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Abstract

Polyamidoamines (PAAs) are a family of synthetic, water-soluble, linear
polymers that are synthesised by hydrogen-transfer polyaddition of aliphatic amines or
bis-secondary amines to bisacrylamides (reviewed by Ferruti et al 2002). Over the last 15
years, PAAs been developed as drug carriers and as pH-responsive polymers for protein
and gene delivery (Richardson et al, 2001). The latter, called endosomolytic PAAs, can
disrupt membranes at low pH, but the delivery of genes and proteins is still poorly
efficient. The precise mode of action is still poorly understood, therefore the main aim of
this work was to examine the physico-chemical properties of PAAs inorder to better
define their mechanism of membrane permeabilisation to allow design of more efficient
chemical structures.

First PAA ISA1 (23 k g/mol) and ISA23 (52 - 67 k g/mol) were synthesised and
were characterised using '"H-NMR, GPC and acid-base titration. In agreement with past
studies, ISA23.HCl demonstrated a pH-dependant haemolytic activity.

The solution conformation of ISA23.HCI was then investigated using small-angle
neutron scattering (SANS). ISA23.HCI possessed a Gaussian coil like-shape in solution
at all pHs (pH 2 to 14) and polymer concentrations examined (10 mg/ml to 50 mg/ml).
However as the pH decreased the radius of gyration increased to a maximum (R, ~ 8 nm)
at ~pH=3.

Surface tension, electron paramagnetic resonance (EPR) and SANS were then
used to investigate the interaction of ISA23.HC] with simple micelles as model surfaces.
Both pH and micelle composition played an important role in the strength of interaction
seen. For SDS micelles, three different responses were observed, strong interaction at pH
< 4.5, weak interaction at pH 4.5 — 6.5, and no interaction at pH > 7. However,
ISA23.HCI did not appear to interact with more biologically relevant lyso-PC surfactants
at pHs 7.4 - 5.5. EPR experiments showed that micelle fluidity was effected when a
PAA-micelle interaction occurred, and SANS reinforced this conclusion.

Finally, liposomes were used as a more complex model membrane. Liposomes
were prepared to mimic three phospholipids composition of plasma, endosomal and
lysosomal membranes. The liposomes were stable over 2 days at pH 7.4, 5.5 and 4, but
not at pH 3. SANS was used to study polymer-liposomes interaction, and the Schultz
polydisperse 3 shell sphere model was used to fit the liposomal (alone) SANS scattering
data. The radius of the plasma, endosome and lysosome liposomes was ~ 50 nm. When
liposomes were incubated in the presence of ISA23.HCl, it was difficult to interpret the
scattering data. However, it was clear that at pH 4 and 5.5 scattering of model liposomes
alters in the presence of PAA indicating possible interaction. Using a contrast approach
the scattering data for ISA23.HCI in the presence of model liposomes could be extracted.
This was again fitted using Gaussian coil model. Generally, the polymer increased in
size in the presence of liposomes, at pHs where there was an interaction. However, these
are only preliminary experiments, and there is a need for further mathematical
modelling.

In conclusion, this project emphasise the importance of combining the different
disciplines to fully understand a system that can be the first step in finding a way to cure
devastating genetic diseases.
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Chapterl Introduction

1 General Introduction

1.1 Background

Currently, the four main causes of mortality worldwide are cancer,
cardiovascular, cerebrovascular and infectious diseases (Mathers et al, 2001). Cancer
was responsible for 7 million deaths in 2000 (Felay et al, 2000). Cardiovascular and
cerebrovascular diseases were responsible for more than 15 million i.e. 30% of total
global mortality (Opari, 1999). Approximately 50% of these deaths were due to
coronary artery disease (CAD), and nearly 33% were associated with stroke (Opari,
1999). Acquired immune deficiency syndrome (AIDS) caused by human
immunodeficiency virus (HIV), tuberculosis (TB) and lower respiratory diseases are the
main infectious diseases that cause mortality. Almost 38 million people are living with
HIV, and there have been 20 million deaths since the first AIDS diagnosis in 1981
(UNAIDS/WHO 2004). One-third of the world’s population is currently infected with
the TB bacillus, and it caused two million deaths in 2002.

These facts, coupled with the emergence of multi-drug resistance diseases
highlight the importance of developing new and improved medicines. In this context,
there has been growing interest in the use of macromolecular drugs such as peptides,
proteins, genes and polymer therapeutics as treatments for such life-threatening

diseases.

Many of these macromolecular agents work at the intracellular level. So their
ability to access the cell cytoplasm is crucial for therapeutic efficacy. Design and
development of effective delivery vehicles that are both safe and efficient has proved a
major challenge. For example, for gene therapy, thus far viral vectors have been the
most widely used, but viruses have limitations such as toxicity and immunogenicity
(reviewed in Aneed, 2004). Therefore, there is an urgent need to find safe and effective
alternatives. In this context, many have been developing endosomolytic polymers as
non-viral vectors for cytosolic delivery (Duncan et al, 1994; reviewed in Smith et al,
1998; reviewed in Christie and Grainger, 2003).

Non-viral delivery systems include physical and chemical delivery methods. For
the physical approach, naked DNA is delivered directly to the cytoplasm by-passing the

intracellular vesicles such as endosome and the lysosome, thus degradation by the
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lysosomal enzymes can be avoided (reviewed in Wolf and Wolf, 2003). Physical
techniques for gene delivery include direct injection (Capecchi, 1980; reviewed in
Auerbach, 2004), electroporation (reviewed in Gehl, 2003), the gene gun (Klein et al,
1987; Williams et al, 1991; Trimble et al, 2003), laser irradiation (Kurata et al, 1986;

Terakawa et al, 2004), sonoporation and magnetofection.

The chemical approach for non-viral delivery usually involves cationic vehicles
such as lipids / liposomes and polymers. To be useful a non-viral delivery vehicle must
be (Schatzlein, 2003; Roth and Sundaram, 2004; Mastrobattista et al, 2005)

> Biocompatible, non-toxic, non-immunogenic and non-pathogenic

> Able to carry and protect the payload from degradation

> [t must be stable

> [t must be able to: ,

- target the appropriate cell type
- avoid the accumulation in the liver
- ideally introduce the payload into the cytosol via interaction with
endosomal membrane or the plasma membrane
- release the therapeutic agent at the target site
- direct the payload to the intracellular target (e.g. nucleous)
In addition it must be:
> Easy to administer

> Inexpensive to synthesise and purify

Increase in interest in the use of polymers as non-viral vectors has occurred due
to advances in polymer chemistry which are allowing the synthesis of polymers with
specific chemical structure. These structures vary from simple linear polymers to highly
branched dendrimers (reviewed Duncan, 2004), and they can be designed to have
precisely defined physical and chemical properties, as well as three-dimentional

structure in the case of dendrimers.

Over the last 15 years, Duncan and Ferruti et al (Ranucci et al, 1991) have
started to design amphoteric polyamisoamines (PAAs) as endosomolytic polymers for
gene and toxin delivery. Although much less toxic than polycations (Ranucci et al,

1991; Richardson et al, 1999), and able to avoid liver capture after intravenous injection
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(Richardson et al, 1999) (leading to tumor targeting by the enhanced permeability and
retention effect (Richardson et al, 2001)), their ability to deliver genes (Richardson et al,
1999) and non-permeant toxins (e.g. ricin A chain and gelonin) (Pattrick et al, 2001a)

was still poorly efficient (Richardson et al, 1999; Pattrick et al, 2001a).

Thus the overall aim of this project was to better understand the mechanism of
action of PAAs by defining their physico-chemical and bio-physical properties. It was
hoped that this information would help to improve PAAs design to improve efficiency
of transfer when used as endosomolytic polymers for intracellular delivery of genes and
proteins. Here small-angle neutron scattering (SANS) was chosen to investigate PAA
conformation in physiological solutions. The mechanism at which PAAs cause pH-
dependent membrane breakage was also investigated by studying the interaction
between PAAs and model membranes, including red blood cells, surfactant micelles and
liposomes, with a phospholipid composition similar to that of biological membranes
(plasma, endosomal and lysosomal membranes). Techniques used in this context
included: surface tension measurements, to study the onset of an interaction, SANS to
study the effect of PAA on the morphology of model membranes, and electron
paramagnetic resonance (EPR) to investigate the effect of PAA on the fluidity of model

membranes.

To understand the rationale for this indisciplinary project it is important to have
a background understanding of polymer therapeutics, the design and current status of
non-viral vectors for intracytoplasmic delivery, the mechanism by cellular uptake of
macromolecules (i.e. endocytosis) and intracellular trafficking. These topics are briefly
reviewed in the next section. Also, it is important to introduce the physico-chemical
techniques that have been used to characterise polymer properties. As PAAs were used
for these studies, their evolution as biomedical polymers, and the current understanding

of their physico-chemical properties are reviewed in detail.

1.2 Use of water-soluble polymers to promote targeting and cytosolic delivery

Over recent years the development of polymer therapeutics (reviewed in
Duncan, 2003a) has been leading to the design of sophisticated nanosized medicines.
Polymer therapeutics is a term used to describe polymeric drugs, polymer-drug

conjugates (Kopecek et al, 2000; Duncan, 2003b) and polymer-protein conjugates
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(reviewed in Harris and Chess, 2003), drug entrapment in polymer micelles by
covalent linkage and those polymeric multicomponents polyplexes used as non-viral
vectors (Ogris and Wagner, 2002; Niidome and Huang, 2002) (Figure 1.1). Thanks to
the successful clinical application of polymer-protein conjugates, and promising clinical
results arising from trials with polymer-anticancer-drug conjugates (reviewed in
Duncan, 2003a), there has been growing interest in the field of polymer therapeutics,
and particularly the bioresponsive polymer designed to deliver proteins and genes to the

cytosol (Boussif et al, 1995; Li et al, 2004; Griffiths et al, 2004).

All macromolecular therapeutics and nanosized delivery systems enter the cell
by mechanism known as endocytosis (reviewed in Jones et al, 2003). To optimise their
design, it is therefore very important to understand the processes of endocytosis and
intracellular trafficking. Both play a key role in determining the therapeutic efficiency,

and they are briefly explained in the next section.

