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ABSTRACT

Polymersomes are vesicles formed from block copolymers. Their large
internal volumes and thick walls make them very attractive for the encapsulation of
different species. However, a major issue which prevents the use of polymersomes in
most of the applications is that the encapsulation efficiency of payload molecules
using current encapsulation methods is too low. This problem is thought to be related
to the formation mechanism of polymersomes through self-assembly of the

constituent block copolymer molecules.

This project is concern with employing a fundamentally different strategy for
polymersomes formation and encapsulation based on coupling the separation
properties of aqueous two phase systems (ATPSs), which are able to provide w/w
emulsions, with templated self-assembly of polymersomes. This novel method
provides high encapsulation efficiencies of payload species which is effective,

scalable and biocompatible.

This work started by design and synthesis of a series of amphiphilic ABC
terpolymers consisting of hydrophilic poly[poly(ethylene glycol) methyl ether
methacrylate] (PEGMA), hydrophobic poly(n-butyl methacrylate) (BuMA) and
hydrophilic poly[2-(dimethylamino) ethyl methacrylate] (DMAEMA) blocks of
general structure Py-By-D, and varied compositional parameters using group transfer
polymerisation. The synthesised terpolymers were well-characterised and their

ability to self-assemble into polymer structures in aqueous solution was assessed.

In addition, we show how these terpolymers can be used as effective
stabilisers to stabilise ATPS consisting of dextran and poly(ethylene glycol) in order
to form stable water-in-water emulsion or templated polymersomes-like structures,
based on the affinity of each block towards the ATPS. The influence of terpolymers
compositional parameters on the stability of w/w emulsions or templated
polymersome-like structures was investigated. In favourable cases, the emulsion
drop (or templated polymersome) sizes were a few pum and were stable for periods in
excess of 8 months. The emulsions can be inverted from dextran-in-PEG to PEG-in-
dextran by increasing the volume fraction of dextran-rich aqueous phase. We

demonstrate that both high and low molecular weight fluorescent solutes “self-load”



into either the dextran- or PEG-rich regions and that solute can mass transfer across

the water-water interface based on its affinity towards each phase.

This work was further extended using modified silica nanoparticles
(hydrophobised or PEGylated) for stabilisation of dextran-PEG ATPS. We show
how the hydrophobicity and PEGphilicity of such particles can lead to relative
stabilisation of dextran-PEG ATPS and formation of particle-stabilised w/w

emulsions.
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INTRODUCTION AND LITERATURE REVIEW
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1.1 Introduction

The delivery of active therapeutic molecular species depends on their effective
encapsulation since these species should be protected from several undesired
environmental conditions. Lipid based vesicles, so called liposomes, have been used
widely for encapsulation and delivery of active pharmaceutical species. However,
there are certain limitations associated with using liposomes, as their lipid-based
precursors are generally obtained from natural sources which might have
inconsistent composition, quality and limited structural variety. ' In addition, the
lipid based vesicles are generally leaky specially when undergo undirected
hydrolysis or oxidation of their building blocks in solution which causes their short
shelf-life. Hence, there have been extensive investigations on similar analogues to

fulfil these limitations.

Polymer-based vascular structures, so called polymersomes, are promising
alternatives which have great potential for encapsulation, targeting and delivery of a
variety of active species and have attracted enormous attentions during the last two
decades with the first publication in 1995. * Polymersomes are spherical vesicles
formed from self-assembly of amphiphilic block copolymers and compare to their
lipid-based analogous they benefit from a robust type of membrane with decreased
permeability. >’ In addition, unlike the lipid-based vesicles, an unlimited range of
synthetic polymers can be used as precursors for formation of these polymer-based
vesicles with well-defined structural and physiochemical properties. Therefore,
polymersomes with desired properties can be prepared with specific potential for
encapsulation of different species.

However, the formation of polymersomes using conventional techniques is not
a straightforward route and it is associated with a number of challenges. Moreover, a
major issue which prevents the use of polymersomes in most of their potential
applications is that the encapsulation efficiency of payload molecules using current
encapsulation methods is too low. This problem is thought to be related to the
formation mechanism of polymersomes through self-assembly of the constituent

block copolymer molecules.
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Hence, an investigation for employing novel alternative approaches for
formation of polymer-based vesicles is desired. The exciting and challenging aim of
this project is to develop a fundamentally different strategy for polymersomes
formation and encapsulation based on coupling the separation properties of aqueous
polymer mixtures with templated self-assembly of polymersomes. Aqueous two
phase systems (ATPSs) are entirely aqueous systems consisting of two polymers
which phase separate into two phases. Such systems have been widely used for
partitioning and separation of macromolecules. Emulsification of ATPS results in the
formation of w/w emulsions which are thermodynamically unstable. However, it is
presumed that amphiphilic terpolymers containing hydrophilic terminal blocks and a
hydrophobic middle block would adsorbed at the formed water-water interface,
which results in kinetically stabilisation of such system or in the other words,
possible formation of templated polymersomes. Using this strategy, the encapsulant
would be self-loaded into the interior cavity of polymersomes prior to their
formation. Consequently, selective encapsulation of species would be achieved while
using an efficient, scalable and biocompatible strategy.

The main focus of this thesis is to investigate whether in-house synthesised
amphiphilic terpolymers containing particular blocks with specific affinity towards
ATPS enable the formation of a stable w/w emulsions or in other words templated
polymersomes. Initially, a couple of commercially available ABA terpolymers are
attempted to fulfil the proposed research strategy. This work is followed by synthesis
and characterisation of a series of ABC terpolymers with varied compositional
design, which are used for formation of templated polymersomes. Finally, this work
is extended by investigating whether modified silica nanoparticles can stabilise

emulsified ATPSs and result in the formation of particle stabilised w/w emulsion.

This chapter introduces the basic concepts and knowledge underlying the work
presented in this thesis. Firstly, a brief introduction on amphiphilic block copolymers
is given followed by reviewing their behaviour and self-assembly in agqueous
solutions with specific interest on terpolymers. In addition, the conventional methods
employed for fabrication of polymersomes are reviewed. Furthermore, the main
concepts of emulsions and ATPSs are discussed and the previous reported studies on

the stabilisation of w/w emulsions are reviewed. Finally, the main aims and research
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strategy are discussed in details and a brief overview of the following chapters is

given in order to introduce the general outlines of the thesis.
1.2 Block copolymers

Over the past decades the self-assembly of small amphiphilic molecules has
been studied extensively due to their wide range of applications. Small amphiphilic
molecules, so called surfactants (surface active agents), consist of a hydrophilic head
and one or more hydrophobic tails. The specific structure of surfactants has provided
the possibility of formation of various types of aggregates either in bulk or solution

with different morphologies such as spheres, cylinders, lamellae and vesicles. ®®

However, an alternative class of amphiphilic molecules has enabled the
fabrication of similar aggregates with analogous morphologies based on similar
principles to that of the surfactants. % *'° This class of molecules known as synthetic
block copolymers exhibit promising properties compared to surfactants. For instance,
due to their mechanical and physical properties, block copolymer aggregates benefit
from higher stability and robustness. ** Also, recent developments in controlled
polymerisation techniques have given rise to huge interest in synthesis of block
copolymers of various architectures with well-defined structures. Therefore, the self-
assembly of amphiphilic copolymers has attracted considerable attention over the
last decades due to the endless combinations of their physical properties, architecture
and potential applications in several different materials and research areas, such as

biomaterials, microelectronics, photoelectric materials and catalysts. >3

Before going through the literature related to self-assembly of block
copolymers, it will be helpful to define some terminology at the outset. Copolymer is
a macromolecule consisting of two or more constituent units (monomers). Based on
how these units are arranged along the chain, different types of copolymers can be
introduced, such as statistical, alternating, block and graft copolymers. ** Figure 1.1

illustrates different types of copolymers schematically.
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Figure 1.1. Typical structures of copolymers.
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As seen in Figure 1.1, block copolymers are a class of copolymers consisting
of two or more covalently bonded blocks in a linear sequence, which are chemically
distinct and immiscible. ** Based on the number of constituent blocks and their
sequences, different types of block copolymers can be formed. For example, block
copolymers consisting of two distinct monomers A and B can make various
structures, such as linear AB diblock or ABA and BAB triblock, while if a third C
block is introduced based on a different monomer then ABC, ACB and BAC
triblocks can be formed. ** Based on the number of blocks in a block copolymer,
polymer nomenclature can be varied. As IUPAC (International Union of Pure and
Applied Chemistry) suggested copolymers consisting of two monomers are termed
diblock or bipolymers, those containing three monomers are called triblock or
terpolymers, those obtained from four monomers are tetrablocks or quaterpolymers,

etc. *° In this work, block copolymers are referred to by the later terminology.

The huge interest in block copolymers arises mainly from their surface
activity which makes them attractive potentials to be used as dispersants, emulsifiers,

wetting agents, foam stabilisers, flocculants, viscosity modifiers, etc. ** 1718
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In particular, because of block copolymer segmental incompatibility, they
show fascinating behaviour in solution leading to formation of various types of
aggregations. The main application of block copolymer aggregations is to
incorporate in solubilisation of bio-active components either by being covalently
linked to active components or encapsulating process where they form soluble
vascular aggregation. ** Also, the self-assembly of amphiphilic block copolymers on

1

the interface is of interest for stabilisation of emulsions, * supporting the nano-

particles colloidal solutions 2° and modification of surfaces. *

In literature, a large number of studies on self-assembly of block copolymers
are focused on diblock copolymers. However, in the following sections an overview
on the self-assembly of terpolymers with the emphasis on ABC terpolymers is given,
since ABC terpolymers were the main focus of this thesis. Firstly though, a brief
overview of typical synthetic strategies of block copolymers will be described.

1.2.1 Synthesis of block copolymers

Block copolymers are mainly synthesised by employing living or controlled
polymerisation techniques. Living or controlled polymerisation methods enable the
synthesis of structurally well-defined polymers with pre-determined molecular

weights and compositions as well as narrow molecular weight distributions. %

In particular, living polymerisation is a kind of addition polymerisation in
which the growing polymer chains are neither able to terminate or undergo any chain
transfer during the polymerisation. In the other words, chain termination and chain
transfer reactions are absent, while the initiation rate is much larger than the rate of
the chain propagation. Therefore, the initiation of monomers occurs in relatively
same time and the polymer chains grow in a constant rate which results in similar
chain lengths (low polydispersity). % In living polymerisation methods, each
molecule of initiator starts the formation of one polymer chain, thereby, the degree
of polymerisation of final polymer can be predefined and tailored by manipulating
the ratio of monomer concentration to initiator concentration. In fact, the degree of
polymerisation is equal to [monomer]/[initiator]. This enables to fabricate polymers

with specific pre-defined molecular weights.
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Living polymerisation was first reported in 1956 by Michael Szwarc when he
invented the living anionic polymerisation of styrene. > % After that, a number of
living polymerisation techniques were reported, namely, living anionic
polymerisation, living cationic polymerisation, ring opening metathesis
polymerisation (ROP), atom transfer radical polymerisation (ATRP), reversible
addition fragmentation chain transfer (RAFT) and group transfer polymerisation
(GTP). In this work GTP technique was used to synthesis ABC terpolymers and it

will be discussed in details in the next section.
1.2.2 Group transfer polymerisation technique

Webster and co-workers reported GTP for the first time in early 1980s. %
Compare to other living polymerisation techniques such as ATRP and RAFT, GTP is
a fast and cost effective method which can be easily scaled-up for the industrial
production because it can be performed at room temperature and at high
concentrations so there is no need for cooling systems and the excessive use of
solvents. 2’ GTP is mainly used to polymerise acrylates and methacrylate based
monomers. For this study, three methacrylate monomers were used: poly(ethylene
glycol) methyl methacrylate (PEGMA), n-butyl methacrylate (BuMA) and 2-
(dimethylamino) ethyl methacrylate (DMAEMA).

GTP provides excellent architectural control and polymers with very low
polydispersity indices can be produced. In addition, unlike other living
polymerisation techniques such as ATRP and ROP no metallic or halide impurities
remain in the synthesised polymers after polymerisation, which can be advantageous

for production of polymers with biomedical applications. %/

The initiator which is commonly used in GTP is a silyl ketene acetal, 1-
methoxy-1-trimethylsiloxy-2-methyl-1-propane  (MTS), which initiates the
propagation by reacting to a monomer via a Michael addition reaction, in which the
silyl group is transferred to the new added monomer and therefore, creates a new
terminal silyl ketene acetal group. The polymerisation is catalysed by nucleophilic
anions such as tetrabutylammonium bibenzoate (TBABB), HF, , CN and N3 or
Lewis acids like ZnBr, and AIBuU,CIl. During the propagation step, the catalyst

associated with silicon atom and subsequently activates transfer of the trimethysilyl
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group to the new monomer. % Figure 1.2 illustrates the mechanism of GTP for a

methacrylate monomer.

Figure 1.2. Group transfer polymerisation of a methacrylate monomer (with R as a
side group), initiated by MTS and catalysed by TBABB).
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Any compound containing hydrogen donor (like water or molecules that
contain carboxyl acid and hydroxyl groups) causes the rapid termination of GTP,
thus, very dry conditions must be provided during the polymerisation and all the
reagents and solvent must be purified and dried carefully. Consequently, by the
addition of a proton donor, such as water, alcohol or acids, GTP can be terminated.
In addition, it is possible to terminate the reaction by coupling the living chain with
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active species. This enables the synthesis of polymers with a functional terminated
group. % In spite of all the advantages of GTP, the maximum molecular weight that
can be achieved with narrow polydispersity index (PDI < 1.3) is about 20000 (g/
mol) which can be considered as one of the main GTP limitations. %

1.3 Self-assembly of amphiphilic copolymers

Self-assembly can be defined as the spontaneous formation of well-defined
structures from components of a system by non-covalent forces, which results in a
more ordered system. ** 3 As mentioned above, amphiphilic block copolymers self-
assemble in the presence of a selective solvent, a solvent that is not compatible with
all the blocks of the block copolymer. Competing interactions between long-range
repulsive hydrophilic/hydrophobic interactions and short-range attractive interactions
result in self-assembly of amphiphilic block copolymers. Similar to low molecular
surfactants, block copolymers can self-assemble into various morphologies in

3233 rods, ** discs, *° vesicles, % etc. However,

solution, such as spherical micelles,
the dynamic of the aggregate formation and equilibration in solution is much slower

for block copolymers due to much lower diffusion coefficients. *’

The morphology of the final self-assembly structure depends strongly on the
shape of the individual block copolymers constituting the aggregate and it can be
predicted considering their packing parameter (also called shape factor).

Dimensionless packing parameter p is defined as following:
p= Y Eq.1.1
N g. 1.

