
still a belief that the host immune system would not recognise the liposomes
as foreign particles since the liposomes were built by completely
biocompatible phospholipids.

6.1 Optimum Lipid Composition

The early studies showed that liposomes with 5-10 mol% PEG(2000)-lipid
exhibited the longest circulation times in vivo [65, 66]. However, these results
were based on empirical studies of liposome circulation times in animals,
which, in principle, say nothing about the underlying physicochemical
reasons for the observed effects. It is by now well known that 5 mol%
PEG(2000)-lipid represents the critical surface concentration of PEG needed to
form a dense polymer brush at the surface, thus yielding close to maximum
range of the repulsive steric interaction [70]. Furthermore, as we have shown
in Paper I, ~10 mol% represents an upper limit of how much PEG(2000)-lipid
it is possible to incorporate in the (PC) liposome membrane without a
breakdown of the liposome structure.

In many pharmaceutical formulations, cholesterol is included in the lipid
mixture to further increase the in vivo stability. On the other hand, recent
studies have indicated that the lipid composition (main membrane
components) is of minor importance to the long-circulating properties of PEG-
lipid stabilised liposomes [124]. This is most likely explained by an exclusion
of large proteins (opsonins) from the liposome surface due to the polymer
“cloud”. Because it is now believed that protein adsorption represents a
fundamental step in the clearance of the liposomes from the systemic
circulation [67], prolonged circulation is observed also with the liquid
crystalline phase EPC/PEG-lipid liposomes. However, the results presented



58

in Figure 5.8 show that even if prolonged circulation times of such liposomes
can be obtained in vivo, the encapsulated content would leak very fast.
Therefore, such liposomes are of little use as drug delivery vehicles, at least
for the delivery of water-soluble species.

Based on the above results and considerations, we (and others) have come to
the conclusion that ~5 mol% PEG(2000)-lipid is the concentration of choice to
prepare liposomes with long circulation properties. Furthermore, to obtain
maximum retention of encapsulated compounds, ~40 mol% of Chol should be
added to the liposome membrane. In addition, saturated phospholipids are
preferred when considering the long-term chemical stability of the liposomes.
A composition that fulfils these requirements is DSPC/Chol/PEG(2000)-
DSPE in proportions of 55/40/5 mol%.

6.2 Liposomes Loaded with Boron-containing Compounds Intended for Boron
Neutron Capture Therapy (BNCT)

The first step in boron neutron capture therapy (BNCT) of cancer involves the
delivery to and loading of the malignant cell with a stable isotope of boron,
10B. Second, the tumour cells are exposed to externally applied thermal
neutrons and a nuclear reaction takes place, producing strongly cytotoxic α
particles (4He2+) and lithium ions (7Li3+). These particles have a range of
approximately one cell diameter (10 µm) in tissue which means that the
deposited energy will be largely restricted to cells that have accumulated 10B
(for comprehensive reviews on BNCT, see refs. [125, 126]). However, to obtain
therapeutic effects, a large amount of 10B atoms are needed within the tumour
cells and, thus, an efficient way of delivery of the compounds to the cells is
required [127]. It is in this context that liposomes come into the picture.

In paper VIII, we have investigated and characterised
DSPC/Chol/PEG(2000)-DSPE (55/40/5) liposomes loaded with the two
novel boron-containing compounds Water Soluble Acridine (WSA) and Water
Soluble Phenantridine (WSP). The compounds were synthesised by
Ghaneolhosseini et al. [128, 129] and the structures are shown in Figure 6.1.
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Figure 6.1. Molecular structures of WSA (top) and WSP (bottom).

As can be seen in Figure 6.1, these molecules are weak bases and moreover
display solubility both in aqueous media and in organic solvents. Numerous
studies have shown that it is possible to load such compounds into the
liposome interior using various types of ion gradients over the lipid
membrane [130-132]. This loading procedure is referred to as active loading in
contrast to passive loading where the liposomes simply are prepared in a
medium containing the compound of interest. The advantages of using active
loading are that much higher trapping efficiencies can be achieved as well as a
more stable encapsulation (in some cases). In Paper VIII we have used a pH
gradient and an ammonium sulphate gradient to load WSA and WSP. The
basic features of the pH gradient loading procedure are schematically shown
in Figure 6.2.

Figure 6.2. Schematic picture of the pH gradient loading procedure.

Using the pH gradient, we were able to trap >95% of the added WSA and
>80% of the added WSP in a rather large interval of drug-to-lipid ratios as
shown in Figure 6.3. Note that with passive loading, the trapping efficiency is
not likely to exceed a few percent.
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Figure 6.3. Trapping efficiency of WSA (left) and WSP (right) using the pH gradient
loading procedure ( ) or an ammonium sulphate gradient ( ). From Paper VIII.