1.3 The complexity and the implications of intracellular trafficking for design of
non-viral vector for cytosolic delivery
Macromolecular therapeutics such as, genes, peptides and proteins, normally
require access to intracellular components to exert a therapeutic effect. At the cellular
level there are number of barriers that such macromolecular therapeutics will encounter
before they can reach their site of action. These include:-
> The plasma membrane, which is a physical barrier (Hawiger, 1999),
> The mechanism of cellular uptake and trafficking (Wiethoff and Middaugh,
. 2003)
> The effect of the change in pH in the endosome and lysosome
> The effect of the lysosomal enzymes, which can degrade proteins and nucleotide
(Alberts et al, 1994)

> The endosomal or lysosomal membranes, which are also physical barriers

These biochemical and physical barriers will be discussed in more detail in the next

section (Figure 1.2).



*)

?, *#

- (

6/6
& %

& '$
2% (
* | &
. -*.D I(# $

*
’

(# - & (1 ( *+ ,*
# @ (&(,# & +

%
%

)

8

* ) 28& |

#" (, # -3%
-(.1 5 T7(A/

-*.D I(# $

L*2



= -)#*$ $
&?,"($ ,#(0

Y-
(3 ( (. 4% (# L #
*HE &S *
( L&*E
[ 2?2 >/
C&FVH - =) L
o # #
(# . &*$*
G [ 2?2 >
)
G [ ? | L&*, (S -
# - @ A
$
! 6/5 " . # (- ( # (++ -0 .0 (.& #" | $ H"(# #" O#"(,
#" - ( % | " o+ $# #U(# # 2 Lot # $ #" , ($
k2 1 &*$)SH*S $1 #" #" (, # - & | -(. #" )- & (-0
@5A * # $ -( & #* #"  (#  .&*S$* [+ #" #" (, # - (! . # &
)HESE # 2 I # & ! (& & ) )$*$* ( .:) $ @ KA @7A/ .- #"
$ -- $$+ ) & % & L H#* -)#*, ($ 1 " #OSH#H S, L& % ) ##
& ! (&(# *. ) #" 1) $ +* & #" @. - ($ 31 ?2-A @(&(,# & + *
5 52 (=+ & (.& - (215 A
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1.3.1 Physical and biochemical barriers that therapeutic agents face during the
endocytic pathways

The first barrier that the macromolecular drugs encounter is plasma membrane
(Parkes and Hart, 2000). This has a complex structure, being composed of lipids and
proteins. Cellular entry is via endocytosis (Asokan and Cho, 2002). It involves the
invagination (folding inward) of small portion of the plasma membrane enclosing a
droplet of the external medium containing macromolecules, and this “buds off” to form
intracellular vesicles (Slepnev and Camilli, 1998). This mechanism of endocytosis has
been divided into two main groups, pinocytosis (cell drinking) and phagocytosis (cell
eating) (Aderem and Underhill, 1999; Maxfield and McGraw, 2004). The latter
describes the uptake of large particulate (e.g. bacteria by macrophages) so it will not be

discussed further.

1.3.1.1 Pinocytosis

The term pinocytosis is used to describe the non-specific uptake of small
droplets of extracellular medium (Slepnev and Camilli, 1998) (see Figure 1.3 for an
overview of endocytosis). There are three main mechanisms of internalisation; receptor-
mediated pinocytosis, non-specific adsorptive pinocytosis and fluid-phase pinocytosis.
The chemical properties of macromolecules play a crucial role in determining their
mechanism of cellular uptake. Negatively charged macromolecules (e.g. the polyanion
DNA) and neutral macromolecules (e.g. poly(ethylene glycol) (PEG)) do not associate
with the membrane, and cellular uptake may be by non-specific fluid-phase endocytosis
(Figure 1.4) (Godbey et al, 1999a; Kristensen et al, 2001). In contrast, positively
charged macromolecules, poly(ethylene imine) (PEI) and cationic polyplexes, DNA
associated with positively charged vectors (with excess positive charge) binds by ionic
interaction to the negatively charged membrane. Thus, they are taken up by a non-
specific adsorption process (Godbey et al, 1999a; Kristensen et al, 2001). Binding of the
positively charged macromolecule to the membrane can induce membrane
depolarization, which causes the formation of membrane invagination, which is then
followed by budding and vacuole formation

This study largely investigates PAA polymers, so it is important to consider their
possible mechanism of endocytic uptake. The previously described cationic PAAs (e.g.
ISA1 and ISA4) (reviewed in Ferruti et al, 2002), are probably endocytosed by a non-
specific adsorptive process. However, the amphoteric PAAs (e.g. ISA22 and ISA23)
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Chapterl Introduction

would predominantly be negatively charged at pH 7.4 (although they would carry some
positive charge), so their mechanism of uptake might not be that straightforward.
Attraction of the positive charges on the PAA and the negatively charged membrane
could lead to an interaction but repulsion would also result from the negative charge on
the PAA and the negatively charged membrane. PAA could theoretically be
endocytosed by either fluid-phase endocytosis or by adsorptive process (or a
combination of both, which is most likely). Although cationic PAAs and the polyplexes
they form, would show enhanced binding to the cell membrane, they suffer from
disadvantages of increased toxicity, non-specific interaction with RBC and plasma
proteins leading to activation of the complement system (Plank et al, 1996), and also
increased uptake by the reticular endothelial system (RES) (Richardson et al, 1999).
Hence, the move towards the amphoteric PAAs, ISA22 and ISA23, that tend to be less
toxic than cationic PAA (ISA1 and ISA 4).

1.3.1.2 Mechanisms of Internalisation
Many different gateways have been described for endocytic uptake. The main
mechanisms of internalisation are described below:-
> Invaginations can occur at a specific region of the plasma membrane called coated
pits with either clathrin or cavolae (reviewed in Watson et al, 2005). Alternatively,
internalisation occurs in a region of the plasma membrane where there is no
“coating”, known as macropinocytosis, and clathrin- and caveolin-independent
endocytosis. The best-studied route of cellular uptake is clathrin-mediated
endocytosis (Schnatwinkel et al, 2004), and in all mammalian cells where it accounts
_for receptor-mediated endocytosis (Slepnev and Camilli, 1998). Clathrin-coated
vesicles have a morphologically characteristic bristle coat made up of a complex
protein called clathrin (Marsh, 2001). This protein is a triskelion (a three-legged
structure consisting of three heavy and three light chains) (reviewed in Mousavi et al,
2004) and it forms a polygonal lattice, pentagons and hexagons (Heuser, 1980),
which helps to deform the overlying plasma membrane into coated pit (reviewed in
Conner and Schmid, 2003). Clathrin-mediated endocytosis is responsible for uptake
of many physiological ligands such as transferrin, immunoglobulins and growth
factors (reviewed in Trowbridge, et al 1993). It also modulates signal transduction,
and is involved in cell and serum homeostasis (reviewed in Conner and Schmid,
2003).

-10 -
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> The caveolae-dependent uptake mechanism uses cavolae (flasked-shaped
invaginations) that are present in many cell types (reviewed in Nichols and Schwartz,
2001). These structures were first observed 50 years ago on the surface of endothelial
cells, where they are abundant and play a role in trancytosis and endocytosis of blood
components (reviewed in Conner and Schmid, 2003). Caveolae have a single major,
cholesterol-binding coat protein, caveolin (reviewed in Okamoto, 1998), which is
implicated in the formation and maintenance of caveolae structures (reviewed in
Nichols and Schwartz, 2001).

> Macropinocytosis occurs primarily at sites of membrane ruffling (reviewed in
Swanson and Watts, 1995) and it involves the formation of large, irregular primary
endocytic vesicles, called macropinosomes (reviewed in Nichols and Schwartz,
2001). Macropinosomes are dynamic vesicular structures (reviewed in Johannes and
Lamaze, 2002) and are heterogeneous in size (reviewed in Swanson and Watts,
1995).

1.3.1.3 Intracellular Trafficking
Following endocytic internalisation, the vesicle contents are delivered to a
number of different intracellular compartments by a series of vesicle fusion events.

These include early and late endosomes, and lysosomes.

Early Endosome

The early endosome is the first endocytic compartment entered followng
internalisation (Gruenberg et al, 1989; Slepnev and Camilli, 1998). Early endosomes are
usually located in the periphery of the cell. It has been shown that oregon green-labelled
PAAs enter this compartment (Pattrick et al, 2001b). A decrease in pH occurs
(acidification) in the lumen of the early endosome (pH 6.5), due to the proton pump
located in the vesicle membrane. This change in pH is the trigger used to deliver drugs
from pH-responsive linkers (cis-aconityl and hydrazone), and causes a change in
conformation of pH-responsive polymers such as PAAs (reviewed in Ferruti et al,
2002). Physiologically, the acidic environment is also important for the dissociation of
the ligand from the receptor (e.g. transferrin and iron). Subsequently the vesicle
contents are either recycled back into the cell or carried forward into the late endosome.
The recycling stage can be a disadvantage for therapeutic agents such as polyplexes that

are required to access the cytosol for their activity. Inclusion of transferrin into a non-
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viral vectors is often used to enhance cellular uptake, as transferrin receptors are over
expressed in rapidly dividing tumour cells (reviewed in Merdan et al, 2002a), and, in

theory this could enhance cancer targeting.

Late Endosome

If the polyplex is not recycled, it will experience a further decrease in pH in the
late endosome (pH 6-5). For the pH-responsive polymer, this effect may enhance its
ability to cause membrane permeabilisation. However, in many cases the endosomal
membrane remains an obstacle to cytosolic delivery. For example a polyplex must act
quickly to cause the endosomal disruption before it is transferred to the lysosome where

the nuclease would rapidly degrade the DNA.

Lysosome

The endosomal contents can either escape to the cytosol or be further trafficked
to either the golgi apparatus or the lysosome. The lysosome contains more than sixty
hydrolytic enzymes (pH 5.5-4.5) (reviewed in Blott and Griffiths, 2002), and this
compartment is able to degrade proteins that were not recycled, DNA, RNA, glycosides
and lipids. In fact many naturally occurring macromolecules are degraded here. Due to
the hydrolytic capacity of the lysosomes, it is essential that the entry of degradable

therapeutic agents such as DNA and protein is avoided.

Even if a polyplex can escape from the endosome, its journey does not end in the
cytosol. For gene therapy, the DNA must yet reach its final destination, i.e the nucleus.
Diffusion of the macromolecule through the cytoplasm is usually slow due to its high
viscosity, and the presence of a cytoskeleton, which forms a mesh (Lukacs et al, 2000;
reviewed in Merdan et al, 2001a). These factors greatly slow down the diffusion of high
molecular weight macromolecules and in turn this also increases the chances of the
DNA degradation by cytoplasmic nucleases (Lechardeur et al, 1999). This itself can
cause a dramatic decrease in DNA half-life.