Where v and | are the volume and length of the hydrophobic block while a is
the optimal surface area per molecule at the interface ®. The relationship between the
packing parameter magnitude and morphology of the resultant self-assembly can be
summarised in Figure 1.3. As can be seen, amphiphilic block copolymers with
packing parameters of p < 1/3 give rise to formation of spheres, 1/3 < p < 1/2
cylinders, 1/2 < p <1 vesicles or flexible bilayer, p = 1 planner bilayers and p > 1

inverted structures.
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However, there are other factors which control the morphology of the resultant
self-assembly, such as chemical structure of the copolymer, the
hydrophilic/hydrophobic balance, copolymer concentration in solution, type of
organic solvent, the ratio of organic solvent/aqueous solvent, presence of salt and its
concentration, pH of the solution and temperature. * Among the mentioned factors,
it has been proposed that the volume ratio of hydrophilic/hydrophobic blocks of the
copolymer plays a more important role in the morphology of the resultant self-
assembly but it is not a determinant factor. Generally, block copolymers with
hydrophilic/hydrophobic length ratios greater than 1:1 form spherical micelle, ratios
less than 1:2 favour formations of vascular structures and ratios less than 1:3 might
lead to formation of vesicles, inverted microstructure or other complex structures.
However, under different conditions, a range of morphologies can be formed from a
same amphiphilic block copolymer. Therefore, it is the overall balance between free
energy contributions of different constituents in self-assembly as well as other
kinetic factors which determine the final morphology of the self-assemblies. ** In the
following sections, studies related to self-assembly of amphiphilic ABC terpolymers

into micelles and polymersomes are reviewed.
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Figure 1.3. The effect of the packing parameter on the structures of formed

assemblies.
/
>
hydrophobic I a  hydrophilic
segment segment
%
packing shape cone truncated cone  truncated cone cylinder wedge
packing parameter < 1/3 1/3-1/2 ~1 >1
iy,
SV £
= 3
NS
N
A A
assembled structure spherical cylindrical vesicle or planar inverted
micelle micelle flexible bilayer bilayer structure

1.4 Aggregation of ABC terpolymers into micelles

During the past decades, self-assembly of AB diblock copolymers in selective
solvents have been extensively studied and well understood. ** % 442 |t is well-
established that the copolymer composition and the interaction parameters influence
the final structure of the formed self-assembly and diverse nano-sized aggregations
such as micelles, vesicles, lamellar aggregations, etc. can be formed. Comparing to
the extent of the work which have been done on self-assembly of diblock
copolymers, a limited number of publications are available related to ABC
terpolymers. Introduction of a third block makes the self-assembly behaviour of
ABC terpolymers significantly more diverse and complex compared to diblock
copolymers and therefore, their behaviour in selective solvents is not fully
understood. ABC terpolymers can self-assemble into variety of micelle types with
mixed or compartmentalised cores or coronas depending on the incompatibilities of
blocks, compatibility of each block towards solvent, rigidity of the blocks and

volume fraction of each block. 4*4°
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One of the early works on formation of ABC terpolymers micelles was

I. “ who demonstrated the formation of small sized

reported by Patrickios et a
micelle with small aggregation number in aqueous solution as a function of pH for
terpolymers consisting of PDMAEMA, poly(methyl methacrylate) (PMMA) and
poly(methacrylic acid) (PMAA) blocks, which were synthesised via the GTP
technique. The authors varied the block sequence of the terpolymers and compared
them with a random terpolymer regarding the micelle formation. Similar work was
done using terpolymers consisting of methylvinyl ether, ethylvinyl ether and methyl
tri(ethylene glycol) vinyl ether. " Micelles formed in the presence of high salt
concentration and it was found that the micelle size, aggregation number, micelle-
unimer equilibrium and cloud point can be affected by the block sequence and salt
concentration. Afterwards, micelles of terpolymers consisting of MMA, DMAEMA
and hexa(ethylene glycol) methacrylate (HEGMA) were prepared in agqueous
solution. *® The dependence of micelle size and cloud points to the block sequence
and the position of thermoresponsive DMAEMA block were investigated. Later on,
terpolymers based on benzyl methacrylate (BzMA), DMAEMA and HEGMA were
found to form micelles * and the dependency of micelle size to block sequence was
studied. High molecular weight terpolymers consisting of styrene, 2-vinylpyridine
and methacrylic acid were studied in terms of forming micelles by Giebeler and
Stadler. * The formation of three different core-shell micelles from a single
terpolymer consisting of PEG, 2-(diethylamino)ethyl methacrylate (DEAEMA) and
2-(succinyloxyethylmethacrylate) as a function of pH was reported by Cai and
Armes. °! The driving forces for forming these three types of micelles were found to
be hydrogen-bonding, inter-polyelectrolyte complexation and hydrophobic
interactions. Formation of monodispersed core-shell-corona micelles from
terpolymers based on styrene, 2-vinyl pyridine and ethylene oxide monomers in
water was also reported. *? It was found that the size of micelles changes as a
function of pH. At pH < 5 micelles size increases due to the protonation of pyridine
units while at basic pH deprotonation of pyridine units cause collapse of the inner
poly (2-vinyl pyridine) block and decrease in micelle size. Gadgzinowski and
Sosnowski >* demonstrated the formation of biodegradable and biocompatible
micelles based on poly(ethylene oxide-b-glycidol-b-L,L-lactide) terpolymers with

potential in biomedical application for transformation of hydroxyl groups. The
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structural properties of this type of micelles can be tuned by the molecular
characteristics of the terpolymers. Tuning the micellar properties by chemical
modification of terpolymer blocks was further investigated by Zhou et al. ** They
illustrated by selective fluorination of the poly(1, 2-butadiene) block to fluorinated
poly (1,2-butadiene) in poly(ethylene oxide-b-styrene-b-1,2-butadiene) terpolymer, it
is possible to transform core-corona spherical micelles to core-shell-corona oblate
elliptical micelles due to the high hydrophobicity of the fluorinated poly (1,2-
butadiene). Recently, Ward and Georgiou systematically investigated how the
molecular weight, architecture and composition of triblock terpolymers influences

their self-assembly and thermoresponsive behaviour. *°

As reviewed, depending on the selectivity of the prevailing solvent towards
each block of terpolymers, a wide range of micellar self-assemblies can be formed in
solution which can be classified in three types. Firstly, ABC terpolymers with one
solvophilic (like solvent) terminal block (A or C) and two solvophobic (hate solvent)
blocks (B and C or A and B) which yield core-shell-corona or core-corona structures.
Secondly, ABC terpolymers with both terminal block solvophilic (A and C) and the
middle block solvophobic (B) tend to self-assemble into micelles with mixed or
compartmentalised coronas. The last group are ABC terpolymers with a solvophilic
middle block (B) and solvophobic terminals (A and C) lead to formation of flower-

like micelles.

This work focuses on the second type of ABC terpolymers with A and C
solvophilic and middle block (B) solvophobic in aqueous solutions. In this class of
ABC terpolymers, depending on the compatibility of A and C blocks, three types of
micelles can be formed namely, micelles with mixed coronas, micelles with
compartmentalised coronas (patchy surface micelles) and Janus micelles (see Figure
1.4).
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Figure 1.4. Schematic presentation of three types of micelles formed from ABC

terpolymer with solvophilic A and C blocks (dark and light blue chains) and

solvophobic middle block (red chains).

mixed micelle compartmentalised micelle Janus micelle

Micelles with mixed coronas, also known as heteroarm starlike micelles due
to their similar appearance to heteroarm star copolymers, *® form particularly when
the solvophilic A and C blocks are compatible or interacting with each other.
Tsitsilianis and Sfika >° reported the formation of micelles with mixed coronas based
on polystyrene-b-poly(2-vinyl pyridine)-b-poly(methyl methacrylate), PS-b-P2VP-b-
PMMA terpolymer. Micelles were prepared in toluene where hydrophilic P2VP
block formed the micelles core while hydrophobic PS and PMMA constituted the
mixed corona. Later on they demonstrated formation of micelles with mixed coronas
in aqueous solution as a function of pH, using poly(2-vinylpyridine-b-poly(methyl
methacrylate)-b-(poly(acrylic acid) terpolymer, P2VP-b-PMMA-b-PAA. > Micelles
with mixed coronas were formed at low pH (1-2), since terminal P2VP and PAA

blocks exhibit attractive interactions.

Micelles with segregated or compartmentalised coronas form when two
terminal blocks are partially incompatible in solution. Muller and coworkers showed
the formation of micelles with segregated coronas (patchy corona) as a function of
temperature, using a series of poly(ethylene oxide)-b-poly(n-butyl acrylate)-b-
poly(N-isopropylacrylamide), (PEO-b-PBA-b-PNIPAM) terpolymers in aqueous
solution. ®® At ambient temperature, both terminal blocks were soluble in the
solution and formed the mixed coronas while PBA middle block formed the core.
Once temperature raised to 45°C the solubility of PNIPAM diminished and
segregation between PEO and PNIPAM occurred, which was resulted in formation

of micelles with segregated coronas. Recently, a theoretical simulation modelled a
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series of ABC terpolymer with solvophobic B block linked to solvophilic A block

and thermoresponsive C block. *°

In the simulation, the solubility of
thermoresponsive C block was designed to reduce with decreasing the temperature.
Also the length of the C block was varied while A and B kept constant. It was
revealed that by decreasing the temperature and increasing the length of
thermoresponsive C block, micelles with B core and mixed A and C corona first
transform to worm-like micelles with segmented A and C coronas and further to
spherical micelles with compartmentalised B core, C patches (raspberry-like) and A

corona.

Janus micelles are form due to the extreme segregation of corona where each
solvophilic block occupies a hemisphere. They have been prepared using different
approaches, such as dispersing the core cross-linked self-assembled triblock
copolymer in bulk into selective solvent, ® encapsulation of PS sphere by Janus

sheets ®* and exchanging the solvent with a selective solvent for C block. ®
1.4.1 Mechanism of micellisation

The spontaneous self-assembly of amphiphilic copolymers in selective
solvent (water) is due to the hydrophobic effect which forces the hydrophobic blocks
to associate with each other in order to minimise their exposure to water, while the
hydrophilic blocks tend to face outer aqueous solution. The hydrophobic effect is an
entropically driven process in which highly ordered water molecules with highly
dynamic hydrogen bonding network are disrupted by addition of nonpolar salute
(hydrophobic block). This disruption is unfavourable in terms of free energy of the
system because of the significant loss in transitional and rotational entropy of water
molecules. Once the hydrophobic blocks aggregate together, the exposed surface
area of nonpolar molecules to water molecules reduces, therefore, the disruptive
effect is minimised which results in higher entropy of the system. % ® The Gibbs

free energy for micellisation is defined as bellow: ®

AGnmicel. = RT In(CMC) Eqg. 1.2

Where, R is the universal gas constant, T is the absolute temperature and
CMC is the critical micelle concentration. The CMC is defined as the concentration

at which surfactant molecules or amphiphilic copolymers self-assemble in solution to
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create a micro-phase separation in a way that the surfactant has a minimal energy
effect on the bulk solution. ® In the next section, methods used for CMC

measurement are described.
1.4.2 CMC measurements

There are many methods to measure the CMC of amphiphilic copolymers

66, 67 67-71 67-71

such as tensiometry, spectrofluorometry, conductometry, sound
velocity, " static and dynamic light scattering, " which are all based on an abrupt

change in the related physical properties upon micelle formation.

In this work the CMC of amphiphilic terpolymers was measured by pyrene
fluorescence spectroscopy to verify the effect of terpolymers composition on the
CMC point. Kalyanasundaram and Thomas " first reported the pyrene fluorescence
spectroscopy measurements in 1977 and since then it has been widely used to
measure the CMC of various amphiphilic molecules because of its high sensitivity.
Pyrene fluorescence spectrum illustrates two relatively strong intensity peaks at Amax

=373 and 383 nm, known as |; and I3 respectively (see Figure 1.5).

The intensity of 1; or I3 is dependent on solvent polarity and the
hydrophobicity of the surrounding environment, making them useful for studying the
aggregation properties of amphiphilic molecules. At very low concentration of
amphiphile (<CMC) pyrene freely interacts with polar solvent. Upon increasing the
concentration of amphiphile in the solution, the intensity of either I; or I3 increases
as the microenvironment of pyrene changes from polar to non-polar and pyrene
preferentially interacts with the hydrophobic portion of amphiphile. At CMC, the
high hydrophobicity of the micellar core minimizes the hydrophobic interactions of
pyrene with the solvent and therefore the intensity of either 1, or I3 stops or slows
changing. ™ Figure 1.6 illustrates a typical graph of intensity of I; peak versus
concentration of amphiphilic copolymer. The concentration at which intensity of

either I, or I3 stops changing is reported as CMC.
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Figure 1.5. Fluorescence spectra of pyrene (5x107 M) in aqueous solutions of

polystyrene,s-b-poly(tertbutylacrylate)s, at different concentrations.
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Figure 1.6. Determination of CMC by plotting the fluorescent intensity of pyrene at
383 nm (I3) versus different concentrations of PEGMAg-b-BuMA33-b-DMAEMA 19
terpolymer solution. Error bars are corresponding to standard deviations.
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1.5 Polymersomes-vesicular self-assemblies of copolymers

Polymersomes are a class of artificial vesicles formed by the self-assembly of
amphiphilic block copolymers. These polymeric vesicles are hollow spheres with a
hydrophobic bilayer or monolayer membrane and hydrophilic internal and external
coronas with size ranging from 50 nm to 5 pm or more (see Figure 1.7). ™ " The
term polymersome, polymer-based liposome, was first invented by Discher and his
co-workers in 1999 when they reported this class of vesicles for the first time. ’" The
reason behind this naming comes from the similarity of polymersome structure to
liposomes, which are vesicles formed naturally from lipids. Polymersomes are also

called polymer vesicles in some literatures.

Figure 1.7. 2D and 3D schematic presentation of a polymersome formed from ABC
terpolymers with hydrophilic A and C blocks (dark blue and light blue chains
respectively) and hydrophobic B block (red chains).

e,
Frp

Both polymersomes and liposomes can encapsulate molecules due to their
structure, which provides a physical membrane that can isolate the encapsulated
molecule from external surroundings. However, compared to lipid-based vesicles,
polymersomes benefit from certain advantages. Firstly, they are more robust due to
greater wall thickness and are easier to be tailored. Synthetic copolymers can be
easily and systematically altered to form vesicles with the desirable size and
properties. Furthermore, synthetic polymers can easier be modified to attach specific
functional groups that could for example enhance the uptake from a specific type of

cells like cancer cells, thus enhance targeted drug delivery. Consequently, in the last

33



decade there has been a considerable interest in the synthesis, design, formulation

and encapsulating properties of these novel vesicles. "

The large internal cavity and thick walls of polymersomes make them
promising carries for many molecules; including drugs, medical imaging contrast

agents, heath-supplements and vital nutrients. * ™ % It is

important to notice that
polymersomes unlike the conventional micelles, which are also formed by
amphiphilic block copolymers and are used to encapsulate hydrophobic molecules,
can carry both hydrophilic and hydrophobic molecules. Therefore, not only
polymersomes can deliver hydrophobic molecules which without encapsulation are
unpalatable or fail to be absorbed, but also can deliver hydrophilic molecules like

DNA that need to be protected from degradation (environmental or enzymatic). *

Additionally, as it was mentioned above, biologically active molecules can be
attached onto the hydrophilic exterior corona of polymersome to alter the interaction
of that with the surroundings ' and consequently be used for targeted drug delivery.
Finally, the feasibility of manipulation of the polymersomes structures enables the

control over their permeability, release rates and stability.

Similar to liposomes, the macromolecules used for polymersomes formation
are amphiphilic. Polymers with amphiphilic nature consist of both hydrophilic and
hydrophobic blocks. Depending on hydrophilic/hydrophobic ratio and self-assembly
conditions, when hydrated the polymers can self-assemble into polymer vesicles.
The spontaneous self-assembly of amphiphilic copolymers is due to the hydrophobic
effect and the tendency of hydrophobic blocks to associate with each other to
minimise their exposure to water, while the hydrophilic blocks tend to face inner and
outer hydrated solution (water), thereby, confine the two interfaces of the

membrane.®

The polymersomes features can be tailored by varying the copolymer’s
characteristics, for example by varying the chemical structure of the block
copolymer, the membrane fluidity, permeability and the corona functionalisation can
be altered. In addition, by altering the polymer block length or by changing the
solvent ratios, the size of polymer vesicles can be controlled. * Finally, the thickness
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of the membrane can also be altered from several nanometres to tens of nanometres

(5-30 nm) by changing the length of the hydrophobic block. %

In recent years, significant studies have been done in the field of polymer
vesicles by many research groups. A number of outstanding vascular structures have
been prepared form terpolymers which are reviewed in this section. ABC
terpolymers with hydrophilic A and C terminal blocks and hydrophobic B middle
block can form vesicles with A and C external and internal coronas while the
insoluble B block forms the membrane. The first work on formation of vascular
structures from ABC terpolymer was reported by Yu and Eisenberg 3* in 1998 when
they reported a preliminary study of a variation of morphologies formed from (PSigo-
b-PMMAGg;-b-PAA3; by gradual replacing the good solvent of the polymer solution
(dioxane or THF or DMF) with water which is a poor solvent for PS and PMMA
blocks. They suggested upon addition of adequate amount of water to polymer
solution, polymer aggregation morphology turns from micelles into polymersomes
consisting of PS which is sandwiched between two PMM layers and finally
hydrophilic inner and outer PAA coronas. Later on, Bieringer and co-workers %
reported the formation of polymersomes from poly[5-(N,N-
dimethylamino)isoprene]-b-polystyrene-b-poly(tert-butyl methacrylate) terpolymer
(PDMAI-b-PS-b-PBUMA) in solution as a function of pH. Polymersomes made from
AB and BC diblock copolymers, with A and C hydrophilic coronas and B block as
membrane have been reported before by Luo and Eisenberg. ® It was found that
according to the length, the longer A block preferred the more specious external
coronas while shorter C block favoured the more crowded internal coronas to better
accommodate the geometric demands. The same phenomenon was observed for
ABC terpolymers by Stoenescu and Meier ®” when they used (poly(ethylene oxide)-
b-poly(dimethyl siloxane)-b-poly(methyl oxazoline)) terpolymer (PEG-b-PDMS-b-
PMOXA) to form vascular structures by direct dissolution of terpolymer in agueous
solution. They observed terpolymers with long PMOXA block (PEG45-b-PDMSg7-b-
PMOXAs46) provide polymersomes with PMOXA external coronas while PEGs-b-
PDMS40-b-PMOXAg; with shorter PMOXA block length forms polymersomes with
PMOXA internal coronas. They selectively labelled one end of terpolymer with a
fluorescent dye (7-methoxycoumarin) and used quenching experiments to determine

whether the labelled hydrophilic PMOXA block was oriented toward the interior or

35



the exterior of the vesicles. In addition, Liu and Eisenberg % demonstrated that it is
possible to control the occupying tendency of terpolymer terminal blocks as a
function of pH once one of the terminal block ionised at acidic pHs and the other one
ionised at basic pHs. They prepared polymersomes using poly(acrylic acid)-b-
polystyrene-b-poly(4-vinyle pyridine) terpolymer (PAA26-b-PSggo-b-P4VP40) which
possess both acidic PAA and basic P4VP blocks. The polymersomes were prepared
via gradual solvent displacement of polymer solution from a good solvent (DMF) for
all blocks to a bad solvent (water). The chains of the ionised block at a given pH start
to repel each other and therefore, require more space and preferentially occupy the
more specious external corona. Using this strategy, it is possible to simply invert the
vascular structure as a function of pH. Recently, Eisenberg et al. ® prepared
breathing vascular structure based on PEOgs-b-PS;i30-b-PDEAEMA;2 by gradual
solvent replacement of basic dioxane polymer solution with water. By incorporating
a stimuli responsive PDEAEMA block into the vesicular wall, it turns to be thicker
or thinner as a function of pH. At basic solution the PDEAEMA block incorporate
with the PS block to form the membrane while PEO block forms the inner and outer
coronas. At acidic pH, the vesicle wall is consisting of a PS-PDEAEMA-PS type of
structure in which the hydrophilic PDEAEMA block in acidic pH is now sandwiched
between two hydrophobic PS blocks, while the hydrophilic PEO blocks form the

inner and outer coronas. More recently, Kempe et al.