The high trapping efficiencies obtained yielded concentrations of the drugs
inside the liposomes which were two orders of magnitude higher than the
solubility of the drugs in the aqueous phase. Thus, it was expected that the
drugs would precipitate in the liposome interior. Indeed, this was confirmed
by cryo-TEM as shown in Figure 6.4. Previous cryo-TEM studies on the
loading of the anticancer drug doxorubicin have shown that this drug also
precipitates in the liposome interior during pH gradient loading [133] or
ammonium sulphate gradient loading [134].

Figure 6.4. Cryo-TEM micrograph of DSPC/Chol/PEG(2000)-DSPE (55/40/5)
liposomes loaded with WSA using a pH gradient. The arrows denote a radiation-

damaged liposome (A) and an ice crystal deposited on the sample surface after
vitrification (B). The dark globular spots in the liposome interior represent a drug

precipitate. Bar = 100 nm. From Paper VIII.

Somewhat unexpectedly, we observed that the loading of WSA using the
ammonium sulphate gradient was only successful at low WSA-to-lipid ratios
(Fig. 6.3). At higher ratios the trapping efficiency went down substantially.
The reason for this was found using cryo-TEM where the formation of discs
was observed. The discs were probably formed as a consequence of
precipitate growth where the precipitate eventually “pierced” the lipid
membrane resulting in a breakdown of the liposome structure. In fact, a
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similar mechanism was found to be responsible for the somewhat lower
trapping efficiency observed with the pH gradient loading of WSP compared
with the loading of WSA (Fig. 6.3). In this case we obtained direct structural
evidence for the “piercing”-mechanism as shown in Figure 6.5.

Figure 6.5. Cryo-TEM micrograph of DSPC/Chol/PEG(2000)-DSPE (55/40/5)
liposomes loaded with WSP using the pH gradient. Arrows denote bilayer discs as
observed edge-on (A) and face-on (B) and WSP crystals released from the ruptured
liposomes (C). The inset figure displays a multilamellar liposome rupturing due to

precipitate growth. Bar = 100 nm. From Paper VIII.

The release rate of the compounds is of course an extremely important
parameter to characterise whether the liposomes are suitable for in vivo
applications. Fortunately, the leakage rate of the compounds was relatively
low, being somewhat dependent on the drug-to-lipid ratio as shown in Figure
6.6. Note that no elevated leakage was observed in media containing human
serum and, so, the retention of the compounds during blood circulation
should be rather good.
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Figure 6.6. Leakage of WSA (left) and WSP (right) at 37°C in Hepes buffer. The ratios
indicated represent drug-to-lipid ratios (mole/mole). From Paper VIII.

In summary, we showed in Paper VIII that it was possible to encapsulate the
drugs WSA and WSP into sterically stabilised liposomes at high drug-to-lipid
ratios. Furthermore, the in vitro stability of the formulations was satisfactory
with a low drug release and good colloidal stability.

6.3 Receptor Targeted Liposomes : Future Work

Long circulating liposomes have been shown to accumulate passively at
tumour sites or sites of infection. This is a consequence of the leaky
vasculature in tumour tissue [66]. However, passive accumulation does not
mean that the liposomes are internalised into the tumour cells but rather that
they slowly leak their content in the tumour area. For the BNCT application as
well as for other strategies of delivering cytotoxic agents to tumour cells, it is
crucial that the compounds are delivered into the cytoplasm of the cells and
preferably all the way into the cell nucleus. To increase the accumulation of
the liposomes in the tumour area as well as to increase the efficiency of
cytoplasmic delivery, receptor targeted sterically stabilised liposomes have
been developed [116, 135]. The approach here is to target receptors that are
over-expressed in certain malignant cells as compared with normal cells. If
the receptor in addition internalises the ligand (with its attached liposome),
then the recipe for efficient cell targeting is at hand. This type of receptor-
targeted liposomes, loaded with compounds intended for BNCT or
radionuclides, are currently being investigated∗ regarding their cell binding
properties and cell internalisation of the liposomes. A schematic picture of the
liposome with its encapsulated drug and targeting ligands is shown in Figure
6.7. In fact, these liposomes can be viewed as a kind of synthetic viruses with
the drug load replacing the viral DNA. But then again, nature is, of course,
overwhelmingly more sophisticated than this simple picture.

                                                  
∗ The project is a co-operation between research groups at the Department of Organic
Chemistry, Biomedical Radiation Science and the Department of Physical Chemistry, Uppsala
University.
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Figure 6.7. Schematic picture of a cell-targeting liposome.
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