For successful gene therapy the DNA must also enter the nucleus via a nuclear
pore or during cell division. Thus it is important that the system is stable until the next
cycle of the cell division (reviewed in Merdan et al, 2001a). Nuclear pore complexes
(NPC) (reviewed in Pouten, 1998), present in the nuclear membrane allow small

molecules to passively diffuse through them. However, macromolecules require a motif
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that can be recognised by the receptors found in the nuclear membrane. Only in this
case will the pore allow their translocation of the cargo into the nucleus (reviewed in
Merdan et al, 2001a).

The complexity of the barriers to transfection have led many to focus on
cytosolic delivery of protein toxins e.g. PAA delivery of ricin and gelonin (Pattrick et
al, 2001a).

Endosomal escape into cytoplasm remains the main factor limiting transfection
efficiency of non-viral vectors, and the ability of the endosomolytic polymers to deliver
proteins. Endosomotropic delivery can be defined as delivery via the endosomal

compartment and this concept is described in more detail here.

1.3.2 Endosomtropic Delivery

Efficient cytosolic access of macromolecules such as genes and proteins (e.g.
toxins) is crucial for many therapeutic strategies (reviewed in Plank et al, 1998). There
is therefore a need for efficient delivery vectors to mediate rapid and efficient
endosomal membrane translocation, before progress into lysosome (Murthy et al, 1999).
Endosomolytic delivery systems are usually designed to use the decrease in endosomal
pH to trigger the release of the therapeutic agents. The process begins with the
endocytic uptake of the polymer/ therapeutic conjugate/complex. In the early endosome,
hydrogen ions will be pumped into the endosome by a proton pump decreasing the pH
(Richardson et al, 1999). This will cause the polymer to protonate, and a change in
conformation results. Ideally, an endosomolytic polymer will display a charge that
changes significantly as the pH decreases from pH 7.4 (extracellular) to pH 6.5
(endosomal). The polymer should be able to diffuse to, and rapidly interact with the
endosomal membrane. There should be enough time to allow the escape of the
molecular therapeutic agent, before it reaches the lysosome (Figure 1.5). It is
hypothesised that the polymer binds to the endosomal membrane, causing its disruption
(loss of membrane function) (Richardson et al, 1999).

The mechanism by which the endosomolytical polymer causes endosomal
breakage is very important for the activity of the polymer, and this will be discussed in

the next section.

-13-
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1.3.3 Mechanisms of endosomal membrane breakage

An accurate understanding of the mechanisms by which non-viral vectors cause
endosomal membrane breakage is crucial to help the development of more efficient
genes and proteins delivery systems. A number of mechanisms have been proposed to

explain the ability of polymers to permeabilise endosomal membrane. These include:

Proton sponge hypothesis

It has been suggested that cationic polymers such as PEI produce a proton sponge effect
that is responsible for the permeabilisation of endosomal membrane. As the pH falls,
PEI in the early endosome becomes more protonated. In turn this causes a depletion in
H' that drives an increase influx of H* followed by Cl and water, leading to an increase
osmotic pressure inside the endosome. And this causes a membrane destruction (Figure
1.6). For the proton sponge mechanism to operate, it is important that the polymer
possesses functional groups that will protonate between pH 7.4 and 5 (reviewed in
Merdan et al, 2002a). In this case membrane breakage will be independent of membrane
composition.

The proton sponge hypothesis was first proposed by Behr (1997) and is based on
the perceived mechanism of action of chloroquine which is known to enhance the
transfection activity of polylelectrolytes such as poly(L-lysine) (PLL) (reviewed in
Pouton and Seymour, 1998). Chloroquine is a weak base. It is neutral at pH 7.4 and
becomes positively charged at pH 5.5. Thus in the acidic environment of the
intracellular vesicle it is present (and trapped) in the protonated form. Chloroquine
increases the residence time of a polyplex in the endosome by preventing or slowing
down the acidification process. Which leads to a decrease in vesicle-vesicle fusion.
Consequently this increases transfection efficiency.

A growing number of studies support this theory. It has been demonstrated that
the transfection activity of PEI (Kichler et al, 2001) and imidazole-containing polymers
(Benns et al, 2001) can be dramatically decreased by the inclusion of bafilomycin Al,
which is a specific inhibitor of vacuolar-type H(+)-ATPase (Yoshimori et al, 1991), that
prevents the acidification of endosome and lysosome. Merdan et al (2002b) used
confocal laser scanning microscopy of live cells to show that the release of PEI polyplex
occurs as a sudden event. They suggested that this could be due to the bursting of the

vesicles (reviewed in Merdan et al, 2002a; 2002b). Similar results have been obtained
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by Sonawane et al, (2003) using hamster cells incubated with buffering polymers
(polyamines) who found that the polymer caused an increased chloride ion
concentration leading to an increase in the volume of the endosome (Sonawane et al,
2003).

Many debate the validity of the proton sponge hypothesis. Studies have
demonstrated that another weak base, ammonium sulphate, with similar buffering
capacity to chloroquine at endosomal pH, does not improve transfection (reviewed in
Pouton and Seymour, 2001). Studies conducted by Godbey et al (2001) showed that the
lysosomal pH 5 was not altered in cells that were transfected with PEI/DNA polyplex.
More recently Funhoff et al (2004) have demonstrated that with the newly synthesised
polymer [poly(2-methyl-acrylic acid 2-[(2-(dimethylamino)-ethyl)-methyl-amino]-ethyl
ester (p)DAMA), which has two tertiary amine groups (pKa 5 and 9) was not able to
promote transfection. However, the addition of peptide (INF-7, a fusogenic peptide
derived from the influenza virus (Funhoff et al, 2004)) caused an increase in the
transfection efficiency. These findings strongly suggest that the proton sponge effect is
not a universal mechanism, although it may be able to explain endosomal destabilisation

caused by polymers with pKa values between 7 and 5.

Pore formation

It has also been suggested that endosomolytic polymers might permeabilise the
endosomal membrane by forming pores in the membrane. However, the polymer must
be an amphiphilic in nature, i.e. must carry both hydrophilic and hydrophobic groups.
The hydrophilic (charged) part is attracted to, and interacts with the headgroups of the
phospholipids. Thus it will be located outside the membrane. The hydrophobic section
is then inserted in the alkyl part of the lipid bilayer forming the pore (Figure 1.7).
Natural macromolecules known to cause pore formation include membrane-active
peptides toxins (melittin) (Benachir and Lafleur 1995), viral fusogenic peptides (Epand
et al, 1992) and bacterial toxins (Gazit et al, 1995; Wagner, 1999). Such agents have
been explored as a way to develop new synthetic membrane active-polymer conjugates
or they have been added (none covalently) to existing non-viral vectors to enhance their
membrane disruption activity.

The N-terminal domain of hemagglutinin (reviewed in Cheung et al, 2001) from
influenza virus has also been used to prepare the fusogenic peptide, INF (Wagner, 1999)
and GALA-based peptides (Plank et al, 1994). These peptides contain aspartic acid and
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Chapterl Introduction

glutamic acid. At neutral pH they are negatively charged, and upon acidification a
change in peptide conformation occurs, which promotes membrane interaction and then
pore formation. Bacterial toxins such as Listeriolysin O toxin also form membrane
pores following activation in the acidic endosomal environment. This is the mechanism

that allows the escape of bacterium Listeria monocytogenes.

Membrane disruption by bending

Another mechanism that has been proposed to explain membrane disruption is the
concept of “membrane bending” (Figure 1.8). It has been proposed that
poly(amidoamine) (PAMAM) dendrimers destabilise anionic liposomes by this
mechanism (Zhang and Smith, 2000). The rigid spherical polycationic dendrimers bind
to the membrane by electrostatic interaction causing the membrane to bend, this induces
stress in the bilayer packing and disruption of the membrane results (Zhang and Smith,
2000). |

In the following section the different macromolecules that are used as non-viral vectors

will be discussed.

1.4 Non-viral vectors for intracytoplasmic delivery

The use of non-viral vectors (such as cationic lipids, liposomes and polymers)
for gene delivery have been developed by many groups, but the pioneers were Felgner,
Behr and Huang (reviewed in Kabanov, 1999). Cationic lipids, liposomes and polymers
form complexes with DNA by electrostatic interaction between the positive charges on
the non-viral vectors and the negative charges on the DNA to form lipoplexes (lipids-
DNA complex) or polyplexes (polymer-DNA complex). The major advantage of using
polyplexes and lipoplexes systems as an alternative to viral vectors is they are a lot safer
(Loup et al, 1999). However, there is one major disadvantage. Non-viral vectors have
transfection efficiencies that are much lower compared to viral vectors. Thus it is very
important to investigate further the mechanisms that will help to design and develop
vectors that are safe, can be used in patients and that will routinely give efficient gene

and protein delivery.

1.4.1 Cationic lipids/liposomes

Cationic lipids were first introduced as gene carriers in 1987 (Felgner et al,
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Dendrimer

) Liposomes lipid
\?'l ,‘{’) bilayer

The polymer binds to the lipid
bilayer, this create stress in the
membrane that results in the
membrane breakage

Figure 1.8 The membrane bending mechanism. It has been reported that dendrimer
PAMAM can cause membrane breakage by this mechanism. The rigid structure of
the dendrimer causes stress and bending of the lipids bilayer resulting in their
destruction
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1987). Gene transfer using cationic lipid-pDNA complexes (lipoplexes) has also been
tested in clinical trials (reviewed in Wolf and Wolf, 2003). Cationic liposomes are
usually small unilamaller vesicles that are composed of cationic and other helper lipids
(Fang et al, 2003). Intially most were composed of a single lipid, (e.g. 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), using 1,2-dioleoyl-sn-glycerol-3-
phosphoethanolamine (DOPE), as a helper lipid (reviewed in Ciani et al, 2004). DOPE
was chosen because of its ability to reduce the cytotoxicity of cationic liposomes and it
has been shown that in the presence of DOPE, DNA translocation and transfection

efficiency are improved (Ciani et al, 2004; Zhdanov et al, 2002).