reported formation of
vascular  structures of  poly(2-(2,6-difluorophenyl)-2-oxazoline)-b-poly(2-(1-
ethylheptyl)-2-oxazoline)-b-poly(2-ethyl-2-oxazoline) terpolymer (PODFOX;3-b-
PEPOXs-b-PEtOX49) which were formed by direct dissolution of polymer in water.
They found that firstly cylindrical micelles with PODFOX core, PEPOX shell and
PEtOX corona were formed which later on due to the low solubility of PEtOX block
converted to rolled cylindrical micelles to reduce their exposure to water. They
suggested the formed rolled cylindrical micelles were a meta-stable intermediate
structure between cylindrical micelles and vesicles. The structure of formed
polymersomes was based on hydrophilic PEtOX inner and outer coronas, while
PODFOX block were sandwiched between two PEPOX layers in the formed

membrane. Very recently, Du and coworkers *

reported the preparation of pH-
responsive  vesicles from terpolymers containing hydrophilic  poly[2-

(methacryloyloxy)ethyl phosphorylcholine] (PMPC), pH-sensitive (hydrophobic at
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6.2-6.8) poly[2-(diisopropylamino)ethyl methacrylate] (PDPA) and cross-linkable
hydrophilic PDMAEMA blocks (PMPC;s-b-PDMAEMA3-b-PDPA136), while they
varied the PDPA block degree of polymerisation from 136 to 71 to 37. Also, they
used PMPCys-b-PDPA;o7-b-PDMAEMA 4 in which the PDMAEMA block was in
the middle while PMPC and PDMAEMA were the terminal blocks. Vesicles were
formed from terpolymers with relatively long PDPA block by changing the pH from
acidic (pH: 2) to neutral in pure water. At pHs above 6.2, the PDPA block becomes
hydrophobic and therefore can form the vesicle membrane which is sandwiched
between two hydrophilic PDMAEMA shells while PMPC blocks formed the inner
and outer coronas in all cases. In the case of PMPC-b-PDMAEMA-b-PDPA, the
PDMAEMA chains formed the middle shell between the PDPA membrane and
PMPC coronas. Terpolymers with shortest PDPA block length just formed micelles.
When PMPCys-b-PDPAo7-b-PDMAEMA 4 terpolymer was used, the PDMAEMA

incorporated with PMPC to form mixed coronas while PDPA formed the membrane.
1.5.1 Polymersomes fabrication methods

A number of methods have been employed in order to prepare polymersome
either from bi- or terpolymers during the last couple of decades which are reviewed
in this section. The first approach for fabrication of polymersomes is solvent free
approach which includes film rehydration method, polymer hydration method and
electro formation method. Generally, in all solvent free methods, the amphiphilic
polymer is brought in contact with the aqueous medium in its dry state and is

subsequently hydrated to yield vesicles. %

For example in film rehydration method, firstly the amphiphilic polymer is
dissolved in an organic solvent followed by evaporation of the solvent to form a
polymeric film on the glass surface. Subsequently, by addition of aqueous buffer, the

polymeric film is rehydrated to form the polymersomes. " %

Normally
polymersomes prepared using this method, have small multi-lamellar structures with

a broad size distribution.

In polymer rehydration method, amphiphilic polymer is not hydrated as a
thin film but is directly hydrated as bulk powder in aqueous buffer solution. In this
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method, similar size, size distribution and structures to film rehydration method is

generally observed. %

In electro formation method, similar to film rehydration method, firstly a thin
film of polymers is prepared but not on a glass surface. Instead, the polymer film is
spread on a pair of electrodes and electric current is applied after addition of aqueous
buffer to facilitate the hydration process. Employing this method, mono-dispersed
polymersomes with micrometre size range were obtained although low vyield was
achieved. ’" % % Except the polymer rehydration method, all mentioned solvent free
methods are not absolute solvent-free method, because of the involvement of organic

solvent during the film preparation prior to the vesicle formation.

The second approach for the preparation of polymersomes is solvent
displacement approach, in which initially the amphiphilic copolymers are dissolved
in an organic solvent which can dissolve both blocks. Then by gradual addition of
water to the copolymer solution under vigorous stirring, the hydrophobic blocks tend
to associate together to have the lowest contact with the water and therefore form the
polymersome membrane, whereas, the hydrophilic blocks are solvated to form the
corona which can stabilise the polymersomes. In this method, the final ratio of
organic solvent/water can strongly affect the morphology of resultant self-assembly.
The organic co-solvent can be removed by dialysis which is time consuming and
economically unfavourable. In addition, removal of organic solvent can sometimes
lead to a change in the morphology in the resultant self-assembly or even break
down of the self-assembly. The resultant polymersomes are relatively small and their
size distribution is broad. %

The third method used for the polymersomes preparation is w/o/w double
emulsion method. In this method a uniform double emulsion is formed employing
microfluidic technique as a template for assembly of amphiphilic polymer into
vesicle structure. * % The organic solvent in w/o/w double emulsion is normally
volatile and contains the amphiphilic polymer. By evaporation of organic solvent
ultimately, the w/o/w emulsion converts to vascular structure. Using this technique,

micron size polymersomes with very narrow polydispersity were formed.
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1.5.2 Mechanism of polymersomes formation

Based on the theoretical calculations and simulations which studied and
modelled the polymersomes formation in aqueous solution, two different
mechanisms have been proposed. ** For simplification, these two mechanisms are

illustrated in Figure 1.8 for a diblock copolymer.

In Mechanism |, primarily, the amphiphilic block copolymers (blue-red
chains in Figure 1.8) start to self-assemble into small spherical micelles in a
relatively rapid process. The spherical micelles then grow up to large spherical
micelles by the evaporation-condensation-like process. The large spherical micelles
are energetically unfavourable and thus the large micelles take the solvents into them
to lower the energy. This mechanism is believed to occur in the systems at which an
organic co-solvent with partial solubility in water is used (solvent displacement
method), therefore water can diffuse slowly into the interior of the formed self-

assembly. ¥

In Mechanism 11, similar to mechanism 1, at first, small spherical micelles are
formed rapidly through self-assembly of amphiphilic block copolymers, which later
on through collision process evolve into larger micelles with a cylindrical and/or
open disk-like micellar structures. The formed disk-like micelles slowly approach to
form polymersomes. The micelle growth process and the closure process are slower
than the first spherical micelle formation process. This mechanism normally occurs
when film rehydration method is used for the preparation of polymersomes, at which
system undergoes vigorous agitation or shear providing enough energy for the

initially formed micelles and disk-like micelles to collide and form polymersomes. ¥

Adams et al. proposed that the formation mechanism of polymersomes may
affect the loading efficiency of hydrophilic molecules. " As it can be seen in Figure
1.8, Mechanism Il involves the wrap up of disk-like micelles, which allows a
relatively high efficiency encapsulation of hydrophilic molecules, by trapping them
during this process. Conversely, in mechanism I, the small micelles growth leads to
formation of polymersomes without having the chance to trap the hydrophilic
molecules. This mechanism produces vesicles in which encapsulation of payload

species is either absent or very low.
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Figure 1.8. Schematic representation of two polymersomes formation mechanisms,
mechanism | and mechanism II. Blue and red colours are corresponding to the
hydrophilic and hydrophobic chains, respectively. Small green dots are

corresponding to the payload molecules during the encapsulation process.
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The derived evidence from encapsulation studies show that polymersomes
formation mostly occurs through mechanism I, since very low payload efficiency
during the encapsulation process has been reported. Therefore, as it mentioned
before the major barrier that needs to overcome in order for polymersomes to be
applicable as delivery carriers, is their low encapsulation efficiency using the current

encapsulation methods.
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1.6 Emulsions
1.6.1 Definition

Emulsions are part of two-phase systems and they are defined as
thermodynamically unstable heterogeneous systems of two or more immiscible
liquids, where one of the phases is dispersed in the other as drops with size in
micrometre range. * Emulsions can be made kinetically stable by addition of
surfactants, polymers or particles which could be adsorbed at the two phase
interface. Generally, there are two types of simple emulsions, one where oil drops
are dispersed in water, which are called oil-in-water (o/w) emulsions and one where
water drops are dispersed in oil phase, named water-in-oil (w/o0) emulsion. However,
more complex systems such as water-in-oil-in-water (w/o/w) or oil-in-water-in-oil
(o/w/o), called multiple emulsions are also exist. *°° Nevertheless, in this work none
of such o/w or w/o systems are considered and instead a new class of emulsions
called water-in-water (w/w) emulsions which can be formed from ATPSs are
studied.

1.6.2 Emulsion formation

When two immiscible liquids are placed together in a container, a layer of the
less dense liquid forms on the top of the more dense liquid. This separation
represents their thermodynamically most stable state. In the fully separated state both
liquids have the minimum contact area with each other and therefore, the free energy
of system is at its lowest. By applying energy to the system, it is possible to disperse
one phase in the other one and produce large interface between two phases.
However, due to high free energy of the system, the dispersed phase is moving and
drops collide and merge (coalesce) to form larger drops and finally form the
separated two phases in the absence of agitation. In order to stabilise the dispersed
phase in the continuous phase it is necessary to use emulsifiers (stabilisers) to avoid
the drops merging. Before describing the role of emulsifiers in stabilisation of

emulsions, it is worthy to explain some basics for a better understanding.

As described before, by applying energy to two immiscible liquids, a large
interface in compare to separated two phases is formed. Interface by definition is a
boundary between two phases where they come into contact. When two liquids are
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brought into contact, the surface where they make contact is called interfacial area.
The work required to produce more interface (bring more molecules from the interior
to the interface) between two liquids is known as interfacial tension. As interfacial
tension is in fact the applied force per unit length or applied work per unit area, its

unit can be expressed as mN/m or J/m?. ¥

From the thermodynamic point of view, in the bulk liquid molecules attract
each other and each molecule is pulled equally in all directions by its neighbouring
molecules, resulting in cancelation of forces and a net force of zero. However, on the
surface molecules experience an imbalance of forces, therefore the net forces applied
on the surface molecules is not zero and they are pulled inward. Therefore, some
internal pressure is created and forces the liquid surface to contract to the minimal
area. When two immiscible liquids are brought into contact with each other, the
molecules experience an imbalance of forces at the interface. This leads to an
accumulation of free energy at the interface. The excess energy is called surface free
energy and causes the two liquids to have the minimum interfacial area. Therefore,
formation of larger interfacial area for two immiscible liquids when being mixed is

thermodynamically unfavourable as associated with higher interfacial energy. **

The role of emulsifier then is to decrease the interfacial tension. When
emulsifier is added to the system while it is emulsifying, it adsorbs at the interface
and stabilises the emulsion by reducing the interfacial tension and forming a

protective layer around the dispersed phase to prevent droplets coalescence. '
1.6.3 Emulsion stability

Emulsion stability is the ability of an emulsion to resist changes in its
properties and retain them unchanged over time. However, due to the
thermodynamically unstable nature of emulsions, they undergo changes over time.
As mentioned before, this is due to the large free energy of the system which cannot
be compensated by entropy contributions. The slower emulsion changes over time,
the more stable is the emulsion. Commonly, the stability of emulsions is assessed by
monitoring their basis parameters, including number of dispersed drops, size
distribution of drops and their spatial arrangement. A number of processes may

cause the instability of emulsions over time depending on conditions. The four main
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instability mechanisms commonly observed in emulsions are creaming or
sedimentation, flocculation, coalescence and Ostwald ripening *° which are shown in

Figure 1.9.

Figure 1.9. Main instability mechanisms involved in breakdown of emulsions.
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1.6.3.1 Creaming or sedimentation

Creaming or sedimentation occurs due to the difference in density of two
phases (continuous and dispersed phases), consequently, emulsion drops tend to
move up or down through the continuous phase under gravity. Creaming is the
upward movement of dispersed phase under gravity to top of the system without any
change in drop size distribution, which is due to the lower density of dispersed phase
in compare to continuous phase. Oppositely, sedimentation is the downward
movement of the dispersed phase due to the fact that they are denser than the
continuous phase. % Stokes law illustrates a qualitative indication of factors affecting

the creaming or sedimentation velocity (v) of droplets in an emulsion:

_ 24 r? (pcont.-pdrop) Eq. 1.3
977cont. o

v
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Here, v is creaming or sedimentation velocity, g is the gravity acceleration, r
Is the radius of the droplet, # is the viscosity of continuous phase, pcont. and parop are
the densities of continues and dispersed phases, respectively. As it can be seen in
Stocks equation, the density difference between two liquids, the viscosity of the
continuous phase and the drop size affect the creaming or sedimentation velocity.
There are several ways to minimise creaming or sedimentation process. %% One
way is to minimise the density difference between two phases by either adding a
weighting agent to the less dense phase or using a highly dense emulsifier. Secondly,
by using efficient homogenisers smaller size droplets can be formed which reduces
the creaming or sedimentation rate. In addition, by increasing the viscosity of
continuous phase through addition of thickeners or gelling agents, the velocity of
droplets decreases which lead to slower creaming or sedimentation process. Finally,
by increasing the number of droplets in continuous phase, droplets will be closely
packed which results in less movement of them.

Creaming or sedimentation process can be assessed by simply visualising a
whitish layer on top or bottom of the emulsion. By measuring the volume fraction of
this layer over time the creaming or sedimentation rate can be determined. However,
visual observation might be not accurate enough in the cases where creaming or
sedimentation is quick or the distinction between the continuous phase and the
creamed or sediment layer is difficult to be visualised. In this case, some other

techniques such as light scattering *** or ultrasonic imaging ** can be useful.
1.6.3.2 Flocculation

Emulsion droplets are constantly moving because of the Brownian motion,
gravity or mechanical agitation which causes their collision. This collision might
result in flocculation process in which dispersed drops aggregate and create large
clusters of drops in the continuous phase. In this process, the thin film of continuous
phase between droplets do not rupture, therefore, droplets do not merge together and
keep their identity. The rate and extent of flocculation is related to the frequency and
probability of emulsion droplets to collide. The frequency of collision is
corresponding to the Brownian motion or shear flow, while the probability of
collision is associated with the interaction energy. Three components contribute in

the droplets interaction energy, namely, van der Waals attraction, electrostatic
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repulsion and steric repulsion. Depending on strength of the inter-drop forces, this
process can be reversible by gentle agitation. The weaker the inter-drop forces, the
easier the breakup of flocculation. Emulsions with large drop size distribution give
rise to flocculation since the differential creaming (or sedimentation) rate of small
and large drops cause them to come into close proximity more than an emulsion with
mono-dispersed drop size. * By regulating the interactions between the droplets, it is
possible to control the rate and extent of flocculation within an emulsion. There are
several ways to reduce the flocculation rate, such as increasing the concentration of
emulsifier in ionic emulsions, addition of ionic surfactants to none-ionic emulsions

and using long chain polymer emulsifiers. %

Flocculation process can be assessed by microscopic observation of emulsion
but special care should be taken to not break the flocs while the microscope sample
is prepared. The size of flocs can be determined by particle sizing instruments *° or
image analysis techniques " which also help to determine the flocculation rate over

time.
1.6.3.3. Coalescence

Coalescence is the process in which emulsion drops combine together and
merge to form larger drops. This process is irreversible and the thin film of
continuous phase between drops interface is ruptured. *° Coalescence results in
destabilisation of emulsions by formation of large droplets which leads to phase
separation of emulsions. Emulsions droplets are constantly moving and when they
move very close to each other, their surface might deform and flattened. This causes
an increase in surface area of droplets in contact with each and rupture of the thin
film, subsequently coalescence occurs. Coalescence of emulsion droplets is
significantly dependent on the continuous phase and emulsifier properties as well as
colloidal and hydrodynamic interactions between droplets. There are a few methods
to control and reduce the coalescence rate in emulsions, based on decreasing droplets

contact and thin film rupture, %

such as using charged emulsifiers to induce
electrostatic repulsion between droplets and using proteins or fine solid particles to

be adsorbed at the interface and form a physical barrier preventing coalescence.
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Coalescence process can be studied using optical microscopy technique by
monitoring changes in droplets size and shape over time. Also, by using particle

sizing techniques the droplet size and size distribution can be measured over time.
1.6.3.4 Ostwald ripening

Ostwald ripening is a process in which the small drops of dispersed phase
gradually dissolve in the continuous phase and redeposit onto the bigger size drops
over time as the bigger drops are energetically more favourable. * According to the
Kelvin equation, the solubility of dispersed phase in continuous phase increases as

the drop size decreases.