The second important example of non-viral vectors is polymers and this will be

described in the next section.

1.4.2 Polymers as non-viral vectors for cytosolic delivery

The polymers here can be divided into two main groups that are separated
according to their nature e.g. cationic and anionic polymers, there are also amphoteric
polymers but this is very small group and will not be discussed here (Table 1.1 and
Figure 1.9).

The anionic polymers are the smaller group of the two, and will be discussed

first in the next section

1.4.2.1 Anionic polymers

Stayton and Hoffman have systematically developed a series of synthetic, pH-
sensitive homo- and co-polymers of anionic carboxylated groups such as acrylic and
methacrylic acid groups. They can interact with and disrupt biological membranes in a
'pH—dependent manner, and the interaction is governed by hydrophobic forces. It has
been shown that changing pH, causes a change in the polymer conformation from a
hydrophilic coil at neutral pH 7.4 to a hydrophobic globule at acidic pH 5.5 (Yessine et
al, 2003). Such polymers display a pH-dependant red blood cell (RBC) lysis with
increasing haemolysis at < pH 6.5 (Murthy et al, 1999; Yessine et al, 2003). It appeared
that the haemolytic activity of these polymers increased with an increase in hydrophobic
nature. Polymers with a high degree of hydrophobicity also showed a high degree of
toxicity (Yessine et al, 2003).
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Table 1.1 List of endosomolytic polymers, their pKa, type of structure, molecular weight and current status.

Mw

pKa Structure Status  Reference
Cationic polymers
Dash et al, 1999
Poly-L-lysine (PLL) 4 kDa - 224 kDa 9to 10 Branched invivo  Reviewed in Smedt et al, 2000
Kawano et al, 2004
_ . Boussif et al, 1995
Poly(ethyleneimine) (PEI) 22 kDa - 220 kDa 8.181t09.94 Linear Fischer et al, 1999
invivo/  Harpe et al, 2000
Ka of ori clinical Reviewed in Brown et al, 2001
0.6 kDa - 800 kDa prao p.“‘;“;‘y Branched Brownlie et al, 2004
amine 1s 5. Ohana et al, 2004
Poly(amidoamine) L Malik et al, 2000
(PAMAM) dendrimer 1.4 kDa - 853 kDa 3.9and 6.9 Hyperbranched invivo peviewed in Smedt et al, 2000
Cationic PAAs, ISA1 and . o Ferruti et al, 2002
ISA4 5kDa- 13 kDa 2.1t09 Linear in vivo Wan et al, 2004
Poly[2(dimethylamino)- .
ethylmethacrylate)] 22 kDa - 300 kDa 7.5 Branched in vivo Wetering et al, 1999 and 2000
P(DMAEDMA)

uononponuy 123dvy>H
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. ‘ . invivo/  Smedt et al, 2000
Chitosan 108 kDa - 540 kDa 6.5 Linear clinical  Kean et al, 2005
Diethylaminoethyl-dextran 500 D Li L Takai and Ohmori, 1990
(DEAE dextran) a mnear mvivo Gregory et al, 2003
Poly-2-[N-(2- o . .
hydroxyethyl)- 48.3 kDa - 56.9 kDa Branched /IC’L:;ZI Il\’/}?rz;zl;t;l,;é)é);
D,L-aspartamide] (PHEA) ’
Amphoteric polymers
PAA, ISA22 and ISA23 11 kDa - 48 kDa 211075 Linear invivo  Lorruti etal, 2000

Wan et al, 2004
Polyanions
N-isopropylacrylamide Miura et al, 1993
(NIPAM) 7to 10kDa Branched Meyer et al, 2001
Poly(ethyl acrylic acid)
(PEAAC)
Poly(propyl acrylic acid) 22-24 kDa Branched Murthy et al, 1999

(PPAAC)
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Figure 1.9 Structures of widely studied endosomolytic polymers. .
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1.4.2.2 Cationic polymers

A diverse range of polymer structures have been used for gene or protein
delivery, for example linear, branched, and hyperbranched polymers, dendritic
architectures, and random- and block copolymers.
All posses different chemical, physical and biological properties, as they contain amine
groups, which are primary, secondary, tertiary or quaternary amines. These amines can
be part of an aliphatic chain, or as cyclic or aromatic systems. Therefore the pKa values
vary widely. The amine groups are not only required for the interaction with DNA, but
they are crucial for the polymer’s ability to cause endosomal membrane disruption. In
addition, amine functionality can be used as a site for conjugation with other polymers,

lipids, drug, targeting moieties and proteins such as toxins.

PLL ‘

PLL (linear polypeptide) was the first polycation used to promote gene transfer.
Although it has been reported that Wu and Wu (1987) were the first to use PLL in gene
delivery, this is not true, since in 1974 Schell investigated the effect of PLL on the
cellular uptake of polynucleotides (reviewed in Chirila et al, 2002). Many studies have
since used PLL as a vector for gene delivery. It is clear that PLL molecular weight plays
an important role in the DNA complex formation, their ability to transfect cells and the
cellular toxicity (Wolfert and Seymour, 1996). Unmodified PLL is poorly efficient, but
the addition of the lysosomotropic agent chloroquine dramatically improved the
transfection efficiency. Other methods have been employed to improve the activity of
PLL. These include the conjugation with poly-L-histidine, and the substitution of some
of the L-lysine monomers with tryptophan or cysteine (McKenzie et al, 2000). The
resultant copolymers showed better transfection efficiency compared to PLL.

PLL has a number of advantages. It is widely available, and the side-substituents
are suitable for attachment of other molecules. It can protect an oligonucleotide or DNA
from enzymatic attack and it possesses a high solubilising power (Ferruti et al, 1998).
However, PLL does have two major drawbacks. It is highly toxic, and the fact that PLL-
derived polyplexes usually interact with plasma proteins after i.v. injection leads to liver
and lung uptake. In order to reduce its toxicity, PLL has been chemically modified by
the addition of N,N-dimethylacrylamide to the primary amine groups (Ferruti et al,
1998). This kind of modification reduces toxicity, but also leads to a reduction in

transfection efficiency too.
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PEI

PEI has been the most widely investigated as a non-viral vector. It was first
developed by Jean-Paul Behr and colleagues and has been used to promote gene
delivery in cell culture and in vivo (Boussif et al, 1995). PEI is made up of ethylamine
repeating units, and it possesses a very high positive charge density when fully
protonated in aqueous solution (Ham, 1980). This property is required for polyplex
formation which depends on the ratio of PEI nitrogen to the phosphate of DNA. PEI are
very effective at protecting DNA from the degradation by nucleases (Campeau et al,
2001). Branched and linear PEIs of different molecular weight have been synthesised
and their transfection activity evaluated in vitro and in vivo. As mentioned earlier, it was
suggested that PEIs exert their endosomolytic activity by proton-sponge mechanism
(see section 1.3.3) (Behr, 1997).

To minimise interaction of the PEI-polyplex with plasma proteins, the complex
was coated with a hydrophilic polymer (e.g. hydroxypropyl methacrylic acid) (reviewed
in Brown et al, 2001). While this prolonged the plasma circulation it also led to a

decrease in transfection efficiency (reviewed in Oupicky et al, 2002a).

Other polycations

In the search for better polycations Hennink and collagues have developed a
series of methacrylate/methacrylamide homo- and copolymers (Wetering et al, 1999).
Poly[2-(dimethylamino)ethyl methacrylate)], f(DMAEDMA) contains a tertiary amine
and an ester group. The amine can be ionised with a pKa value of 7.5. Wetering et al
(2000) showed that the transfection efficacy of p(DMAEMA) is higher than that of
PLL-polyplex, with a similar transfection efficacy to Lipofectin-plasmid complexes
(Wetering et al, 2000). Although it was openly proposed that these polymers exert their
membrane activity by proton-sponge mechanism (Pang et al, 2002), recent work by
Jones et al (2004) has bought this theory into question. It was found that f(DMAEMA)
was able to change the morphology of the late endosomes and lysosomes, but the
polymer did not physically break them. Thus another mechanism must be responsible
for their ability to transfect cells and their high cytotoxicity.

Cationic polysaccharides have also been investigated. Chitosan and
diethylaminoethyl-dextran (DEAE-dextran) have been widely used. Chitosan possesses

primary amine groups, which can be used to form complexes with DNA. Studies using
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different molecular weights of chitosan showed that low molecular weight chitosan
forms excellent polyplexes that protects DNA against nuclease degradation (Richardson
et al, 1999), but chitosan show a molecular weight and counter ion dependent toxicity
(Gomez and Duncan, 1997). A number of studies have shown that chitosan can form a
complex nanoparticle with recombinant DNA plasmids, that provide an effective mean
for delivering genes into cells (Leong et al, 1998). Numerous studies conducted by Sato
et al (2001), have demonstrated the effect of molecular weight, pH and serum
concentration on the transfection efficiencies of chitosan.

DEAE-dextran was shown to transfect mammalian cells in very early studies
(Vaheri and Pagano, 1965), and experiments with this vector continued (Mack et al,
1998). However, the transfection efficiency of DEAE-dextran is still low. The polymer
is non-biodegradable, and it displayed high toxicity so interest in these polymers for
drug delivery is decreasing. '

The polycations described so far are either linear or branched. Cationic
dendrimers are another important group of polymers being explored for gene delivery.
Dendrimers are hyperbranched structures that contain many terminal functional groups.
There are several advantages of dendrimers compared to linear polymer. For example,
low polydispersity, which allows predictable chemical, physical, and biological
behaviour. PAMAM dendrimers have been most extensively studied, and are
commercially available under the trade name 'Starburst Dendrimers' (reviewed in
Aulenta et al, 2003). PAMAM dendrimers are capable of disrupting endosomal
membrane and are able to promote gene transfer and this depends on its generation
number. There are other dendrimers with different chemical composition that have been
investigated as drug vehicles, e.g. PLL dendrimers (Niidome et al, 2000), phosphorous
containing dendrimers (Loup et al, 1999) and low generation polypropyleneimine
dendrimers (Zinselmeyer et al, 2002).

As this project has focused on amphoteric PAA polymers they are described in

more detail in the next section.

1.5 PAAs
1.5.1 Historical background and the evolution of PAAs

PAAs are a unique family of synthetic, water-soluble, linear polymers that are
synthesised by hydrogen-transfer polyaddition of aliphatic amines or bis-secondary

amines to bisacrylamides (Ferutti et al, 2000). They are characterised by the presence of
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amido and tertiary amino groups that are arranged in a regular manner along the main
backbone (reviewed in Ferruti et al, 2002), that act as a weak base in solution. A vast
number of PAAs have been synthesised, each one has a unique chemical structure and
properties (Table 1.2, Figure 1.10).

PAAs were first synthesised by (Ferruti et al, 1967) in the late 1960’s and early
1970’s. Initially they were developed as new heparin complexing agents (Marchisio,
1973). During the 1970’s, PAAs were developed further as non-thrombogenic polymers
for material coating. New linear PAAs, graft and block polymers were prepared and
their chemical, structural and mechanical properties were investigated. Also during this
decade PAAs were investigated for a possible inherent antitumour activity (Ferruti et al,
1973).

In the 1980’s, the development of PAAs as heparin-complexing agents
continued. Graft polymers composed of poly(vinyl chloride) (PVC) and PAA chains
(Ferruti et al, 1982a), and PAA-sufface-grafted glass microspheres (Ferruti et al, 1983)
were prepared. Their heparin absorbing capacity was investigated. Several studies also
found that soluble PAAs and cross-linked resins of PAAs were able to form complexes
with heavy-metal ions such as Co**, Cu?* and Ni** (Barbucci et al, 1981b). Those PAAs
able to form such complexes must have aliphatic amines with no more than three
methylene groups separating the two aminic groups (reviewed in Ferruti et al, 2002).
Such PAAs were proposed for use in water purification (Barbucci et al, 1981b; Ferruti
et al, 1982b). Finally in the 1980’s new PAAs were synthesised and evaluated as an

antimicrobial agents (Ranucci et al, 1989).

1.5.2 Development of PAAs for drug delivery applications

' Studies on the development of PAAs as drug carriers began in the early 1980°s
(Ferruti et al, 1982c¢). First, experiments examined the cytotoxicity and degradation and
cellular toxicity of PAAs derived from N,N’-bis(2-hydroxyethyl)ethylenediamine
(MBI) (Figure 1.10) (Duncan et al, 1994). These PAAs were less toxic than other
cationic polymers such as PLL (Ranucci et al, 1991). This research initiated a new
potential application of PAAs in the field of polymer therapeutics. To explore the
possibility of ‘hiding’ a molecule inside the pH-responsive MBI, this PAA (MBI) was
later conjugated with triton X-100 (TX-100). The RBC lysis model was used to
investigate the pH-dependent haemolytical activity of MBI and its TX-100 conjugate.
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Table 1.2 Summary of the different applications of PAAs.

Biomedical application

References

De-heparinizer filter

Marchisio et al, 1973

Cross-linked PAA resin as de-heparinizer Ferruti et al, 1983

Heparinizable materials

Barbucci et al, 1983

Tanzi et al, 1985

Barbucci et al, 1985
Barbucci et al, 1987
Barbucci et al, 1990

Anticancer agents with inherent activity Ferruti et al, 1973
Antibacterial agents with inherent activity Ranucci et al, 1989
Drug carriers Ferruti et al, 1994

Ferruti et al, 1999

As endosomolytic polymers and non-viral vectors Duncan et al, 1994

for gene and protein delivery

Non-biomedical application

Complexing with heavy metal
ions (for water treatment)

Richardson et al, 1999;
2001

Ferruti et al, 2000
Pattrick et al, 2001
Wan et al, 2004
Lavignac et al, 2004

Barbucci et al, 1981
Ferruti et al, 1982b
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Whereas free TX-100 displayed considerable haemolysis at all pHs (5.5, 7.4 and 8),
MBI did not cause any RBC lysis at any concentration or pH examined. The PAA-TX-
100 conjugate only caused concentration-dependent haemolysis at pH 5.5 (Duncan et al,
1994). Although MBI-TX-100 was less toxic than TX-100, it was more toxic than MBI
against human leukaemic cells (Duncan et al, 1994). These results were very interesting,
as they demonstrated for the first time the potential to use PAAs as bioresponsive
polymers that would change conformation and potentially deliver drugs within acidic
intracellular compartments such as the endosome and lysosome (Duncan et al, 1994).

In 1999, a number of PAAs-cisplatin were prepared (Ferruti et al, 1999). The
chemical properties, and preliminary antitumour behaviour, both ir vitro and in vivo, of
the PAA-platinates were investigated (Ferruti et al, 1999). It was found that the PAA-
platinates were less toxic than cisplatin toward lung tumour cell lines (Ferruti et al,

1999).

The search for improved endosomolytic polymers led to the birth of a very
important series of PAAs, ISA1, ISA4, ISA22 and ISA23 (Figure 1.11). These polymers
were optimised to display low cellular toxicity and pH-dependant membrane activity.
Since, further investigation has mainly conducted on these PAAs and their derivatives
(copolymers and block copolymers), Richardson et al (1999) synthesised ISA1 and
ISA23, and their analogues, ISA4 and ISA22, these were prepared for radiolabelling
with Zjodine (**°I). It was demonstrated by Richardson et al, (1999) that the toxicity of
ISA1 and ISA23 was low, with ICsy values of >2 mg/ml (72h incubation). They were
lower less toxic than PLL. '*’I-labelled ISA4, was taken by the liver following i.v.

injection, where as ISA22 was not captured and was successfully taken by the tumour

tissue.

PAASs used for gene and toxin deliveries

For parenteral administration it is crucial that the polymer picked must be
biocompatible (Williams, 1987), i.e. non-toxin and non-immunogenic. It was shown by
Richardson et al (1999) that all PAAs (ISA1, ISA4, ISA22 and ISA23) displayed little
cytotoxicity against B16F10 and Mewo cell lines. Both ISA22 and ISA23 caused
greater haemolysis at pH 5.5 and were more effective as transfection agents compared
to ISA1 and ISA4 (Richardson et al, 1999; 2001). However ISA1 and ISA4 were able to

deliver non-permeant ribosome-inactivating toxins, such as ricin A chain (RAC) and
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gelonin (both can potentially be used as anticancer drugs). In contrast ISA22 and ISA23
were not successful (Pattrick et al, 2001a). It is unclear to why this occurs. These
experiments were carried in B16F10 cells and the PAA and protein were added to the
cells as a noncovalent mixture. It was mentioned that the results might be explained by

the difference in the polymers trafficking inside the cell (Pattrick et al, 2001a).

Effect of counterion on the properties of PAAs

While investigating mild reaction conditions suitable for PAA-protein conjugation (to
deliver protein, like toxin, that can be used as anti-tumour agents), different PAA salt
forms were used. In all the earlier experiments, PAAs were in the hydrochloride salt
form were used. Therefore, Wan et al (2004) systematically studied the effect of ISA23
counterion (acetate, citrate, hydrochloride, lactate, phosphate and sulphate) on the pH-
dependent haemolysis and cytotoxicity. They demonstrated that the counter ion plays a
very important role. Whereas ISA1, ISA4, ISA22 and ISA23 chloride, phosphate and
sulphate salt forms (the strong acids) caused significant haemolysis at pH 5.5, citrate

and lactate salt forms (weak acids), were non-haemolytic at pH 5.5.

1.5.3 Physico-chemical properties of PAAs

Over the years there has been relatively little investigation of the physico-
chemical properties of PAAs. All PAA polymers may be classified as polyelectrolytes
due to the presence of fert-amino group in the main chain backbone. The combination
of high molecular weight and charge density leads to unique physicochemical properties
that set PAAs apart from uncharged polymers and simple electrolytes (Breuer and
Jenkins, 1972).

Techniques such as *CNMR, potentiometric and calorimetric have been used to
obtain the protonation constants for several PAAs (Barbucci et al, 1980). PAAs have
both sharp thermodynamic and basicity constants. Generally, for polyelectrolytes, the
protonation constants depend on the degree of protonation of the whole of the
macromolecule, and an "apparent” constant is determined. However, for some cationic
PAA (for chemical structures of these polymers see Ferruti et al, 2002), a "real" basicity
constant can be determined (Ferruti et al, 1981). For these PAAs, the protonation of the
amine groups is independent of the protonation of the whole polymer, i.e. groups are
said to behave as if belonging to a small molecule (Ferruti, 1980; reviewed in Ferruti et

al, 2002). This unusual behaviour of PAAs, can be explained by the relatively long
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distance between the amino groups of the different repeating units, coupled with the
high charge-sheltering effect of the amido groups (Ferruti et al, 2000; reviewed in
Ferruti et al, 2002). For amphoteric PAAs such as ISA23, polymer carries both carboxyl
and amino groups on each monomer. In this case, the PAA exhibits a typical
polyelectrolyte behaviour, although it is less pronounced when the amino and the
carboxyl groups are attached to different monomers (Ferruti et al, 2000; reviewed in
Ferruti et al, 2002).

Potentiometric titration (Emf measurements), CNMR, viscosity measurements
and conformational analysis have been used to examine the structure of PAAs (Barbucci
et al, 1980; 1981a; Ferruti et al, 2000). These studies demonstrated that the PAA
stiffness and the flexibility depend on both polymer protonation, and the aliphatic chain
length between the aminic nitrogens of each monomer unit (Barrucci et al, 1981). The
rigidity of PAAs increases with thé increasing degree of protonation, and the length of
aliphatic chain in the monomer. Protonation of the first amino group nitrogen causes a
decrease in the conformational freedom due to the formation of strong hydrogen
bonding between "onium" ion and the carbonyl group belonging to the same monomeric
unit (Barrucci et al, 1981). Protonation of the second amino group nitrogen causes a
further increase in rigidity due to the repulsion between the positively charged onium
ions. As the aliphatic chain between the two aminic nitrogen increases in length

repulsion will decrease, thus causing a decrease in rigidity (Barrucci et al, 1981).

Ferruti et al, (2000) used SEC and light scattering techniques to investigate the
solution properties of PAAs. They found that PAAs (e.g. ISA23) can form small

aggregates in solution (Ferruti et al, 2000).

1.5.4 Mechanism of PAA endosomolytic activity

The mechanisms by which PAAs causes endosomal membrane breakage are still
unknown. Both cationic and amphoteric PAAs (i.e. ISA1 and ISA23) have shown
endosomolytic behaviour, but to improve the efficiency of PAA-mediated gene/toxin
delivery it is essential to better understand their mechanism of action (Pattrick et al,
2001a; Richardson et al, 2001). It is possible that ISA1 and ISA23 have different
mechanisms, but they might act in the same way.