2]/Vm
rRT

c(r)=c(o)exp( ) Eqg. 1.4

Here, c(r) is the aqueous phase solubility (m® m™) of solute (dispersed phase)
with radius r, c¢() is the solubility in a system with only planar interface, y is the
interfacial tension between two phases, Vy, is the molar volume of dispersed phase, R

is universal gas constant and T is the absolute temperature.

Therefore, Ostwald ripening process can be minimised by increasing the size
of droplets. In practice as the average drop size increases, Ostwald ripening slows
down. However, at this condition it is more likely that flocculation and coalescence
occur. Another way to reduce Ostwald ripening process is to use emulsifiers that do
not increase the solubility of the dispersed phase in the continuous phase. Also by
using appropriate additives which reduce the solubility of dispersed phase, Ostwald
ripening process can be minimised. * Similar methods used for assessing the
coalescence process can be used for characterisation of emulsions in terms of

Ostwald ripening process.
1.6.4 Thermodynamic and kinetic stability of emulsions

Studying emulsions from thermodynamic point of view provides information
regarding processes taking place during emulsification or afterwards, while Kinetics
study gives information about the rate at which these processes occur. For instance,
the phase separation of an emulsion is due to the thermodynamic instability while the

time taken for the dispersed drops to merge is corresponding to Kinetics point of
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view. As it stated before, emulsions are thermodynamically unstable but they could
be kinetically stable over period of time using the appropriate stabilisers by reducing
the rate of instability processes over time. Next section describes the stabilisation of
emulsions using different types of stabilisers.

1.6.5 Stabilisation of emulsions using different types of stabilisers

Emulsions can be stabilised by the mean of surfactants, polymers and
particles or a mixture of them. In this work stabilisation of emulsions by amphiphilic

block copolymers and particles is of particular interest.

Emulsions can be stabilised by polymers in a way that a protective film of
polymers is formed at the liquid-liquid interface which can provide a steric hindrance
and effectively prevent the coalescence of the dispersed phase. > In addition,
polymers can also increase the stability of emulsions by thickening the continuous
phase where the rate of creaming or sedimentation of dispersed phase decreases in
the system. *° There are certain criteria for a polymer to act as an effective stabiliser
against destabilisation processes introduced earlier. Firstly, polymer should provide a
complete coverage of the emulsions droplets. Incomplete coverage may result in
flocculation or coalescence as a result of van der Waals attractive forces. Secondly,
there should be strong adsorption or anchoring of the polymer molecule to the
surface of emulsion droplets in order to protect the interface. Finally, existence of a
fragment which can be strongly solvated to provide effective steric stabilisation is
necessary. These essential criteria can be best served using amphiphilic block
copolymers. **° Similar to surfactants, the hydrophilic/hydrophobic block ratio of
copolymers can determine the type of formed emulsion. At equal volume fractions of
oil and water phases, polymers with long hydrophilic and short hydrophobic chains
results in the formation of oil-in-water emulsions, whereas polymers containing

larger hydrophobic block form water-in-oil emulsions. ***

Particles also have been widely used for stabilisation of emulsions, known as
Pickering emulsions. 2 Unlike surfactant and amphiphilic polymers that are in a
state of rapid dynamic equilibrium with their unimers attaching and detaching from

1

the interface on a micro-second time scale, ** particles are almost irreversibly

trapped at the liquid-liquid interface. *** In particle stabilised emulsion systems,
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colloidal particles can accumulate at the liquid-liquid interface to form a steric
barrier against coalescence. Similar to surfactant or polymer stabilised emulsions,
particles should provide almost a coherent monolayer on the interface as a

mechanical barrier in order to prevent coalescence. **°

For particles to adsorb at a liquid-liquid interface they do not need to be
amphiphilic, rather it is the degree to which a particle is wetted by one or other of the
liquids that adsorbs and anchors a particle to the interface. Wettability of a solid
particle is a property that is intrinsically linked to whether a particle will adsorb at a
liquid-liquid interface to stabilise the emulsion and determine the type of resulting
emulsion (i.e. oil-in-water or water-in-oil). Wettability of particles at the interface
can be quantified by the contact angle 6, that the particle makes with oil-water
interface. It is well-established that particles with 6, < 90° results in formation of
oil-in-water emulsion, whereas water-in-oil emulsion forms when the 6, > 90° ***
(see Figure 1.10). This is similar to what is seen in surfactant or polymer stabilised
emulsions, where it is the hydrophilic-hydrophobic balance that is responsible for the
emulsion type. It should be noted that particle with too hydrophobic or hydrophilic
characteristics would tend to remain dispersed in either the oil or aqueous phase
respectively and would not adsorb at the fluid interface, resulting in highly unstable

emulsions.

Figure 1.10. Location of solid particles at oil-water interface, with 6o, (measured
through the aqueous phase) and the corresponding monolayer curvature when 8, is

less than 90°, equal to 90° and greater than 90° from left to right.
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Considering a small, (typically less than a micron in diameter) spherical
particle of radius r, the energy 4Gy needed for particle desorption from a water/oil
interface of tension vy, with contact angle of 0o, to either the oil or water phase is

given by following equation:
AGd = 7z r?yow (1 + cos Gow)? Eq. 1.5

The sign inside of the bracket is negative for removal of a particle into the bulk
water phase, whereas for its removal into the bulk oil phase, the sign is positive. The
maximum value of AGq is when the particle make 90°contact angle with the
interface, where particles is held most strongly at the interface. In contrast, for
particles with a contact angle between 0-20° or 160-180° the energy needed for
desorption AGy of particles from the interface drops down rapidly. When the 4Gy is
close to thermal energy of the system, particles are not held at the interface
irreversibly and are in a dynamic state of perpetual adsorption and desorption,
consequently emulsion is very unstable. Therefore, the contact angle which particles
make with the interface and particle radius has a key influence on the adsorption of

the particles to the interface and stabilisation of emulsions.
1.7 Aqueous two phase system

ATPSs are aqueous mixtures of particular polymer-polymer or polymer-salt
pairs at specific concentrations which can form two immiscible homogeneous phases
in equilibrium. The ATPSs have been extensively used for the separation and
partitioning of cell particles and biomolecules. **° In this thesis polymer-polymer

pair ATPSs are investigated.

The difference in the properties of ATPSs is small compared with the ordinary
two-phase systems such as oil/water. For instance, the density difference is small, as
well as the difference in refractive indices of the two phases. The small refractive
index difference sometimes even makes it difficult to detect the interface. In
addition, the interfacial tension in such systems is small (0.1-0.001 mN/m) and the
formed boundary almost has a right angle with the wall of the test tubes. The most
characteristic feature of ATPSs is that both phases are aqueous and the water content

is between 85-99 wt.%. 1
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Such liquid phase separation in mixtures containing polymers was first
reported by Beijerinckin in 1896. ' He observed that if aqueous solutions of
gelatine and agar or gelatine and soluble starch were mixed, a turbid mixture which
separated into two liquid layers is obtained. These systems were then further studied
in detail by Ostwald and Hertel 8 *° who found certain concentrations were
necessary for the phase separation. Later studies on these systems gave evidence that
incompatibility of the used polymers is required for the phase separation of ATPS.
When two polymer solutions are mixed, there are three potential outcomes:

1. Incompatibility: the two polymer solutions phase separate and are collected
in two different phases. This is the most common outcome for pairs of

uncharged polymers.

2. Miscibility: the two polymer solutions are completely miscible. A

homogenous solution forms.

3. Complex Coacervation: the two polymer solutions phase separate, but are
collected in one phase, with a second phase made up mostly of solvent. This is
a special case which occurs for solutions of two oppositely charged polymers.

To determine the result of the mixing of two polymers, two main factors
must be taken into consideration, the first being the entropy gain due to mixing of
the polymers and the second being the intermolecular interactions between the two
different polymers. The gain in entropy is a direct consequence of the number of
molecules involved in the mixing process, so it can be approximated that the entropy
of mixing is the same for both small and large molecules. Conversely, the interaction
energy between molecules tends to increase with the size of molecules, as it is a sum
of the interactions of each segment of the molecule. Polymers are large molecular
weight molecules, so it follows that in most cases the interaction energy (per mole)

between molecules that dominates the phase behaviour of the system.

Consider that the interaction between two polymers is repulsive; each
molecule is in its more thermodynamically stable situation when surrounded by like
molecules (in the bulk). When mixed, the molecules are no longer in this
energetically favoured condition, consequently, incompatibility arises and the system
phase separates to give two phases each enriched with one or the other polymers.
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Repulsive interactions between polymers are mainly due to different chain
lengths and/or structural differences in the two polymers (this being the situation that
would normally be expected in non-charged unlike polymers). However, if the
interaction between two polymers is attractive, meaning unlike polymers attract one
another and polymers are collected in a common phase, with a second phase being
made up of mostly solvent. For this to occur, polymers must be strongly
electrostatically attracted to one another i.e. complex coacervation. Finally, if
interactions are neither repulsive nor attractive, polymers may be miscible and a
homogenous solution is resulted. **° Several pairs of polymers have been used

forming aqueous two-phase systems, such as:

e Dextran - PEG

e Dextran - Ficoll

e Dextran — polyvinylalcohol
e Ficoll - PEG

e Polyvinylalcohol — PEG

e Dextran — hydroxypropyl starch %

Among the mentioned polymer pairs, the dextran-PEG pair was chosen for

the preparation of ATPS in this work which is described in the next section.
1.7.1 Dextran-PEG ATPS

Dextran-PEG ATPS is one of the most studied ATPSs which was chosen for
this study, since the phase diagrams, equilibrium phase behaviour and partitioning
ability of this system are available in the literature. *° More importantly, dextran and
PEG are both biocompatible and have been widely used in biomedical applications.
Dextran is a type of branched polysaccharide consisting of glucose molecules which
have a-1,6 glycosidic linkage between glucose molecules within the straight chain
and o-1,3 linkage within the branched chains. Dextran is available commercially and
generally is synthesised from sucrose by some bacterium such as Leuconostoc
mesenteroides and Streptococcus mutans. PEG is a linear polyether polymer
consisting of ethylene glycol repeating units. The chemical structure of dextran and
PEG is shown in Figure 1.11.
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Figure 1.11. Chemical structures of dextran and PEG.
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A Dbetter understanding of behaviour of dextran-PEG system in aqueous
solution is given by their phase diagram. Figure 1.12 shows the phase diagram of
ATPS containing the two hydrophilic polymers dextran and PEG at 20 °C *°. In a
mixture consisting of dextran, PEG and water, a two phase system will only arise
when the constituents are present in a certain range of properties. The constituent at

which phase separation occurs may be represented in a phase diagram.

Figure 1.12. Phase diagram of the dextran-PEG ATPS, dextran 500 (M;: 500,000)
and PEG 6000 (M,: 6000 g/mol) at 20 °C. 6
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As it can be seen in this Figure, concentration of PEG is plotted versus
concentration of dextran (the concentrations are expressed in weight per cent, wt.
%). The curved line separating two areas is called a binodal. All mixtures which
have compositions represented by points above the line give rise to phase separation,
while mixtures represented by points below the line give a homogenous solution.
The more the composition of the phase systems approaches to the binodal the less is
the difference between the two phases. All compositions at the binodal are critical in
the sense that a small change in composition gives rise to a drastic change in the
system, namely from a one-phase system to a two-phase system. The lines across the
binodal are called tie lines. Any total composition represented by points on the same
tie line will give rise to phase systems with the same phase compositions, but with
different volume fractions of the two phases. The square symbol on each tie line is
where the volume fractions of the two phases are equal. In this work, concentrations
corresponding to a tie line far away from the binodal were chosen to do the
experiments with, in order to prevent any dramatic (phase) change in the system.
Too high concentrations were also avoided, because, as the concentration of the
polymer increases in the system, it becomes more viscous and it takes longer time to

achieve phase separation.
1.8 Water in water emulsions based on ATPS

Theoretically, a water-in-water (w/w) emulsion is a kind of system which
consists of droplets of water-solvated molecules in another continuous aqueous
solution. Both the droplet and continuous phases contain different molecules that are
entirely water-soluble. As such, when two entirely aqueous solutions containing
different water-soluble molecules are mixed together, water droplets containing
predominantly one component are dispersed in water solution containing another
component. In the case of using dextran-PEG ATPS, upon mixing the ATPS one
phase will be dispersed into the other one depending on the volume fraction of each
phase. Therefore, water-in-water (w/w) emulsion can be prepared based on ATPS if

an appropriate emulsifier could stabilise the system.
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1.8.1 Challenges in stabilisation and characterisation of w/w emulsion

The main challenge in preparing w/w emulsion based on ATPS system is the
low interfacial tension of these systems. As mentioned before, the interfacial tension
is very low in these systems (0.1-0.001 mN/m) comparing to oil/water interface (30-
50 mN/m), which makes it difficult for the emulsifier to be adsorbed at the interface.
Consequently, finding an appropriate emulsifier which can penetrate in both phases
as well as having tendency to be adsorbed at the interface is quite challenging. It is
less obvious what types of species might adsorb at aqueous PEG-dextran interface
and thereby stabilise w/w emulsions based on an ATPS. In addition, the interactions
of two polymers in aqueous solution is quite complex on its own and introducing a
third component as an emulsifier, makes the study of these systems even more

tricky.

Characterisation of w/w emulsions is also challenging due to the sensitivity
of these systems to dilution. Upon diluting the w/w emulsion even though it is
stabilised, the equilibrium phase separation between two polymer phases, which
causes their immiscibility vanishes. Consequently, the dispersed phase dissolves in
the continuous phase. For example it is not possible to determine the type of
emulsion by drop test, since upon introducing one drop of the w/w emulsion into
either of the constituent polymer solution (dextran or PEG solution), it will be
dissolved instead of being re-dispersed. Moreover, it is not possible to determine the
drop size and drop size distribution of w/w emulsion using light scattering
techniques, as these systems cannot be diluted up and the refractive indices of two
polymer phases are quite similar. Employing microscopic techniques is more
suitable way for characterisation of w/w emulsion. However, due to higher viscosity
of w/w emulsion compared to ordinary o/w emulsion, special care must be taken into
account for the sample preparation in microscopic techniques. Also, any trace of
impurity can strongly influence the phase behaviour and equilibrium of ATPSs,
therefore all used glassware should be extremely clean and all ingredients should be

purified prior to usage.

Although stabilisation of water-in-water emulsions based on ATPSs is a
challenge, they are associated with a number of advantages. Their first advantage is
their ability to selectively separate and partition a wide range of biomolecules or
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active species which can be encapsulated within the formed polymeric film after
stabilisation of w/w emulsion. Secondly, because of their low interfacial tension, the
required energy input for the formation of emulsion is very low compare to
conventional emulsions. In addition, unlike to conventional o/w emulsions, these
systems are entirely aqueous systems and there is no use of any organic solvent.
Therefore, w/w emulsions are an environmentally friendly alternative to o/w
emulsions and subsequently can be promising replacement for o/w emulsions where

the biocompatibility of the system maters.
1.8.2 Stabilisation of ATPS towards w/w emulsions

Recently water-in-water emulsion (w/w) has attracted many attentions among
colloids scientists. However, there are just a few papers describing the formation and
stabilisation of these systems which are reviewed in this section. Ossenbach-Sauter
and Riess described stabilisation of water-in-water emulsions containing mixtures of
poly(vinylpyridinium chloride) (PVPC) and PEG polymers with diblock PVPC-b-
PEG copolymers. ** Jin et al. illustrated the stabilisation of w/w emulsions based on
dextran-PEG ATPS by using sodium alginate as stabiliser. They discussed that
sodium alginate forms a charged thin layer around the dispersed dextran rich phase
which stabilises the droplets in PEG rich continuous phase. *** Guorong and Zhihai
described the use of a water-in-water emulsion consisting of PEG and
poly(acrylamide) (PAA) ATPS for aqueous polymerisation of acrylamide. '?* Sagis

124

discussed some theoretical aspects relating to the thermodynamics and

125

dynamics ~° of controlled release in water-in-water emulsions.