PAAs might theoretically cause membrane breakage by one (or a combination
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of) the following mechanisms (as described in section 1.3.3) :-

@ Proton-sponge effect. The decrease in pH in the endosome will cause PAA
protonation. If the proton sponge hypothesis applies, influx of hydrogen ions
into the endosome would be accompanied by the influx of chloride ions and
water. As discussed earlier this would cause osomotic effects leading to the
permeabilisation of the endosomal membrane.

(i) By causing pore formation in the membrane. PAAs could theoretically form
membrane pores. If polymer binds to the membrane by electrostatic
interaction, and then the less hydrophilic part (more hydrophobic region)
inserts it could form a ‘channel’ through the lipid bilayer.

(ili) By causing membrane stress or bending. The more simple membrane
bending model would apply if the protontation of PAAs promotes membrane
interaction, this in turn would cause membrane stress and this would lead to

membrane breakage.

All three mechanisms seem plausible. However, two of these mechanisms have
arguments against them. If the proton-sponge hypothesis is the right mechanism then
theoretically the polymer molecular weight should not affect PAAs activity, but this is
not true. In addition the proton sponge hypothesis does not explain why the different
salt forms of the same PAAs (with quite similar molecular weight) showed different
membrane activity.

All the PAAs are not naturally amphiphilic, and this is not affected by decrease
in pH that occurs in the endosome. Thus it is unlikely that PAAs would be able to
penetrate pores through the lipid bilayer. It appears likely that the mechanism of PAA-
induced membrane permeabilisation is by direct interaction with the membrane, but this

still remains unproven.

1.6 Aims of the studies in this thesis

First it was necessary to synthesise and characterise the PAAs, ISA1 and ISA23
to be used in these studies (Chapter 3). The effect of the reaction conditions on the
molecular weight distribution of ISA1 and ISA23 was investigated. PAAs were
characterised using common methods used for synthetic polymers such as gel
permeation chromatography (GPC), titration and NMR. To ensure that the biological

behaviours of these polymers was consistent with previous observations (Richardson et
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al, 1999; Pattrick et al, 2001a) the pH-dependence of RBC lysis was studied, and also
the stability was examined in physiological solution using GPC (Chapter 3).

Having verified the biological properties of the new batch of ISA23 prepared
here, this sample was used to study the physico-chemical behaviour of the polymer.
First, SANS was used to examine the solution properties of ISA23.HCI at the pHs it
would encounter in the endosomal/lysosomal systems (pH 7.4-5.5) (Chapter 4). First it
was necessary to find an appropriate mathematical model that would fit the neutron
scattering data obtained. Rod, sphere, polyelectrolytes and Gaussian coil models were
explored. Having established the Gaussian coil model as the best fit, the effect of pH,
polymer concentration, temperature and polymer molecular weight on the R; of the
polymer coil could be determined (Chapter 4).

The next step was to investigate ISA23.HCl-model membrane interaction
(Chapter 5). Micelles were used as simple models to study interaction as a function of
pH and also micelle composition. Initially, changes in surface tension were measured to
study the onset of interaction. Then EPR was used to examine the effect of ISA23.HCI
on the micelle fluidity. In addition, the effect of ISA23.HCI on the conformation of the
micelle was also studied using SANS.

Finally, liposomal models were prepared using phospholipid compositions
chosen to mimic the plasma, endosomal and lysosomal membranes. Their stability at
various pHs was assessed using photon correlation spectroscopy. This was considered a
more realistic and more complex model to study ISA23 interaction (Chapter 6). SANS
was again used to study ISA23.HCI-liposomal interaction at different pHs. In this case,
Schultz polydisperse 3 shell sphere model was used to fit the scattering data obtained
from the protonated- and the deuterated-liposomes (alone). However, it was not possible
to fit the SANS data of the liposomes in the presence of ISA23.HCI, a more complex
model will be required to fit the data of this system.

-36-



Chapter 2
Materials and Methods
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2.1 Apparatus
2.1.1 Analytical Instruments

The GPC system used to determine the PAA molecular weight consisted of two
ultrahydrogel columns (250 and 1000) (Waters Corporation, USA) in a series which
provide a polymer molecular weight separation up to ~ 70,000 g/mol. A Jesco PU-980
high performance liquid chromatography (HPLC) (Jasco UK Ltd, UK) pump, and a UV
detector 486 (Waters Corporation, USA) together with a model 133 refractive index
(RI) detector (Gilson, UK) were used. Polymer Laboratories (Shropshire, UK) Caliber
GPC/SEC software version 7.04 was used to interpret all the GPC data. Fluorescence
was detected with an Aminco-Bowman Series 2 luminescence spectrophotometer
(Spectronic Instruments, USA) and Fluostar Optima fluorescence plate reader (BMG
Labtechnologies, Germany). The size distribution of liposomes was measured using
photon correlation spectroscopy (PCS), a N4 Plus submicron particle sizer (Beckman
Coulter Ltd, UK). The 'H-NMR of ISA1 and ISA23 was carried out on Bruker 400

MHz spectrometer.

The surface tension of surfactants was measured using the tensiometer SITA-
online t60 (SITA, Messtechnik GmbH, Germany) with a bubble timelife of 10 s. EPR
spectra were measured using cw-Bruker EMX spectrometer (Bruker BioSpin, UK),
operating at 100 kHz field modulation in a Bruker ER4102ST standard cavity (sweep
width was 60G).

The SANS measurements were performed using the DI1 and D22
diffractometers at the Institute Laue-Langevin (ILL), Grenoble (France), or the LOQ
diffractometer at the ISIS Spallation Neutron Source, Oxfordshire (UK). The neutron
scattering data were analysed and fitted using Sigmaplot 2002 and FISH2.

2.1.2 PAA purification and freeze drying

PAAs were purified using a stirred ultrafiltration cell, model 8200 (Amicon,
Bioseparation, Millipore) UK, used ultrafiltration membranes (10,000 and 50,000 g/mol
Mw cut-off). The polymer left on the membrane was collected. The apparatus and the
membranes used were purchased from Fisher Scientific UK Ltd (UK). The purified
polymer was dried using Flexi-dry lyophiliser from FTS systems, USA.
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2.1.3 General equipment

The mixing and vortexing was carried using WhilrliMixer TM from Fisher
Scientific UK Ltd. (UK), and a Sartorius BP221S analytical balance (from Fisher
Scientific UK Ltd., UK) was used for general weighing. Filtration of the mobile phase
was carried out using nylon membrane filters (0.2 wm pore size, 47 mm in diameter,
Whatman International Ltd, England). The polymer samples were filtered through 0.2
um Sartorius single use filter units (Minisart, Germany). A sonicator from Decon
Laboratories Ltd (UK) was used to sonicate the samples and GPC mobile phase.

Centrifugation was carried out with a Varifuge 3.0 RS with swing out rotor
buckets (type 8080, rmax 21.1 cm) from Heraeus Instruments (Hanau, Germany). For the
ultracentrifugation studies, Optima LE-80K centrifuge (Beckman, USA) and a Ti 50.4
fixed angle rotor (rmax 9.64 cm, rmin 6.57 cm) (Beckham, USA) were used to centrifuge
the liposome samples that were contained in thick-walled 6.5 ml polycarbonate
centrifugation tubes (Beckham, USA).

Eppendorfs, centrifuge tubes and non-sterile 96-well microtitre plates for general
used were obtained from Fisher Scientific UK Ltd., (UK). The water bath was from
Grant Instruments Ltd. (Hertfordshire, UK). Lithium/heparin tubes were purchased from
L.I.P. Services and Equipments Ltd. (West Yorkshire, UK). A Mettler Toledo 320 pH
meter (Mettler-Toledo Ltd. Leicester, England) was used to measure the pH of the
samples and to conduct basic acid-base titration of the polymers to obtain their pKa
values.

The liposome samples were extruded using an exruder supplied by Lipex
Biomembranes Inc., Canada, and the liposome samples were put through nuclepore

track-etch membranes (100 and 200 nm) supplied from Fisher Scientific, UK.

2.2 Materials
2.2.1 General chemicals

TX-100, dextran of My, 74,000 g/mol (clinical grade) [code number D4751] and
PEI of M, 750,000 g/mol [code number P3143], sodium chloride (NaCl), sodium
dihydrogen orthophosphate (NaH,POs), disodium hydrogen orthophosphate.
dodecahydrate (Na;HPO4.12H,0), methanol and chloroform were all from Sigma
(Sigma-Aldrich, UK). Phosphate buffered saline Dulbecco A BR14 tablets were from
Oxoid, U.K. Hydrochloric acid (HCI), acetic acid and sodium hydroxide (NaOH) were
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from Fisher Scientific UK Ltd., UK. GPC standards including the polysaccharides
pullulan (PS), and PEG were from Polymer Laboratories Inc., UK.

2.2.2 Materials used for the synthesis of ISA1 and ISA23

Lithium hydroxide monohydrate (LiOH.HO ) and bis-
(hydroxyethyl)ethylenediamine (BHE) and were from Fluka, UK. 2-Methyl piperazine
(2-MePip) was from Fluka, UK, and was recrystallised from n-heptane. Its purity was
determined titrimetrically before use. 2,2-bis-(acrylamido)acetic acid (BAC) and bis-
acryloylpiperazine (BIS-PIP) were kindly donated by Professor Paolo Ferruti, Milan,
Italy (Ferruti et al, 1985 for details of synthesis) .

2.2.3 Materials for the analytical experiments

Deuterium oxide solution (D,0) was purchased from Fluorochem Ltd., UK.
Cetyl Trimethyl Ammonium Bfomide (CTAB), sodium dodecyl sulphate (SDS),
deuterated SDS (d-SDS), spin probe 16-doxyl stearic acid methyl ester (16-DSE) and
tetraethyleneglycol dodecylether (Brij35, Ci2E4) were from Sigma-Aldrich, UK, and
were used without further purification. Sugar surfactant dodecylmalono-bis(N-
methylglucamide) (C,BNMG) was prepared by Dr.J. Roe (2000), School of Chemistry,
Cardiff.

The lyso-phospholipids, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(Iyso-PC) was obtained from Avanti Polar Lipids, Inc. (Alabaster, Alabama, USA). The
lysophospholipid contained one fatty acid chain with 16 carbons, and was used without

further purification.