Simon et al. *?® reported the formation of w/w emulsion consisting of water
solvated dispersed liquid crystal disodium cromoglycate (DSCG) in continuous
phase containing a range of water soluble non-ionic, anionic and cationic polymers
which have potential to exclude DSCG to form water solvated drops. They found
that the non-ionic polymers form quite stable w/w emulsion (30 days) via providing
steric hindrance which prevent from coalescence of the droplets.

It is well established that particles of suitable wettability will adsorb at a fluid
interface with an adsorption energy which is typically large relative to alternative

stabilisers such as surfactants or polymers. " Primarily, Poortinga reported the
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formation of microcapsules consisting of a shell of aggregated colloids based on w/w
emulsion as a template consisting of either two polysaccharides or one
polysaccharide and one protein stabilised for a short time (a few days) with fat
particles. '* Afterwards, Firoozmand and co-workers ** described the formation of
w/w emulsion based on gelatine-starch ATPS which could be stabilised for a short
time using amphoteric polystyrene latex particles. He reported that the gelatine-
dextran ATPS phase separates quickly, but upon addition of latex particles the phase
separation slowed down, although still phase separation occurred. Very recently,
Nicolai et al. reported formation of w/w emulsion based on dextran-PEG ATPS
stabilised using Fluorescent spherical latex particles *° and globular whey protein p-
lactoglobulin (B-1g) particles *** which can be adsorbed at the dextran-PEG interface.
In some cases the stability of the prepared emulsions was in a period of weeks.

Finally, microfluidic devices and ATPS have been combined for fabrication

of w/w emulsions. Song et al. %

reported microextraction and electrohydrodynamic
generation of micro-droplets based on tetrabutylammonium bromide (TBAB) and
ammonium sulfate (AS) ATPS. Shum et al. described the formation of w/w jets and
emulsion based on several ATPSs, namely, PEG/dextran, PEGDA/dextran,

PEG/K3PO, and PEGDA/K3PO, using microfluidic device. ***

To the best of our knowledge terpolymers have not been used for preparation
and stabilisation of w/w emulsion. In this work, one of the main aims was to
investigate whether amphiphilic terpolymers with hydrophilic terminal blocks and
hydrophobic middle blocks can act as effective stabilisers for w/w emulsions. The
research strategy is described in the next section.

1.9 Research aims and strategy

In this work, a series of amphiphilic ABC terpolymers with well-define
structures, compositions and molecular weights is synthesised and fully
characterised. In addition, their ability to form different types of polymer aggregates
using conventional methods is assessed. Moreover, the ability of this type of
terpolymers to act as effective stabilisers to form water-in-water emulsions based on
ATPS is investigated. Along with stabilisation of w/w emulsion, the formed

dispersed phase can be also considered as a template for the formation of
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polymersomes through adsorption of ABC terpolymers at the dispersed ATPS

interface.

As it was stated before, dextran-PEG ATPS is chosen for the preparation of
w/w emulsion. It is assumed that an ABC terpolymer consisting of hydrophilic
terminal A and C blocks, which have different affinities for the PEG and dextran rich
phases of the ATPS and hydrophobic middle B block (to form polymersomes
membrane) can form polymersomes by being templated around w/w emulsion drops.
Selective partitioning of encapsulant molecules (species that can be encapsulated
within polymersomes) between ATPS two phases prior to emulsification would lead
to their efficient encapsulation. This novel method would avoid the use of organic
solvents unlike the conventional methods used for the encapsulation of different

species within the polymersomes.

Therefore, the specific aims of this work are (i) to synthesis a series of ABC
terpolymers with well-defined structures and compositions, (ii) to determine whether
these in-house synthesised ABC terpolymers self-assemble to form micelles and
polymersomes based on the conventional methods, (iii) how the formed self-
assembly properties depends on the block sizes and molecular weights of the
terpolymers (iv) whether ABC terpolymers can stabilise water-in-water emulsion
based on the PEG-dextran system; (v) how the emulsion properties such as type,
drop size and stability depend on the block sizes of the terpolymer and (vi) how
solute molecules distribute within the water-in-water emulsion (or templated
polymersome) systems. In addition to ABC terpolymers, a couple of ABA
terpolymers with simpler structure are used for stabilisation of dextran-PEG ATPS in
this work. Moreover, modified silica nanoparticles in terms of their hydrophobicity

and PEG content are used for the stabilisation of such systems.
1.10 Outline of thesis
The outline of this thesis can be described as following:

Chapter 2 summarises the chemicals and procedures which have been used
throughout this work. This chapter also briefly describes the basic principles of the
employed techniques for the characterisation of in-house synthesised terpolymers

and modified silica nanoparticles.
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Chapter 3 is concerned with the design, synthesis and characterisation of
amphiphilic ABC terpolymers with pre-determined compositions and molecular
weights. The synthesised terpolymers are characterised in terms of their actual
compositions and molecular weights as well as their hydrodynamic diameter, CMC,
pK, and cloud point when hydrated in aqueous solution. In addition, the effect of
varying terpolymers composition and molecular weights on their hydrodynamic

diameter, CMC and pK, values is explained.

Some preliminary observations of terpolymers solutions when hydrated in
bulk or as thin film have been described in chapter 4. The main aim of this chapter is
to investigate whether a selection of synthesised ABC terpolymers with constant
composition but varied molecular weight are able to form polymersomes using a

couple of reviewed conventional methods.

Chapter 5 details whether ABA and ABC terpolymers can be used as
effective stabilisers for formation of w/w emulsions based on ATPSs and possible
formation of templated polymersomes. In addition, it describes how the emulsion
properties such as type, drop size and stability depend on the block sizes and average
molecular weight of the ABC terpolymers. Finally, this chapter illustrates how solute
molecules distribute and self-loaded within the water-in-water emulsion (or

templated polymersome) system.

The work on stabilisation of w/w emulsions is further extended in chapter 6
by using modified silica nanoparticles. Two types of silica nanoparticles with
specific characteristics will be used in this chapter in order to stabilise ATPSs and
possible formation of templated colloidosomes. This chapter explains how the
characteristics of these nanoparticles affect emulsion properties.

Chapter 7 summarises the obtained conclusions throughout this thesis and
presents the possible future work in this area. The references used throughout this

work are listed at the end of the each chapter.
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2.1 Materials
2.1.1 Water

Water was purified by passing through an Elgastat Prima reverse osmosis
unit followed by a Millipore Milli-Q reagent water system. Its surface tension was

71.9 mN m™ at 25°C, in good agreement with literature. *
2.1.2 Pluronic® grades

Pluronic® grades F108 (MW: 14600 g/mol), F127 (MW: 12600 g/mol) and
F68 (MW: 8400 g/mol) were purchased from Sigma, UK. The characteristics of
these Pluronics® are listed in Table 2.1. All Pluronics® were used as supplied without

further purification unless specified otherwise.

Table 2.1. Characteristics of Pluronic® grades.

Pluronic® | MW
Name g/mol

F68 8400 29 EO76PO29EO76 80% | 20%
F127 12600 | 22 EO100POesEO100 | 70% | 30%
F108 14600 | 27 EO13:POs0EP132 | 80% | 20%

HLB Formula EO% | PO%

2.1.3 Chemicals used for synthesis of hydrophobised silica nanoparticles

Silica nanoparticles with different hydrophobicities (0%, 20%, 33%, 50%

and 58%) with smooth surface and size ranging from 100-500 nm were used.
2.1.4 Chemicals used for synthesis of PEGylated silica nanoparticles

Poly(ethylene glycol) methyl ether (MW: 6000 g/mol) and tetramethyl
orthosilicate (> 99%) were purchased from Aldrich, UK. Ammonium hydroxide (1
molar, 30 wt.%) was purchased from Prime Chemicals, UK. Solvents ethanol and

methanol were purchased from Fisher Scientific, UK.
2.1.5 Chemicals used for synthesis of terpolymers
1-Methoxy-1(trimethylsiloxy)-2-methyl propene initiator (MTS, 99%),

sodium metal, 2,2-diphenyl-1-picrylhydrazyl hydrate free radical inhibitor (DPPH,
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99%) and poly(ethylene glycol) methyl ether methacrylate monomer (PEGMA, 99%,
MW = 300 g/mol with number of ethoxy units n = 4.5), were purchased from
Aldrich, UK. Tetrabutylammonium hydroxide (40% in water), benzoic acid (99%),
basic alumina (Al,O3, 95%), potassium metal, 2-(dimethylamino)ethyl methacrylate
monomer (DMAEMA, 99%) and n-butyl methacrylate monomer (BuMA, 99%)
were purchased from Acros Organics, UK. The polymerisation catalyst was
tetrabutylammonium bibenzoate (TBABB) and was in-house synthesised by the
reaction of tetrabutylammonium hydroxide and benzoic acid as described by Dicker
et al. 3 The dried catalyst powder was stored in a round-bottom flask under vacuum
until use. Tetrahydrofuran (THF, 95%) used as polymerisation solvent, n-hexane
(95%) used as precipitation solvent were purchased from Fisher Scientific.
Dichlorodimethylsilane (DCDMS, 99.5%) hydrophobising agent for glassware
surface was purchased from Fluka, UK. Figure 2.1 illustrates the chemical structure

of polymerisation initiator, catalyst and monomers.

Figure 2.1. Chemical structures of monomers, GTP initiator and catalyst used for

synthesis of terpolymers using GTP technique.

CHj HaC HaC
Hzc =< >:CH2 CH2
C=0 o=cC (o)
/ \
(@) O O
\ / /
/ \ 2
H,C CH, \
\ / CH,
O 15 H,C /
/ \ H3C—N
HsC CHj3 \
CHj;
PEGMA BuMA DMAEMA
CHj3
COO COOH
N,
HsC. OCHs H/ \H
H3C OSi(CH3)3 CHj; CH
CH; 2
MTS TBABB
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2.1.6 Chemicals used for preparation of ATPS

Dextran 500 from Leuconostoc spp was purchased from Aldrich, UK. PEG
(MW: 6,000 g/mol) was purchased from Acros Organics UK. They were both used
as supplied without further purification unless specified otherwise. Hydrochloric acid
(37 vol./vol.%) were purchased from Fisher Scientific, UK.

2.1.7 Fluorescence probes used for encapsulation

Fluorescein-isothiocyanate-dextran (99%) conjugate with dextran 500 kDa
(0.003-0.020 mol fluorescein per mol of glucose repeat unit) fluorescein sodium salt
(Sigma, 99%) and pyrene (Sigma, 98%) were purchased from Aldrich, UK.
Rhodamine 6G 99% was purchased from Acros Organics, UK.

2.2 Synthesis methods
2.2.1 Synthesis of PEGylated silica nanoparticles

The synthetic procedure for preparation of PEG-coated (PEGylated) silica
particles was the same for all prepared particles and involved a sol-gel method, so
called Stober procedure. * Reaction was based on hydrolysis of tetramethyl
orthosilicate (TMOS) in methanol media in the presence of methyl ether terminated

PEG, catalysed by ammonia. °

By varying initial concentrations of reagents, the size of the obtained
nanoparticles can be manipulated. Table 2.2 summarises the amount of chemicals
used for preparation of PEGylated silica nanoparticles with different sizes used in
this study. The synthesis of PEGylated silica nanoparticles with size 289.6 £18.6 nm
is described in detail as an example. Firstly, PEG (10 g, 1.7 mmol) was dissolved in
a mixture of ammonium hydroxide (25 mL, 30 wt.%) and methanol (60 mL). Then,
TMOS (1 mL, 1.03 g, 6.76 mmol) was added dropwise to initiate the hydrolysis
reaction. Upon mixing, the solution became slightly cloudy and it was left to stir
overnight at room temperature for a full reaction to occur. To purify the prepared
particles, approximately 100 mL of ethanol was added to the reaction mixture and
the mixture was centrifuged for 10 minutes at 6000 rpm using a Thermo Scientific,
Sorvall Biofuge Primo centrifuge. Silica particles were then washed three times first
with Milli-Q water and then ethanol via re-dispersing them in the solvent followed
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by centrifugation as described above to ensure all unreacted PEG and TMOS were
removed. Finally, the resultant particles were dried under vacuum for three days at
room temperature. Pure silica was also prepared by the same method in the absence
of PEG methyl ether for means of comparison with PEGylated samples in

characterisation.

Table 2.2. Amount of chemicals used for synthesis of PEGylated and pure silica

nanoparticles.

Reaction Composition
Sample Ammonium Methanol | TMOS PEG
hydroxide (mL) (mL) (mL) (9)
1 15 60 0.5 10
2 25 60 1.0 10
3 38 60 1.0 10
Pure Silica 25 60 1.0 10

2.2.2 Synthesis of ABC terpolymers

The DMAEMA and BuMA monomers were passed twice through basic
alumina columns to remove inhibitors and protic impurities. They were subsequently
stirred over CaH, for few hours in the presence of added free radical inhibitor, DPPH
(a few mg) and were kept under argon atmosphere refrigerated until distillation
before use. PEGMA was passed twice through basic alumina columns as a 50 v/v%
solution in THF and stirred overnight over calcium hydride before being filtered
directly into the reaction flask using a 0.45 pum syringe filter. Because of the non-
volatile nature of PEGMA and its inability to distil, no DPPH was added to it. The
initiator was distilled once prior the polymerisation. The polymerisation solvent
(THF) was dried by refluxing it for three days over a potassium/sodium amalgam
prior to polymerisation. All glassware was hydrophobised via reaction of
dichlorodimethylsilane (DCDMS) vapour to the SiOH groups of the glass surface to
ensure their dryness over polymerisation procedure. After washing them with
ethanol, water and acetone respectively, they were dried overnight at 120 °C and

assembled hot under dynamic vacuum before use.

72



The synthetic procedure was the same for all polymers and involved a
sequential group transfer polymerisation (GTP), similar to other studies where the
PEGMA macromonomer was used. °° The synthesis of PEGMAg-b-BuMAss-b-
DMAEMAg;; (theoretical structure, abbreviated to Pg-Bss-D3y) is described in detail
as an example. Freshly distilled THF (117 mL) and MTS (0.50 mL, 0.43 g, 2.46
mmol) were syringed into a 250 mL round bottom flask containing TBABB (~10
mg) previously sealed with a septum and purged with argon. Then PEGMA was
added (8.1 mL of a 50 %v/v solution in THF, 4.3 g, 14.2 mmol) using a syringe
fitted with an in-line filter; this caused a temperature rise of 2.8°C. After 15 minutes
the exothermic reaction had abated and two 0.1 mL aliquots of the reaction solution
were extracted for GPC and *H NMR analysis. Then, the BUMA (13.6 mL, 12.2 g,
8.6 mmol) was added using a syringe which led to a temperature increase of 8.1°C.
Subsequently, two more 0.1 mL aliquots were collected for GPC and *H NMR
analysis. DMAEMA (15.2 mL, 14.2 g, 90.2 mmol) was added which gave a final
temperature increase of 8.8°C and final GPC and *H NMR samples were obtained.
All the synthesised copolymers were recovered by precipitation by addition of n-
hexane and dried at room temperature in a vacuum oven for two weeks. For the
reactant quantities noted above, this exemplar synthesis is expected to yield the
product Ps-Bss-D37; in fact, the final measured polymer structure was P11-Bgo-Dea.
This difference is due to deactivation of the initiator, normally caused by ingress of
trace amounts of water and acidic impurities. ® In total, 38 ABC terpolymers of
general structure Pyx-B,-D, with different block lengths x, y and z were synthesised
and characterised. Table 2.3 summarises the amount of chemicals used for
terpolymer synthesis and the corresponding released exothermic temperatures for
addition of each block (the first, second and third ATs are corresponding to PEGMA,
BuMA and DMAEMA block respectively).
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Table 2.3. Amounts of chemicals used for synthesis of PEGMA-b-BuMA-b-

DMAEMA terpolymers and the released exothermic temperature during the

polymerisation of each block (the first, second and third ATs are corresponding to

PEGMA, BuMA and DMAEMA block respectively).

No Theoretical | THF | MTS | PEGMA | BUMA | DMAEMA AT13
“| Structure | (mL) | (mL) | (mL) (mL) (mL) (°C)
1 Pg-Bo-Do4 85 05 12.7 7.8 10.0 5.7,5.4,8.2
2 Pg-By7-Doy 93 05 12.7 10.5 10.0 7.1,8.0,8.2
3 Pg-B3s-Dyy | 102 05 12.7 13.2 10.0 3.8,78,75
4 | P15-By7-Dyo | 98 05 211 10.5 8.3 5.8,64,44
5 | Py-By7-D1s | 99 05 28.1 10.5 6.2 6.6, 1.8, 2.3
6 Ps-B27-D3o 96 0.5 7.03 10.5 12.4 3.9,8.6,10.4
7 | P13-By7-D3g | 123 0.5 19.0 10.5 14.9 3.2,4.2,82
8 Ps-B27-D12 64 05 7.0 10.5 5.0 4.2,11.3,6.5
9 | P1g-Bss-D1s | 110 05 25.0 13.6 5.6 6.4,5.4,2.1
10 | P17-Bss-Dys | 111 05 23.3 13.6 6.6 51,37,19
11 | Py5-B3s-Dyg | 112 0.5 21.0 13.6 7.9 5.2,5.1,3.0
12 | P1p-Bss-Dys | 113 0.5 175 13.6 9.8 3.9,6.8,5.3
13 | P1p-Bss-Dog | 115 05 14.4 13.6 11.6 4.1,82,6.5
14 | Pg-Bss-D3g | 115 05 13.1 13.6 12.3 3.1,81,7.2
15 | Ps-Bss-D3g | 117 05 10.0 13.6 14.1 3.5,10.4,11.0
16 | P¢-Bss-D3g | 117 0.5 8.1 13.6 15.1 2.8, 8.1, 8.8
17 | P4-Bss-Dgyo | 118 0.5 5.8 13.6 16.4 2.4,105,11.2
18 | P»-Bss-Dyz | 120 05 3.2 13.6 17.9 1.1,8.7,10.3
19 | P1-Bss-Dgs | 120 05 1.7 13.6 18.8 0.6, 8.5,10.8
20 P,-Bg-Dg 31 05 1.7 3.5 2.6 2.0,10.0,9.0
21 | P4-Bis-D1s 50 0.5 2.8 5.9 4.4 15,11.2,8.6
22 | Pg-By1-Dis 70 0.5 3.9 8.3 6.1 2.0,9.3,6.5
23 | P7-By7-Dyg 90 05 5.0 10.6 7.9 2.1,9.0,6.0
24 | Pg-Bs3-Dy3 | 109 05 6.2 13.0 9.7 0.9,89,6.3
25 | P1o-B3g-Dyg | 130 05 7.3 15.4 11.4 2.1,10.4,7.8
26 | P1p-Bys-D3p | 148 0.5 8.4 17.7 13.2 1.6,9.0,6.3
27 | Py-Bys-Dis 39 0.4 2.6 4.4 4.9 2.0,9.6,9.9
28 | Ps5-Bag-Dyg 76 0.4 51 8.8 9.7 3.4,11.4,12.4
29 | P7-Bgp-Dyg | 113 0.4 1.7 13.4 14.6 3.6,8.3,9.6
30 | Pg-Bsg-Ds; | 132 0.4 9.0 15.3 17.0 5.1,11.9,95
31 | Pg-Bsg-Dsg | 150 0.4 10.3 175 19.5 2.6,9.6,9.4
32 | P;1-B7o-D73 | 188 0.4 12.9 22.0 24.3 1.1,4.8,6.7
33 | P1p-Bsg-D3s | 126 0.4 13.2 17.4 11.6 3.8,105,6.8
34 | P11-Bsg-D3g | 127 0.4 12.7 18.3 11.3 3.9,114,7.6
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No Theoretical | THF | MTS | PEGMA | BUMA | DMAEMA AT13

| Structure | (mL) | (mL) | (mL) (mL) (mL) (°C)
35 | P11-Bg1-D33 | 127 0.4 12.2 18.9 10.8 4.1,11.9,5.9
36 | P1o-Bes-D32 | 127 0.4 11.8 19.6 10.4 3.9,11.3,6.3
37 | Pg-Bss-Djg | 112 0.4 104 17.3 9.2 35,135, 7.1
38 | P12-B74-D37 | 150 0.4 13.8 23.1 12.3 3.2,9.6,4.4

2.3 Preparation procedures

In this section, the procedures employed for the preparation of polymer self-
assembly in aqueous solution, ATPS, w/w emulsions and encapsulation of

fluorescent probes within the prepared polymersomes are described.
2.3.1 Preparation of polymer self-assembly
2.3.1.1 Bulk rehydration method

Polymer self-assemblies were prepared for a selection of synthesised
terpolymers using bulk rehydration method. Terpolymer solution was prepared by
dissolving 50 mg of terpolymer in 5 g of deionised water to give 1 wt.% polymer
solution. The pH of this solution was first adjusted at 2 via addition of HCI (2 M)
followed by gradual increasing of pH via addition of dilute NaOH solution (0.02 M),

while the size of formed aggregation were checked frequently using DLS technique.
2.3.1.2 Film rehydration method

Polymer self-assemblies were prepared using film rehydration method for a
selection of synthesised terpolymers. First a thin film of terpolymer was prepared on
glass surface of 50 mL round bottom flask by dissolving 50 mg of terpolymer in 2
mL of THF followed by evaporation of the solvent using a rotary evaporator at room
temperature at 300 rpm for duration of 5 minutes. Afterwards, deionised water (5
mL) was gradually added to the flask containing the polymer thin film and
subsequently the flask was hand-shaked for 30 minutes. The samples were left for 1
hour to rest and then were characterised in terms other their size using DLS at 25, 37
and 50 °C.
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2.3.2 Preparation of ATPS

ATPSs consisting of dextran and PEG with a range of volume fractions of
dextran rich and PEG rich phases were prepared based on the phase diagram
Albertsson ** provided in his book (see Figure 2.2). Tie line ‘F’ and ‘G’ which are
far from the critical point were chosen for the preparation of dextran-PEG ATPSs
with different volume fractions. ATPS were prepared by dissolving the required
amount of PEG and dextran in adequate deionised water to give 5 g of ATPS in total.
Table 2.4 and 2.5 illustrates the used amounts of dextran, PEG and water in wt.% for
the preparation of ATPS and their corresponding obtained volume fractions on tie
line ‘F” and ‘G’. The volume fractions of dextran rich and PEG rich phases were
calculated after a complete phase separation by dividing the height of each phase to
the total height of the ATPS in sample vial.

Figure 2.2. Phase diagram of the Dextran (M,, = 500 kDa) and PEG (M,, = 6 kDa
system at 20°C. The solid line shows the binodal and the dashed lines in the two-
phase region show tie-lines terminating in the unfilled circles. The filled circle
indicates the plait point. The unfilled triangle and square symbols indicate different

ATPS compositions used for emulsion preparation on tie line F and G respectively.

PEG / wt%

dextran / wt%
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Table 2.4. Composition of prepared dextran-PEG ATPSs and their corresponding

volume fractions after a full phase separation over tie line ‘F’.

Tieline F
Point | Dextran wt.% PEG wt.% Water wt.% | ®gextran drec
1 1.72 9.12 89.16 0.16 0.84
2 3.30 8.33 88.37 0.21 0.79
3 4.28 8.00 87.72 0.23 0.77
4 5.84 7.13 87.03 0.30 0.70
5 9.24 4.96 85.80 0.50 0.50
6 10.71 4.71 84.58 0.55 0.45
7 11.25 4.46 84.29 0.56 0.44
8 11.86 4.13 84.01 0.62 0.38
9 13.09 4.00 82.91 0.63 0.37
10 13.54 3.26 83.20 0.74 0.26
11 16.55 1.86 81.59 0.86 0.14

Table 2.5. Composition of prepared dextran-PEG ATPSs and their corresponding

volume fractions after a full phase separation over tie line ‘G’.

Tieline G
Point | Dextran wt.% PEG wt.% Water wt.% | ®gextran drec
1 3.03 10.46 86.51 0.15 0.85
2 6.38 8.80 84.82 0.31 0.69
3 10.02 7.06 82.92 0.45 0.55
4 12.70 5.53 81.77 0.55 0.45
5 15.61 4.13 80.26 0.68 0.32
6 16.30 3.60 80.10 0.70 0.30
7 17.23 3.26 79.51 0.75 0.25
8 17.92 2.80 79.28 0.77 0.23
9 18.54 2.40 79.06 0.79 0.21
10 21.05 1.20 76.75 0.84 0.06

2.3.3 Preparation of w/w emulsion

In this study hydrophobised silica nanoparticles, PEGylated silica
nanoparticles, ABA Pluronics® and ABC terpolymers were used as stabiliser for
stabilisation of ATPS based w/w emulsions. The procedure of emulsion preparation
was quite similar in terms of used stabiliser with slight differences in preparation

procedures which are described here.
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In the case of using either hydrophobised or PEGylated silica nanoparticles 1, 2, 3
and 4 wt.% of nanoparticles, 9.24 wt.% dextran and 4.96 wt.% PEG was added to
adequate amount of deionised water to give 5 g of emulsion in total (The amount of
used deionised water was decreased according to increase in concentration of
stabiliser in the system). The prepared mixture was then stirred using a magnetic
stirrer bar for a few hours to ensure full dissolution of dextran and PEG in water.
Afterwards, the prepared mixture was homogenised using an Ultra-Turrax T25 basic
IKA Laborteknik homogeniser with an 8 mm dispersing head at 11000 rpm for
duration of two minutes. Emulsions were prepared in screw-capped (caps fitted with
foil liners) glass sample tubes of inner diameter 19 mm and length 71 mm and were

kept at room temperature.

In the case of using Pluronics®1-10 wt.% of stabiliser was added to the
system and the same procedure was repeated for the emulsion preparation while the

amount of added milliQ water was deducted accordingly.

In the case of using ABC terpolymers, 1 wt.% of stabiliser was used in all
cases, unless stated otherwise. Also, the pH of the mixture was adjusted to the
desired pH (4, 5, 6 or 7) prior to emulsification using 2 M HCI in order to ensure full
dissolution of ABC terpolymers in the system. Using a magnetic stirrer bar
(dimensions 11 x 4 mm), the mixtures were then emulsified by stirring at 500 rpm

for either 2 hours or 30 minutes using an IKA stirrer hotplate.
2.3.4 Encapsulation of fluorescent probes

Fluorescent probes namely, fluorescein, FITC-dextran and rhodamine 6G
were used as encapsulant for study of permeation rate of the adsorbed ABC
terpolymers film around the emulsion dispersed phase. Fluorescent probes (0.04
mg/mL of fluorescein and rhodamine 6G, 0.2 mg/mL FITC-dextran with different
partitioning ability between dextran and PEG rich phases were added to the w/w

emulsion either prior or after addition of stabiliser.
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2.4 Characterisation methods
2.4.1 Gel permeation chromatography

Gel permeation chromatography (GPC), also called size exclusion
chromatography (SEC), is a technique to analyse polymers in terms of their
molecular weight and molecular size distributions (polydispersity). In fact, GPC is
an effective method used for separation of macromolecules based on their
hydrodynamic volumes (volume of molecule when it is hydrated). In this technique
at first a small fraction (100 L) of diluted polymer solution (100 mg/mL) is injected
into the sample inlet and subsequently it flows through a column by a solvent stream.
The column is packed with beads of a porous gel, normally cross-linked polystyrene
or silica based gels, in which the porosity of gels is a determinant factor for the
separation of molecules. The stream of solvent carries the polymer with them
through the porous gels. Partitioning of polymer chains between the mobile phase
(eluent) and stationary phase (gel beads), results in retention of polymer inside the
column. The smaller the size of polymers, the more they diffuse between and within
the pores of the gel beads and therefore, they go through a longer pathway through
the column. Conversely, the larger molecules are not able to go within the pores due
to their large hydrodynamic volume and so they pass through the column without
entering into the pores. Therefore, they have a short pathway and they exclude from
column earlier compared to smaller molecules. In the other words, polymer
molecules elute from the chromatography column in order of decreasing their
hydrodynamic volumes (or molecular size in solution). The time that it takes for a
molecule to exclude from the column is called retention or elution time. The bigger
the size of the molecule, the shorter is the retention time and vice versa. Using a
detector which is normally sensitive to change in refractive index (RI) and/or
viscosity, ultraviolet (UV) absorption and/or infrared (IR) absorption, the
concentration of polymers is monitored in the excluded eluent, which is a qualitative

indication of the molecular weight distribution of polymers (see Figure 2.3). 2

GPC itself does not give an absolute molecular weight. However, retention
volume or retention time of the unknown polymer can be converted to the
quantitative values of molecular weight using two main approaches, namely, peak-

position approach and universal calibration approach. In peak-position approach,
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polymer samples with narrow PDI and known molecular weight are used to calibrate
the column and their retention volumes or times are determined. Then a plot of log
(MW) versus retention time is used to determine the molecular weight and molecular
weight distribution of unknown polymer. However, this method is subjected to error
as the used polymer samples for the calibration are usually PS or/and PMM, which
usually differ from the unknown polymers in structure and conformation. The second
approach, universal calibration, is based on using polymer hydrodynamic volume
which is independent of the polymer structure and proportional to ([n]*M), where
[n] and M are intrinsic viscosity and molecular weight respectively. In this technique
a viscometer detector is utilised to measure the intrinsic viscosity directly.
Afterwards, a calibration curve of log ([n]*M) is plotted versus retention time or
volume, using polymer samples with narrow PDI and known molecular weight.
Then, the retention time or retention volume of unknown sample is compared with
the prepared universal calibration plot to give the precise molecular weight, as the
intrinsic viscosity is known from the viscometer detector. This method can be used
for evaluation of any other polymer regardless of their structure and conformation in

solution. 3

Figure 2.3. Schematic representation of GPC instrumentation. **
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Chromatograms corresponding to block copolymers and their precursor are
an indication of their successful synthesis. As each block of copolymer is added the
total molecular weight of copolymer increases, therefore, it is eluted and detected
earlier than its precursor. For example, for an ABC terpolymer three peaks are
distinguishable on GPC chromatograms which are corresponding to A, AB and ABC
respectively. Figure 2.4 shows typical GPC chromatograms for a terpolymer and its

bi- and homopolymer precursors.

The number average molecular weight (M,) and polydispersity indices of all
the PEGMA homopolymers, the intermediate PEGMA-b-BuMA biopolymers and
the final PEGMA-b-BuMA-b-DMAEMA terpolymers were determined by GPC
using a single PL Mixed ‘E’ Polymer Laboratories column. THF containing 5 vol.%
triethylamine was the mobile phase and was pumped with a flow rate of 1 mL/min
using a Viscotek vt7510 pump. A Viscotek 3580 differential refractometer was used
to measure the refractive index signal. The calibration curve was based on nine
narrow MW linear poly(methyl methacrylate)s (PMMASs) with MWs of 690,
5720,1020, 1200, 1960, 4000, 8000, 13300 and 20010 g/mol.

Figure 2.4. Typical GPC chromatogram corresponding to an ABC terpolymer and

its precursor AB bipolymer and A homopolymer.
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2.4.2 NMR spectroscopy

Polymer characterisation by NMR (Nuclear Magnetic Resonance
spectroscopy) provides detailed information of polymers. These information includes
monomer type, polymer type (block or statistical), polymer structure, polymer block
ratios, polymer molecular weight, degree of polymerisation of each block, polymer

tacticity, polymer chain branching and polymer end groups.

Basic principle of NMR is based on the absorption and re-emission of
electromagnetic radiation when magnetic nuclei with a spin are placed in a magnetic
field. Generally, nuclei with a non-zero spin quantum number (I > 0) have an
intrinsic magnetic moment. The most studied nuclei are *H and *3C; in addition,
other nuclei such as °N, *!P, etc. can be studied by NMR spectroscopy. When a
sample is placed in a magnetic field, the nuclei of the atoms possessing magnetic
momentum align with the magnetic field. Then by applying pulses of energy in the
radio frequency range perpendicular to the magnetic field, nuclei begin to spin
around the axis of the magnetic field (perpendicular to magnetic field). Those
frequencies that match the energy level difference in the nuclei are absorbed and the
other frequencies are not. This spinning is for a short time and the nuclei start
moving towards being parallel to the magnetic field again. As the nuclei relax they
emit a characteristic frequency which provides a signal and it is detectable. This
signal is dependent on the nuclei type, the electron environment and magnetic field
strength. Therefore, not only the identification of elements in a sample is possible,
but also the type of molecule and molecule structure can be determined. Also, it is
possible to quantitatively determine how much of an element or molecule is present

in the sample by strength of the NMR signals in a NMR spectrum.

'H NMR characterisation of synthesised terpolymers and their precursors was
carried out on a JEOL (400 MHz) spectrometer in CDCl; at room temperature at
concentration of about 200 mg/mL. The relative areas of the peaks were determined
by electronic integration of the relative peak areas on the NMR spectrum.
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2.4.3 Dynamic light scattering

Dynamic light scattering (DLS) technique also known as Photon Correlation
Spectroscopy (PCS) has been widely used for characterisation of polymer solutions.
In this technique, particles in a solution are illuminated by a laser beam and the
intensity fluctuations in scattered light are measured. The size of the particles can be

determined by analysing the measured scattering intensity fluctuation.