2.2.4 Materials used in liposome preparation and characterisation

Calcein fluorescence dye was from Sigma, UK. The following phospholipids,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-
[phospho-L-serine] (sodium salt) (DPPS) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE), and the deuterated form of these phospholipids (the fatty
chain was deuterated only) 1,2-dipalmitoyl-D62-sn-glycero-3-phosphocholine (D-
DPPC), 1,2-dipalmitoyl-D62-sn-glycero-3-phosphoethanolamine (D-DPPE) and 1,2-
dipalmitoyl-D62-sn-glycero-3-[phospho-L-serine] (sodium salt) (D-DPPS) all were
from Avanti Polar Lipids, Inc., (USA). All the phospholipids contained saturated fatty

acid chains with 16 carbons in each chain, they were supplied in powder form, and were
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used without further purification.

2.3 Methods
2.3.1 Characterisation of PAAs using GPC

GPC also known as size exclusion chromatography (SEC) was used to
characterise PAA molecular weight characteristics. This technique was developed in the
mid 1960°s by Moore (1964), for the determination of the molar mass distribution of a
polymer (Feng and Fan, 1990). GPC separates polymers according to their size
(Nishikida et al, 1990). The most important information obtained from GPC is the
average number molecular mass (M,), average-weight molecular mass (M,) and

polydispersity (Zhu et al, 1990). These are calculated as follows:

2.1
MW-EIN,-M,-Zl/EN,-M: 22
Polydispersity= M, | M, 2.3

Briefly the theoretical basis of GPC is as follows. The GPC column is packed
with a porous gel composed of beads. The pore size depends on the packing material
used. When the polymer solution is passed through the column, small polymer
molecules pass through the pores of the gel, travelling a longer path than bigger
polymer molecules that are excluded by most of the pores. Thus larger polymer
molecules are eluted first (Figure 2.1).

A precolumn and two ultrahydrogels SEC columns (pore sizes of 250 and 1000
A) were used here, with PBS buffer as eluent. The buffer was filtered through 0.2 um
membrane, and sonicated for 30 min before use. To analyse the polymer molecular
weight the PAA (ISA23.HCI batch 1 and 2, ISA23.cit, ISA23, ISA1.HCI and ISA1)
solutions were prepared in PBS buffer (pH 7.4) to a concentration of 3 mg/ml. The
sample solution was injected (60 pl loop) onto the column, with an eluent flow rate of 1
ml/min using refractive index detection.

The GPC system was calibrated using both pullulan and PEG standards (Table
2.1), that were also prepared in PBS (pH 7.4) at a concentration of 3 mg/ml.
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Chapter 2 Materials and Methods

Table 2.1 Polymer standards used for GPC calibration.*}

Polymer M., (g/mol) M, (g/mol) M./M,
PS 212,000 187,610 1.13
112,000 100,000 1.12
47,300 44,622 1.06
22,800 21,308 1.07
11,800 10,727 1.10
5,900 5,412 1.09
PEO 278,300 271,000 1.03
222,800 217,800 1.03
128,100 125,900 1.02
78,000 75,500 1.04
42,870 41,920 1.63
20,400 20,000 1.02

* My, M, and M,,/M,, supplied by the manufacturer
t The GPC profiles obtained are shown in Chapter 3
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2.3.2 Evaluation of the haemolytic activity of PAAs

RBC were used as a model to study membrane activity of PAAs under different
conditions. Freshly prepared PAAs (ISA23.HCI batch 1 and 2, ISA23.cit, ISA23,
ISA1.HCI and ISA1) (1 mg/ml) in PBS (pH 7.4, 6.5 or 5.5) were plated (100 ul) into
non-sterile 96-well microtitre plates.

To prepare RBC, a male Wistar rat (~ 250g) was killed by 4% CO, asphyxiation
and blood obtained by cardiac puncture (Gomez and Duncan, 1997). RBCs were
isolated by centrifugation at 1500 x g for 10 min at 4°C (repeated 3 times). Using the
final pellet, a 2 % w/v RBC solution was prepared with pre-chilled PBS and it was
added (100 pl) to the previously prepared microtitre plates containing the test
compounds (Wan et al, 2004). The plate was then incubated for 1 h at 37 °C before
centrifugation at 1500 x g for 10 min at room temperature. The supernatant was then
pipetted into another 96-well microtitre plate and the absorbance of the haemoglobin
was measured at 550 nm (Figure 2.2) (Richardson et al, 1999). Dextran was used as a
negative reference control, and PEI was used as the positive controls. TX-100 (2 mg/ml)
was used to cause 100% haemolysis. The results were expressed as a percentage of the
haemolysis caused by TX-100.

To study the concentration-dependent haemolysis of ISA23.HCI (batch 1 and 2)
and ISA23.cit (Table 3.2, Chapter 3), at pH 5.5, the concentrations examined varied
from 0 to 2 mg/ml, and the method described above was used. In certain experiments

(see Chapter 3) pH was also varied.

2.3.3 Liposome preparation and stability testing

The widely used freeze/ thaw extrusion method (Hope et al, 1985; Mayer et al,
i986) was used to prepare large unilameller liposomes (Figure 2.3). Prior to the
liposomes preparation, stock phospholipid solutions were prepared with protonated or
deuterated DPPC in chloroform (10 mg/ml), protonated or deuterated DPPE in
chloroform (4 mg/ml), and protonated or deuterated DPPS in 3:1 ratio of
chloroform:methanol (2 mg/ml). These stock solutions were then used to prepare the
model liposomes (described below). It should be noted that the compositions chosen
were to reflect plasma, endosomal, or lysosomal membranes (see Chapter 6 for more
details).
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Chapter 2 Materials and Methods

Protonated plasma membrane model-liposomes

0.861 ml of DPPC stock solution 8.6 mg, 5.9 mM,
0.985 ml of DPPE stock solution 3.9 mg, 2.8 mM
0.97 ml of the DPPS stock solution 1.9 mg, 1.3 mM
Deuterated plasma membrane model-liposomes

0.934 ml of deuterated -DPPC (D-DPPC) stock solution 9.3 mg, 5.9 mM
1.075 ml of D-DPPE stock solution 4.3 mg, 2.8 mM,
1.053 ml of D-DPPS stock solution 2.1 mg, 1.3 mM
Protonated endosomal membrane model-liposomes

0.986 ml of DPPC stock solution 9.8 mg, 6.7 mM
0.937 ml of DPPE stock solution 3.7 mg, 2.7 mM
0.432 ml of DPPS stock solution 0.9 mg, 0.6 mM
Deuterated endosomal membrane model-liposomes

1.070 ml of D-DPPC stock solution 10.7 mg, 6.7 mM
1.022 ml of D-DPPE stock solution 4.1 mg, 2.7 mM
0.468 ml of D-DPPS stock solution 0.9 mg, 0.6 mM
Protonated lysosomal membrane model-liposomes

0.768 ml of DPPC stock solution 7.7 mg, 5.3 mM
0.980 ml of DPPE stock solution 3.9mg, 2.8 mM
1.461 ml of the DPPS stock solution 29mg, 1.9 mM
Deuterated lysosomal membrane model-liposomes

0.834 ml of D-DPPC stock solution 8.3 mg, 5.3 mM
1.070 ml of D-DPPE stock solution 4.3 mg, 2.8 mM
1.58 ml of the D-DPPS stock solution 3.2mg, 1.9 mM

To prepare the liposomes (for each sample), the required amount of each
phospholipid was added to a round bottomed flask, 1 ml of chloroform was added, and
was thoroughly mixed. The chloroform was evaporated (using a rotary-evaporator), to
give a phospholipid film. The film was left to evaporate further for 60 min, at 25 °C.
Then 2 ml of PBS, at pH 7.4, was added, and the film left to hydrate in a hot water bath
(70 °C) for around 50 min. The hydrated lipid film was then put through 5 freeze/thaw

cycles (5§ min freezing in liquid nitrogen, 2 min thawing in water at room temperature
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and 5 min mixing by a vortex). Subsequently, the liposome mixture was put through 10
cycles of extrusion through 200 nm polycarbonate membrane and 20 cycles through 100
nm polycarbonate membrane.

The liposomes were prepared in this way and were characterised using PCS. The
liposomes used for stability testing were prepared in H,O. The stability studies were
conducted over two days, at pH 7.5, 5, 4 and 3. The liposomes used for SANS
measurements were prepared in D,O. PCS was also used to examine the stability of the

liposomes, described in Chapter 6.

2.3.4 Evaluation of ISA23.HCI interaction with micelles and liposomes as model
membranes

The three techniques used to investigate the interaction of ISA23.HCI with
liposomes and micelles were, surface tension measurements (surfactants), EPR
(micelles) and SANS (micelles and liposomes). The experimental detail of each study is
given in the related experimental chapters (Chapters 5 and 6).

The techniques mentioned above are very important for the understanding of the
mechanism of action of PAAs and background information on SANS and EPR are
given in Chapter 4 and 5 respectively. Here, a brief introduction will be given on the
theory behind the maximum bubble pressure, which was used to measure the surface
tension.

Maximum bubble pressure was used to measure the dynamic surface tension
(Mysels, 1990). Basically, air is blown through a narrow capillary into the sample
solution. At the base of the capillary a bubble is formed, as the bubble grows the
pressure increases, and it reaches a maximum pressure when the bubble has a shape of a
hemisphere (the radius of the bubble is equal to that of the capillary) (Kjellin et al,
2003). Beyond this point, the size of the bubble increases exponentially with time and
the pressure inside the bubble decreases (Buzzacchi et al, 2006). Ultimately the bubble
is detached from the capillary and it travels to the surface. At the same point, a new
bubble begins to form and the whole process is repeated (Buzzacchi et al, 2006) (Figure
2.4). The maximum pressure reached is proportional to the surface tension, the pressure

is converted into surface tension via the Laplace’s relation (Kjellin et al, 2003):

O = Pmax = Po R
2 2.4
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Chapter 2 Materials and Methods

where o is the surface tension, pmax is the maximum pressure reached, po is the
hydrostatic pressure at the tip of the capillary and R is the maximum radius of the
bubble (Buzzacchi et al, 2006).