In this study DLS was mainly used to determine the size of PEGylated silica
nanoparticles, hydrodynamic diameter of terpolymers and the size of their
aggregation in solution. A Malvern ZetaSizer Nano ZS equipped with a 4mW He-Ne
laser, operating at wavelength of 673 nm was used for the DLS measurements at
angle of 175°. Samples were run for two minutes in disposable polystyrene cuvettes
and each measurement repeated for at least three times, then the obtained data was

averaged.

For size measurements of PEGylated silica nanoparticles, a dispersion of
particles in deionised water (1 wt.%) was prepared via homogenisation for 2 minutes
using an Ultra Turrax T25 basic IKA Laborteknik homogeniser with 8 mm
dispersing head at 11000 rpm. To determine the hydrodynamic diameter of
terpolymers and the size of their micelles in aqueous solution, a series of terpolymer
solutions with a range of concentrations (bellow and above CMC) and the pH
adjusted to 7 were prepared by diluting up the prepared 1 wt.% terpolymers stock
solutions. Prior to DLS measurement, polymer solution samples were filtered
through 0.45 pL PTFE syringe filters and were left at rest for 30 minutes.

The ABC terpolymers hydrodynamic diameters and their micelle size in

aqueous solution were also calculated theoretically using random coil configuration

model ** and spherical micelle based on ABC terpolymers model ** which are
summarised in equation 2.1 and 2.2 respectively as bellow:
DP.; "
dunimer=2><(2><2.20><T)2 x0.154 Eq. 2.1

Omicelle = (DPhydrophobe x 0.254) +2x (DPIonger hydrophile X 0.254) Eq 2.2 10
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Where, DP is the degree of polymerisation, 0.154 value is the length of
carbon-carbon bond along the polymer backbone and 0.254 value is the projected
length of each monomer along the polymer chain. Degree of polymerisation of each
block was determined based on the GPC and *H NMR experimental data.

2.4.4 FT-IR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique which is used
to identify molecules based on their constituent bonds. Molecules absorb specific
frequencies that are characteristic of their structure. In this technique an infrared
radiation (4000 to 400 cm™) is emitted to the sample and some specific wavelengths
of the radiation which have the same frequency as the vibrational frequency of the
bonds are selectively absorbed by the sample. This causes a change in dipole
moment of sample molecules. Consequently, the vibrational energy levels of sample
molecules transfer from ground state to excited state. Analysis of the transmitted
radiation using a Fourier Transform instrument reveals the extent of absorbed energy
at each frequency or wavelength. The frequency, number of absorption peaks and
intensity of absorption is corresponding to vibrational energy gap, number of
vibrational freedom of the molecule and the change of the dipole moment of the
molecule respectively. Therefore, useful structural information can be obtained by
analysing the infrared spectrum.

The PEG content of PEGylated silica nanoparticles was determined using a
Perkin Elmer spectrum RX1 FT-IR spectrometer. A calibration curve was obtained
by plotting the absorption peak area characteristic to PEG at 2888 cm™ versus
concentration of PEGylated silica nanoparticles present in prepared KBr disks. For
preparation of KBr disks, the amount of KBr was kept constant whilst the amount of
PEG polymer was systematically varied. In each case 120 mg of KBr was thoroughly

ground with 1, 2, 4 and 6 mg of the PEGylated silica sample.
2.4.5 Fluorescence spectroscopy

Fluorescence spectroscopy is a technique which is used to analyse
fluorescence emission of a fluorescent sample. Generally, molecules are in their
lowest vibrational level of the ground electronic state at room temperature. When a
beam of light is emitted to fluorescent molecules, they absorb light at a particular
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wavelength and elevate to excited states. After a brief interval of time, they lose their
excess energy by returning to any of the vibrational levels of the ground state and
subsequently emit light of longer wavelength in the form of fluorescence emission
(see Figure 2.5).

Figure 2.5. Transitions giving rise to absorption and fluorescence emission spectra.
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Fluorescence emission spectrum can be obtained by plotting the fluorescence
emission intensity at any given excitation wavelength, while the intensity of

excitation light is constant.

In this work a Perkin EImerLS55 fluorescence spectrometer equipped with a
thermostated cell holder was used to measure the emission intensity of the pyrene (a
fluorescent probe) dissolved in amphiphilic terpolymer solution as a function of
polymer concentration, in order to find the CMC of terpolymers. The fluorescence
emission spectra of the pyrene were recorded from 350 to 470 nm after excitation at
300 nm. The slit width was set at 5 nm for both excitation and emission. Pyrene
fluorescence spectrum illustrates two relatively strong intensity peaks at Amax=373
and 383 nm, known as I; and I3 respectively. The intensity of I; or I3 is strongly
dependent on the polarity of the environment and hence can be used to determine the
CMC of the amphiphilic species in aqueous solution as explained in section 1.4.2. A

series of solutions with a range of terpolymer concentration (0.001- 1 wt.%) and a
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fixed concentration of pyrene (1 uM) were prepared. The fluorescent emission of
pyrene was measured in a quartz cell while the reference solution was terpolymer
solution at the same concentration. The emission intensity of peak I3 was plotted as a
function of terpolymer concentration and the CMC value was taken from the

intersection of the best fit lines.
2.4.6 Microscopy

In this work optical transmission microscopy, fluorescence microscopy,
transmission electron microscopy and scanning electron microscopy were employed
as characterisation tools to study the samples. The characteristics of these different
techniques are described individually in the following sections.

2.4.6.1 Optical transmission microscopy

In optical transmission microscopy, visible light is transmitted through the
sample (illuminated from bellow and observed from above) and subsequently it
passes through several lenses in order to provide a magnified view of the sample. In
this work an Olympus BX51optical microscope equipped with a 12-bit Olympus
camera (model DP70) was used with a series of objectives of 4x, 10x, 20x, 50x and
100x magnification. Microscopy samples were prepared by placing one drop of
sample on a microscope slide, covered by a coverslip. In some cases, the sample was
held within an aluminium foil gasket of 11 um thickness which separated the
microscope slide and cover slip. Image Pro Plus software was used to measure the
size distribution of the dispersed particles or droplets from each micrograph. More
than 100 particles or droplets were manually selected and data were exported to
Microsoft Excel for data analysis. Scale bars for the micrographs were determined
using a Pyser-SGI S78 graticule and added to the digital micrographs using the
image editing functions in Microsoft PowerPoint.

2.4.6.2 Fluorescence microscopy

In fluorescence microscopy, sample containing fluorescing species is
illuminated with specific wavelength light which is absorbed and results in excitation
of fluorescent species. Subsequently, the excited species emit lower energy light of

longer wavelength which is then separated and filtered through a dichromic mirror
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and spectral emission filter. Desired wavelength transmits through the filter towards

the detector which is then collected by the eyepiece for observation.

In this work the same microscope set, used for transmission microscopy, was
fitted with a series of fluorescent filter sets corresponding to the adsorption and
emission wavelength of some specific fluorescent dyes, where required. The
characteristics of the used filter sets in this study are summarised in Table 2.6.

Sample preparation was similar to that of the transmission microscopy.

Table 2.6. Characteristics of the used fluorescent filter sets.

Commercial Description Aexcit.(NM) | Aemit(NmM) | Used dye
name
U-MWIBA2 Wide-band with band- 460-490 510 IF FITC
pass barrier filter Fluorescein
U-MWIG2 Wide-band with 520-550 580 IF Rhodamine
interface barrier filter

Using the Line Profile command in Image Pro Plus software, the colour
intensity corresponding to FITC or Fluorescein (green regions) and rhodamine (red
regions) were converted to numerical values for determination of permeation rate of

fluorescent probes in the encapsulation studies.
2.4.6.3 Scanning electron microscopy

Scanning electron microscopy (SEM) utilises an electron beam emitted from
an electron gun instead of a light beam. The electron beam follows a vertical path
through electromagnetic fields and lenses which finally focus the electron beam on
the sample. Once the electron beam hit the sample, due to the interaction of electron
beam with atoms at the surface of the sample, a variety of signals is produced,
namely, X-ray, backscattered electrons and secondary electrons which are collected
by two detectors and converted to the final image. SEM benefits from a large depth
of field due to the narrow nature of the electron beam which yields a characteristic
3D high resolution image of the surface structure.

In this study a Zeiss EVO60 SEM fitted with a LaB6 emitter, with an
accelerating voltage of 20 kV and a probe current of 70 pA was used. Wet samples

were placed on circle microscope cover slip and dried at room temperature. The
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dried samples on glass surface were attached to an aluminium sample mount using
carbon impregnated sticky disk. Any excess or loose material was removed by
compressed air. The prepared mounts were then coated with either carbon or Au-Pd
film of approximately a few nanometres (2-10 nm) thickness using a Polaron
SC7640 sputter coater.

2.4.6.4 Transmission electron microscopy

Transmission electron microscopy (TEM) uses high energy electrons with an
accelerating voltage up to 300 kV. The electron beam is accelerated to near the speed
of light with wavelength about a million times shorter than light waves. Passing an
electron beam through a thin-section specimen, results in scattered electrons. Using a
sophisticated system consisting of electromagnetic lenses, the scattered electrons are

focused into an image which provides a highly magnified view of the sample.

In this work, the TEM Images were obtained using a Gatan Ultrascan 4000
digital camera attached to a Jeol 2010 TEM running at 120kV. The sample was
prepared as following; a glow-discharged carbon-coated copper grid was floated
onto a drop of sample on parafilm for two minutes. Excess sample was wicked from
the grid using filter paper and the grid was rinsed by transferring it to a drop of pure
water for a few seconds. The grid was wicked again with filter paper and then
transferred to a drop of 1 wt.% aqueous uranyl acetate for 1 minute as a negative

stain. Excess stain was removed with filter paper and the grid allowed to air dry.
2.4.7 Aqueous solution characterisation

Agqueous solutions of the synthesised terpolymers were characterised in terms

of their effective pK, and cloud points, which are described in the next sections.
2.4.7.1 Determination of pK,

Polymers containing ionisable pendant groups in their monomer units can be
ionised in acidic, neutral or basic environment depending on their pK, value. In
definition, pKj, is the negative logarithm value of the acid dissociation constant (Kj)
of an acid. Acid dissociation constant and pK, value for an acid HA can be defined

in equations as bellow:
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pKa=-log1o Ka Eg. 2.3

The pK, value is in fact a numeric value for the strength of an acid. The
stronger the acid the lower is the value of pK,. When the pH of a solution is equal to
the pK, value, the acid is half dissociated. Once the pH of the solution is either less
or more than the pK, value, the acid is in its protonated and deprotonated state

respectively.

In order to find the pK, value of the synthesised terpolymers, 1 wt.% aqueous
solutions of them were titrated between pH= 2 and 12 using a standard NaOH 0.2 M
solution under continuous stirring. The pH was measured using a Fisher brand
Hydrus 400 pH meter. The pK,s were calculated as the pH at 50% ionization by

plotting the pH values versus the volume of added NaOH solution.
2.4.7.2 Cloud point

Cloud point is a temperature at which a polymer is no longer soluble and
begins to phase separate due to the reverse solubility versus temperature in agueous

solutions.

An IKA stirrer hotplate, VWR VT-5 temperature controller and oil bath were
used for the cloud point measurements. Polymer solutions (1 wt.%) were made in
glass vials, suspended in a temperature controlled oil bath and stirred with small
magnetic bars. The solutions were heated at a rate of 1°C/min over a range of 20-90

°C and observed for a visual indication of cloud point.
2.4.8 Stability measurement of w/w emulsion

The stabilities of the emulsions, incubated within the screw capped glass
vessels used for their preparation, were assessed by recording the volume fractions
of resolved PEG (¢, upper less dense region) and dextran (¢4, lower denser region)
phases and unresolved emulsion (¢., middle region) as a function of time. The
volume fraction of PEG and dextran regions was determined by dividing the height
of that region (hy, or hg) to half of the total height (h) of the mixture in the glass
vessels where the 0.5:0.5 volume fractions of dextran and PEG was used for the
preparation of the emulsion. When initial volume fractions of dextran and PEG were

varied in the system for preparation of emulsion, the volume fraction of each phase
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after phase separation was calculated accordingly. The volume fraction of emulsion
region was obtained by dividing the height of the emulsion region (he) to the total
height (h) of the mixture. Time was recorded in hour unit and to, ty, and ts can be
defined as the start time (upon stopping emulsification), half-life time and full
separation time (when complete phase separation occurred) respectively (see Figure
2.6).

Figure 2.6. Determination of volume fraction of dextran, emulsion and PEG region

resolved or remained from the emulsion over time.

time
to tin t >
¢g = hy/(h/2)
h PEG
P h, I PEG
h emulsion h emulsion ¢. = he/h
h dextran

hy dextran ¢ I o, = hy/(h/2)
at t, o.=1 and 6a=0¢,=0
at  typ d.=1/2 and 0<dg,0,<1
at g $.=0 and bg=0p=1
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CHAPTER 3

DESIGN, SYNTHESIS AND CHARACTERISATION OF
TERPOLYMERS
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3.1 Introduction

Developments in synthesis techniques of block copolymers as well as the
endless combinations of polymers physical and chemical properties have made them
valuable material with potential applications in different areas. In particular, because
of block copolymer segmental incompatibility, they show fascinating behaviour in
both bulk and solution. In this work a series of amphiphilic terpolymers with
potential application in formation of polymersomes and stabilisation of w/w
emulsions were designed, synthesised and characterised. In this chapter the design
and characterisation of these amphiphilic terpolymers are described and discussed in

details.
3.2 Terpolymers design and synthesis

A series of amphiphilic ABC terpolymers consisting of 38 terpolymers with
varied compositions, block ratios and molecular weights were designed in order to
form polymersomes either in aqueous solutions or by templating w/w emulsions
based on dextran-PEG ATPS. As it was mentioned before, the main aim of this
project was to prepare polymersomes based on w/w emulsions, therefore, in first
place the emphasis on the design of terpolymers was on their ability to stabilise w/w
emulsions at which the stability arises from polymersomes formation around the
dispersed phase. The second aim was to also examine some of the synthesised
terpolymers in terms of their ability to form polymersomes in aqueous solution.

The ABC terpolymers consisted of a hydrophilic non-ionic monomer
PEGMA, a non-ionic hydrophobic monomer BUMA and a hydrophilic ionisable and
thermo-responsive  monomer DMAEMA. The hydrophobic monomer, BuMA
consists the B block, which is in the middle of the terpolymer where the two
hydrophilic monomers PEGMA and DMAEMA form the A and C blocks,
respectively. The reason behind choosing these monomers and ABC type terpolymer
was firstly the possibility of contribution of the amine functional groups of
DMAEMA block in formation of hydrogen bond with the dextran hydroxyl groups.
Consequently, it was assumed that the DMAEMA block has tendency to remain in
dextran rich phase. Secondly, it was presumed the PEGMA block with a comb like
structure consisting of a polymethacrylate back bone and PEG brushes has an

affinity with the PEG rich phase, since they both have same chemical structure. As a
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result this type of amphiphilic terpolymers is expected to have the ability to stabilise
a w/w emulsion consisting of dextran and PEG rich phases. In addition, the presence
of BUMA block in the structure of this terpolymer enhances the possibility of
polymersomes formation in such system. For a better understanding, the chemical
structures of PEGMA-b-BuMA-b-DMAEMA, terpolymer, dextran and PEG are

shown in Figure 3.1.

Figure 3.1. The chemical structures of the PEGMA-b-BuMA-b-DMAEMA

terpolymer, dextran and PEG.
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At the beginning of this project, because of unfamiliar behaviour of
terpolymers in emulsified dextran-PEG ATPS and also the unknown requirements of
terpolymers in terms of their molecular weight, composition, A/C block ratio,
hydrophobic content, etc. for being adsorbed at the dextran-PEG interface, the design
of terpolymers was quite challenging. Therefore, initially, it was decided to
systematically vary three main factors in the composition of ABC terpolymers. The

first three factors varied are as following:

1. Length of B was varied at a constant A/C block ratio.
2. The A/C blocks ratio was varied at a constant B block length.
3. The lengths of A and C block was varied at a constant A/C ratios and

constant B block.
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Then based on the obtained results, the compositional requirements of ABC
terpolymers which are necessary for stabilisation of w/w emulsions, or in the other
words, for formation of polymersomes based on w/w emulsions, were recognised
and further optimised by varying other factors. When the best composition was
recognised, the molecular weight of terpolymers was varied at a constant
composition in order to improve the stability of the system. In total for this work 38
ABC terpolymers all having the general structure PEGMA,-b-BuMAy-b-DMAEMA,
were synthesised and studied in terms of their ability to stabilise w/w emulsions
based on dextran-PEG ATPS and to form templated polymersomes. For convenience
from this point onwards these terpolymers will be referred to as Px-By-D, throughout
this thesis, where P, B and D stand for PEGMA, BuMA and DMAEMA blocks
respectively with their corresponding degree of polymerisations assigned with X, y

and z.