2.3.5 Lyophilisation and storage of polymers

The polymers to be lyophilised were dissolved in the minimal amount of double
distilled water, this is followed by the freezing of the polymer solution in liquid
nitrogen, they were left in liquid nitrogen for at least 10 min. Once the samples were
frozen, then they were put into the lyophiliser for drying until a constant weight of the

samples was reached (approximately three days). PAAs were stored in the freezer (-
20°C).
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Chapter 3 Synthesis and characterisatipon
of poly(amidoamine)s

3.1 Introduction

To begin this study it was first necessary to synthesise the PAAs ISA1 and
ISA23 that would be used in all subsequent experiments. The synthetic method is well
established (Richardson et al, 1999; reviewed in Franchini and Ferruti, 2004) so the
main purpose of this study was to prepare sufficient polymer for the later studies on
physico-chemical behaviour and to confirm the reproducibility with the earlier work.

As mentioned in Chapter 1 (section 1.5.1) PAAs are synthetic, water-soluble
polymers prepared by stepwise polyaddition of primary or secondary aliphatic amines to
bis(acrylamide)s (reviewed in Ferruti et al, 2002). Using different monomers, many
diverse polymers (linear, block, cross-linked or grafted polymers) can be produced
(Vansteenkiste et al, 1992). Thus the chemistry of polyamidoamine polymers can be
easily tailored to suit specific application (reviewed in Ferruti et al, 2002). The
preparation of PAAs usually involves five main steps. Polymerisation is generally
carried out in a proton carrying solvent, e.g. alcohol or water (Ferruti, 1996), and the
reaction mechanism is Michael addition (Ranucci et al, 1991). This involves the
reaction of the a-B-unsaturated carbonyl group with nucleophilic group of the primary
or secondary aliphatic amine group (Figure 3.1). Polymerisation is followed by
acidification, and during this step the polymer salt is produced, where the counterion
depends on the particular acid used, e.g. hydrochloric acid for the chloride salt form.
Ultrafiltration is used as a final purification step, to remove the un-reacted monomer
and low molecular weight polymer, and lypohilisation gives a solid PAA suitable for
storage.

Even though the synthetic methods used to prepare both ISA1 and ISA23 are
well documented, it was considered important to examine the effect of the reaction
conditions (e.g. reaction temperature, the length of the reaction, the choice of solvent,
the chemical nature, the concentration and molar ratio of monomers and the presence of
chain terminators) to see if it was possible to alter the molecular weight average of the
product. During polymerization PAA molecular weight usually increases with time until
it reaches a maximum, after which the molecular weight average starts to decrease
(reviewed in Ferruti et al, 2002). This could be due to polymer degradation. It is known
that generally increasing the reaction temperature decreases the time taken for the
reaction to reach completion, but the resulting overall PAA molecular weight decreases
slightly (Danusso and Ferruti, 1970). Also the inclusion of chain terminators (e.g.

dimethy] acrylic acid), and the use of monomers containing hindered amino groups
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Figure 3.1 The overall mechanism of Michael addition.
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can be used to cause a decrease in the molecular weight of the product (Danusso and
Ferruti, 1970; reviewed in Franchini and Ferruti, 2004). All these factors can be
manipulated to optimise the synthetic conditions of PAAs.

Three main physical and chemical techniques have been used to characterise
PAAs, these are nuclear magnetic resonance (NMR spectroscopy), acid-base titration
and GPC. NMR is commonly employed to analyse the chemical structure and molecular
microstructure of polymers, and was used here to confirm the successful polymerisation
of ISA1 and 23 (Ferruti et al, 2000). Acid-base titration is used to deduce the pKa of
ISA1 and ISA23 to ensure that these polymers exhibit ionization properties similar to
that of the previous batches (Ferruti et al, 2000). The pKa value of a polymer is
important as it determines the average charge of the polymer at a particular pH, its
reactivity and the pH condition required for a chemical reaction. Acid-base titration is
also used to obtain the concentration of acid or base in solution of unknown
concentration. GPC can be used to obtain the My, the M, and polydispersity (Mw/My)
(described in Chapter 2, section 2.3.1) of a polymer (Pattrick et al, 2001). GPC does not
give an absolute value, as polymer standards of a known molecular weight are used to
calibrate the columns. As there are no PAA standards, to calibrate the GPC to analyse
ISA1 and ISA23, the standards (poly(vinylpyrolidone) (PVP), PS and PEG) were used

as reference.

In the context of the proposed use of ISA1 and ISA23 as endosomlytic polymers
(see Chapter 1, section 1.4.2) their ability to show a pH-dependant membrane
permeabilisation is a key property (Richardson et al, 1999; Ferruti et al, 2000) if they
are to show effective gene (Richardson et al, 2001) or toxin delivery (Pattrick et al,
2001). Here isolated RBC were used as a model to study pH-dependant membrane
breakage caused by the PAAs. The RBC model was chosen because it is a well
established technique to evaluate the pH-dependant membrane activity of PAAs
(Duncan et al, 1994; Richarson et al, 1999; Ferruti et al, 2000; Pattrick et al, 2001; Wan
et al, 2004) and other polymers (Dubruel et al, 2003; Fisicaro et al, 2005). Before
moving on to the physical-chemical studies described later in this thesis, it was
considered important to establish the pH-dependent membrane breakage of the ISA1
and ISA23 batches synthesised here. This also ensured that it was possible to correlate
the biological and physico-chemical properties of these polymer batches.

An advantage of the RBC lysis mode] is the simplicity of the experimental
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design, and the fact that the results are reproducible. However it does have an important
disadvantage for the assessment of endosomolytical polymers. The membrane
composition of the RBC (see Table 3.1) is very different from that of a “normal” cell
plasma membrane and also the endosomal and lysosomal membranes (see Chapter 6 for
the composition of the plasma, endosomal and lysosomal membranes). The RBC
membrane is composed of 49% protein, 43% lipid and 8% carbohydrate by weight
(Becker et al, 2000). The major proteins of the RBC membrane are actin, a-and (-
spectrin, ankyrin and glycophorin A, B and C, these are skeletal proteins, and are not
present in the plasma membrane or the intracellular vesicle membranes. These skeletal
proteins allow the RBC to withstand the mechanical stress and permit the rapid recovery
of their shape after squeezing through the narrow passages of blood capillaries and
vessels. Whereas most biological membranes exist in the fluid phase, RBC membrane is

an example of a solid membrane (Nelson, 1989).

Thus, in summary the aims of these studies were:
> To synthesise and characterise ISA1 and ISA23, batches that would be used in all
subsequent experiments.
> To study the effect of the polymerisation conditions (temperature and time) and
the effect of varying the monomer molar ratio on molecular weight and polydispersity
of the product.
> As it had been claimed that PAAs are biodegradable in aqueous solution (Ferruti
et al, 1994), experiments were conducted to establish the degradation behaviour of the
PAAs prepared here, both as a function of pH and temperature.
> It was considered important to define PAA stability, so that future experiments
"could be carried out with intact polymer and not the degradation products.
> Finally, the effect of the ISA1 and ISA23 samples prepared here on the RBC
integrity (1h) was investigated, as a function of pH, polymer concentration and
molecular weight. The pH values chosen were 7.4, 6.5 and 5.5 and these values were
selected to mimic the pH of the extracellular fluid, the endosome and the lysosome

respectively.

3.2 Methods
3.2.1 General methods
NMR. 30 mg of ISA1 or ISA23 was dissolved in 3 ml of D,0 (10 mg/ml), 2 ml of
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Table 3.1 The lipid composition of the plasma membrane of human erythrocyte.

Human erythrocyte plasma membrane

Lipid Percent of the total composition*

Phosphatidic acid 1.5
Phosphatidylcholine 19
Phosphatidylethanolamine 18
Phosphatidylglycerol 0

Phosphatidylinositol 1

Phosphatidylserine 85
Sphingomyelin 17.5
Glycolipids 10
Cholesterol 26
Cardiolipin 0

* Taken from Smith and Wood, 1996
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polymer solution was then added to NMR tube and the 'H NMR was measured.
Acid-base titrations. The pKa of ISA1.HCI and ISA23.HCI, was determined by
titration. Samples were made up in PBS at concentration of 1 %w/v (3 ml). The solution
was then titrated with 0.1 M HCI, and following the addition of known amount of acid
or base, the pH was measured.

GPC. ISA1 and ISA23 samples were prepared (3 mg/ml in PBS), and 60 pl was
injected into the column (see Chapter 2, section 2.3.1 for details), PBS buffer was used
as the eluent with a flow rate of 1 ml/min, a RI was the choice of detector (see Chapter
2, section 2.3.1 for details).

RBC haemolyis assay. Isolated rat RBCs (2 w/v%) were incubated with ISA1 and
ISA23 (up to 2.5 mg/ml) for 1 h, at pH 7.4, 6.5 and 5.5. The released haemoglobin was
measured at this time as described in Chapter 2, section 2.3.2.

PAA Stability studies. GPC was also used to study polymer stability with time. An
Ultrahydrogel column was used, with PBS as the mobile phase and polymer detected
using a refractive index detector. The stability of ISA23.HCI (batch 1 and 2) and
ISA23.citrate during the incubation at room temperature was studied at pH 7.4, 6.5 and
5.5 over 2 weeks. At 37 °C the stability of ISA23.HCI (batch 1 and 2), at pH 7.4, 6.5
and 5.5 was investigated over 7 days. For these experiments, stock polymer solution
was made up in PBS at a concentration of 3 mg/ml (total volume 10ml). The polymer
samples were kept in a water bath at either 25 or 37 °C, and samples were taken

overtime for GPC analysis.

As this chapter mainly deals with the synthesis of ISA1 and ISA23, a detailed

description of the synthetic methods used are given below.

3.2.2 Synthesis of ISA1

To synthesise ISA1, 1 g of BIS-PIP (5.15 mmol) and 402 mg of BHE were
dissolved in 1.72 ml of double distilled water. To that, 2-MePip (266 mg, 2.58 mmol)
was added (Figure 3.2). The amount of water added was calculated in order to have a 3
M solution of BIS-PIP. After ensuring all the reactants have dissolved, the reaction was
stirred under nitrogen in a water bath at 25 °C, and stopped after 3 days by adding
water. To purify and isolate the product (ISA1 and ISA1.HCI), the reaction mixture was
filtered using a stirred, ultrafiltration cell (model 8200, Amicon, Bioseparation,

Millipore), with a membrane cut-off 10,000 g/mol. To prepare ISA1.HCI, before the
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Figure 3.2 Synthesis of ISA1.
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