All the terpolymers were synthesised using the GTP technique. Specifically,
a mono-functional initiator was used for initiation of polymerisation followed by the
sequential addition and polymerisation of the three monomers: PEGMA, BUMA and
DMAEMA. The composition of terpolymers was varied by changing the amount of
the monomer additions. Table 3.1 illustrates the design and schematic structure of
terpolymers synthesised in this study. The PEGMA, BUMA and DMAEMA units are
shown in light blue, red and dark blue, respectively.

Table 3.1. Classification of synthesised terpolymers based on the varied factors in

their composition.

Polymer
Polymer Schematic Structure Structure | Varied Factors
Px-By-D;
SISV NSNS NI P7-Bag-Das varying A at
R W Y WV W VLY P13-Bsy-D3s | constant B and
A W W W AW AW AW WAV AW VAN VAV AV AN P41- Bse-D32 C
N Y VA VY P13-Bsz-Dss
VAV VN WV PV W VWV P13-Bes-Das varying B at
Y N VN VNV V.V P13-Be7-D3s | constant A and
R W NV VW VP VN P13-B76-Dao C
R VN P14-Bg1-Das
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Polymer

Polymer Schematic Structure Structure | Varied Factors
P,-By-D,
ST VINT NN\ P13-Be7-D3s varying C at
N N VA YV VN P13-B76-D4o | constant A and
N N N N N N B S = T h D B
N Y e VY WV VN P13-B76-Dao varying A/B at
constant C
Y AV VN P41-Bss-D32 and similar DP
) Py7-Bss-D14 Varying A/C at
NSNS P7-Bs;-Dso constant B
SIS and similar DP
P12-Bgo-Dg2 | Vvarying B/C at
R N Y VW VW VW P1s-Bay-Das constant A
P16-B32-D3g Varying A/B at
I, P;-Bs1-Dag constant C
AT and similar MW
P23-Bso-D33 | varying A/C at
IS Ps-Bas-Dss constant B
SHVARAAAAAANS WA and similar MW
Pg-Bys-Ds3 | varying B/C at
SN NSNS NSNS P;-Bs1-Dag constant A
NSNS NINT NN and similar MW
BEVAINASNNN Ps-B3s-D2, | varying Aand C
AN P10-Bs3-D,7 | at constant A/C
AV, P16-B32-D39 ratio and
NN NSNS NN P22-B44-Deo constant B
VLS P2-B13-Dao
W W L WL P3'821'D15
2 NN, P4-B26-D1g varying MW
B S W o oY P5-B34-Dos at constant
AN Pe-Ba1-Dog composition
SIS NSNS NI NN P7-Bag-Das
AL VINI NS NI NN, P7-Bs1-D3g
WJ;W\ P4-B1g-D17
Ps-B3s-D32
R W W AT AW W WL W A W AW A WA WA Pg'B47'D47 Varying MW
R W W W AT AW LW W W WA WA W W W W v P]_]_'BGO'D64 at constant
NI P1>-Beo-Ds2 |  COmposition
N N W N Y N AT A YAV LW W W VAW WA v VAV
o P14-B70-D73
CEAW AW AW AW AW W AW W AW AV AW AW AV AV AV AT AV AV AV o ¥ o v P15-Bgo-D85
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Polymer

Polymer Schematic Structure Structure | Varied Factors
P.-B,-D,
R W AV P14-B2g-D17
RV WV AV V.V Pe-Bag-Dio random
COININIINANSS Pe-Baz-Dag compositions at
NIV NS P4-B3o-Das
constant MWs
Y VvV Vv v P13-Bss-Da2g
AV VAV W AV AV W VN P7-Ba3-Das
A A AT P2g-Bag-D2s
TSNS NSNS P11-Bsg-D3g random
L AN A A A P19-B4g-Dss | compositions at
NSNS IS NI P1g-Bes-Dag | random MWs
LT AW N W W N AW W AW AW VAV LY o A A A AN P4-Bes-Dss

3.3 Determination of terpolymers composition and molecular weight

The number average and weight average molecular weight (M, and M,,) of
all synthesised terpolymers as well as their molecular weight distributions were
determined using GPC. The GPC chromatograms confirmed a successful sequential
polymerisation. In particular, with the addition of the second and third monomer the
peak shifts to the left, at higher M,s and without the presence of any other peaks that
could indicate partial deactivation of polymer chains, unsuccessful addition of the
second or the third monomer and/or unreacted monomer. Figure 3.2 shows a typical
GPC chromatogram of synthesised terpolymers corresponding to P3: P1g-Bgg-Dsg and
its diblock and homopolymer precursors. If there were any other peaks from partial
deactivation, they were less than 5%. The actual M,s obtained from GPC was quite
close to that of the theoretical ones, although in some cases due to the partial
deactivation of initiator, the obtained M,s were higher which is quite common in
GTP as it is a highly sensitive polymerisation technique. Also, the initial deactivation
of initiator has been reported to be due the slight impurity of big monomers, like
PEGMA, which are not distillable due to their high molecular weights. **
Polydispersity indices lower than 1.2 were obtained in all cases indicating narrow
molecular weight distributions as reported for typical linear copolymers synthesised
by GTP. *°
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Figure 3.2. GPC chromatographs of P29: Pgo-B47-D47 terpolymer and its precursors
Pg-B47 diblock and Pg homopolymer.
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The synthesised terpolymers were characterised in terms of their
compositions by *H NMR spectroscopy. Figure 3.3 shows a typical *H NMR
spectrum of P3: P1g-Bgg-Das.

The composition of terpolymers were determined from their *H-NMR spectra
by the integral ratio of the signals from the six methyl protons next to the amine of
DMAEMA (peak ‘0’, 2.22 ppm) to the three methyl protons at the end of the PEG
chain (peak ‘e’, 3.31 ppm) to two methyl protons next to carboxyl group of BUMA
(peak ‘h’, 3.88 ppm) as following:

€ MW
wt. fraction of PEGMA = 3 Eq. 3.1
€ MW + s MW + & x MWo
3 2 6
D MWs
wt. fraction of BuMA = 2 Eq. 3.2

& MWe + 1 MW + 2 x MWob
3 2 6

9 Mwo
wt. fraction of DMAEMA =— h2 . Eq. 3.3
g>< MWP+EX MWB+€>< MWob
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Where, MWp, MWpg and MW,y are molecular weights of PEGMA, BUMA
and DMAEMA monomers respectively. The actual weight fractions of each block in
all synthesised terpolymers were found in good agreement with the theoretical
values. Thus overall the synthesis was successful. The actual degrees of
polymerisation of the P, B and D blocks in the final terpolymers (x, y, z) were
determined using a combination of the GPC and *H NMR data in a way that the
calculated weight fractions obtained from *H NMR were combined with the weight
average molecular weight (My, = PDI * M,) of the terpolymer as measured using
GPC. Table 3.2 shows the molecular weights, compositions and degrees of

polymerisation of the synthesised terpolymers.

Figure 3.3. *H NMR spectrum (CDCls, 400 MHz) corresponding to P3: P1g-Bgs-Das.
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Table 3.2. Terpolymers characteristics obtained based on GPC and *H NMR spectroscopy.

Polymer | Theoretical Actual Theoret_lc?al Actugl_ Theoretical My My
No. Structure Structure Composition Composition MW g/mol g/mol PDI
P-B-D Wk P-B-D Ws g/mol
1 Pg-B20-D2s | Pi1s-B3p-D3g | 0.29-0.31-0.40 | 0.31-0.29-0.39 9300 15500 14000 1.13
2 Pg-B27-D2s | Pi19-Bag-Dss | 0.26-0.37-0.37 | 0.27-0.32-0.40 10300 21300 18800 1.15
3 Pg-B34-D2s4 | P1g-Bes-Dag | 0.24-0.43-0.33 | 0.24-0.41-0.33 11300 22300 19800 1.15
4 P15-B27-D2o | P23-Bso-D3z | 0.39-0.33-0.27 | 0.38-0.32-0.29 11500 17800 16000 1.12
5 P20-B27-D1s | P41-Bse-D3; | 0.49-0.31-0.19 | 0.48-0.31-0.20 12200 25300 22000 1.16
6 Ps-B27-D3o Pg-Bss-Dss | 0.15-0.38-0.47 | 0.14-0.37-0.48 10000 17100 15300 1.13
7 P13-B27-D3s | P22-Bas-Dgo | 0.29-0.29-0.42 | 0.30-0.28-0.42 13400 22300 19300 1.16
8 Ps-By7-D12 Pg-B3g-D1g | 0.21-0.53-0.26 | 0.23-0.50-0.28 7200 10800 9800 1.09
9 P1g-B3s-D1s | P2g-Bsg-Dps | 0.43-0.40-0.17 | 0.43-0.36-0.20 12600 19300 17900 1.09
10 P17-Bss-D1s | P27-Bssa-D1s | 0.41-0.40-0.20 | 0.45-0.42-0.12 12600 18000 16800 1.08
11 P15-Bss-D1g | P14-Bo-D17 | 0.36-0.40-0.24 | 0.38-0.38-0.24 12400 11000 9100 1.19
12 P12-B3s-D2s | Pi13-Bss-Das | 0.29-0.40-0.31 | 0.31-0.39-0.30 12300 12500 11300 1.11
13 P10-Bss-D2g | P1o-Bss-Dp7 | 0.24-0.40-0.36 | 0.26-0.39-0.35 12400 11900 10700 1.12
14 Pg-B35-D3o Pg-B3x-D2g | 0.22-0.40-0.36 | 0.22-0.40-0.38 12400 11300 10000 1.14
15 P7-Bss-Day P7-Bss-D3s | 0.17-0.40-0.43 | 0.17-0.39-0.44 12400 12000 10600 1.12
16 Pe-Bss-D3s | P11-Beo-Des | 0.14-0.40-0.45 | 0.15-0.39-0.46 12400 21900 17800 1.22
17 P4-Bss-Dao P4-Bso-D3s | 0.10-0.40-0.50 | 0.11-0.39-0.50 12400 10800 9400 1.15
18 P2-B3s-Dssz | Pg-Bgi-Di114 | 0.05-0.40-0.55 | 0.07-0.39-0.54 12300 33200 28500 1.16
19 P1-B35-Dys Ps-Bes-Dgs | 0.02-0.40-0.57 | 0.05-0.39-0.56 12300 23600 20600 1.15
20 P2-Bg-Ds P,-Bi3-Dip | 0.21-0.45-0.33 | 0.13-0.47-0.40 2800 4000 3400 1.14
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Polymer | Theoretical Actual Theoret_lc?al Actugl_ Theoretical My, My,
No. Structure Structure Composition Composition MW g/mol g/mol PDI
P-B-D Wk P-B-D Wk g/mol
21 P4-B1s-D1g P3-B1-D1s 0.24-0.42-0.34 | 0.14-0.48-0.38 5100 6200 5700 1.09
22 Pe-B21-D1s P4-B2s-D1g 0.25-0.42-0.33 | 0.14-0.48-0.38 7100 7900 7200 1.07
23 P7-B27-D1g Ps-B34-Dy; 0.24-0.43-0.33 | 0.15-0.49-0.36 8900 9800 9100 1.07
24 Pg-B33-Dy3 Pe-B41-Dog 0.25-0.43-0.33 | 0.15-0.48-0.37 11000 12000 11300 1.07
25 P10-B3g-D2g P7-B4g-D33 0.23-0.43-0.34 | 0.15-0.49-0.37 12900 14100 13000 1.07
26 P12-Bss-D3p P7-Bs1-Da3g 0.24-0.43-0.33 | 0.13-0.47-0.40 15000 15500 14300 1.07
27 P,-B14-D1s P4-B1g-D17 0.12-0.40-0.48 | 0.17-0.40-0.43 4900 6400 5900 1.07
28 Ps-B2g-Dog Pe-B3s-D32 0.15-0.40-0.45 | 0.15-0.43-0.42 10000 11900 11300 1.06
29 P7-B42-Dag Pg-B47-D47 0.14-0.40-0.46 | 0.16-0.40-0.44 15000 16700 15700 1.06
30 Pg-B4g-Ds; P1o-Beo-Ds> | 0.14-0.40-0.46 | 0.16-0.39-0.45 17400 21900 20400 1.07
31 Pg-Bse-Dsg P14-B7o-D73 | 0.14-0.40-0.47 | 0.16-0.39-0.45 19900 25600 23500 1.09
32 P11-B70-D73 | Pi15-Bgo-Dgs | 0.13-0.40-0.46 | 0.15-0.39-0.46 24700 29200 26300 1.11
33 P12-Bsg-D3s | Pi13-Bs,-D3s | 0.21-0.47-0.32 | 0.23-0.44-0.32 17000 16800 14600 1.15
34 P11-Bsg-D3s | Pi13-Bes-D3g | 0.19-0.49-0.31 | 0.21-0.48-0.31 17000 19200 17300 1.11
35 P11-Bg1-D33 | Pi13-Be7-D3s | 0.19-0.51-0.30 | 0.21-0.50-0.29 17100 19100 17200 1.11
36 P10-Be3-D3y | Pi13-B7g-Dso | 0.18-0.53-0.30 | 0.19-0.51-0.30 17000 21000 19300 1.09
37 Pg-Bss-Dog P11-Bsg-D3s | 0.18-0.52-0.29 | 0.19-0.48-0.33 14900 17000 15300 1.11
38 P12-B74-D37 | P14-Bgi-Dss | 0.18-0.53-0.29 | 0.18-0.51-0.30 19900 22400 20400 1.10
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3.4 Aqueous solution characterisation of terpolymers
3.4.1 Hydrodynamic diameter

The theoretical and experimental (actual) hydrodynamic diameter of
terpolymers in aqueous solution were calculated and determined, respectively.
Specifically, the theoretical value of hydrodynamic diameters of terpolymers
unimers were calculated based on their random coil configuration in solution, dyime=
2x(2x2.20x(DP/3) )?x0.154. *° The actual diameters of terpolymers unimers obtained
by DLS at concentrations lower than CMC were in good agreement with the
theoretical ones as it can be seen in Table 3.3. The values of actual hydrodynamic
diameters of terpolymers were slightly less than that of the theoretical ones, as the
terpolymers might have coiled more than the random configuration in aqueous
solution. In addition, as it can be seen in Figure 3.4 the hydrodynamic diameter of
terpolymers unimers depends on the molecular weight of terpolymers. ** In
particular, by increasing the polymer M, the hydrodynamic diameter increases, as
expected and observed before in similar studies. *?

Moreover, it was found that the hydrodynamic diameter of unimers was
affected by the terpolymers composition. For instance comparing P5: P4;-Bsg-D32
and P36: P13-B7s-D4o wWhich both has similar total degree of polymerisation and
DMAEMA content with increasing content of BUMA and decreasing content of
PEGMA, the hydrodynamic diameter of unimer decreases from 4.1 nm for P5 to 3.5
nm for P36 as the longer BUMA chain coils more and results in smaller diameter of
unimers in water. Another example is P30: P12-Bgo-Ds2 and P38: P14-Bg;-Dy43 Which
both has same total degree of polymerisation and PEGMA content with an increasing
BuMA content and decreasing DMAEMA content. The same trend was observed as
the unimer hydrodynamic diameter decreased from 4.3 nm for P30 to 3.5 nm for
P38. Therefore, the longer hydrophobic chain in terpolymer composition causes the
polymer chains to be more curled up in solution and thus show a smaller

hydrodynamic diameter.
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Table 3.3. Summary of terpolymers characteristics in aqueous solution.

Polymer Polymer Theoretical Actual Theoretical Actual CMC K Cloud Point

Number Structure Unimer dy (nm) | Unimer dn, (nM) | Dmicelle (NM) |  Dmicette (NM) mmol/L A °C
1 P1g-Ba>-Ds3g 3.5 2.9 27.9 24.3 9.90 x10* 6.4 52
2 P19-Bag-Dss 4.1 3.3 40.4 38.3 7.26 x10° 6.7 50
3 P1g-Bgs-Das 4.3 34 41.1 39.3 5.01 x10° 6.2 -
4 P,3-Bao-Das 3.6 35 26.9 25.1 9.75 x10* 6.4 55
5 P1-Bsg-Ds3, 4.2 4.1 35.0 35.3 7.51 x10° 6.0 -
6 Pg-Bus-Ds3 3.8 3.3 38.3 35.6 1.00 x10°@ 6.5 -
7 P2s-Bas-Deo 4.2 3.9 41.7 38.6 1.43 x10 6.4 58
8 Pg-Bsg-D1g 3.0 2.0 19.3 17.4 2.08 x10 5.8 -
9 P,g-Bag-Ds 3.8 3.6 26.7 24.3 1.67 x10°° 6.2 -
10 P,7-Bsa-D1g 3.6 3.4 27.4 25.8 1.21 x10°° 5.4 -
11 P14-Bog-D17 2.9 2.6 16.0 13.2 4.72 x10° 5.9 59
12 P13-B3s-Dos 3.1 2.9 20.8 18.7 1.28 x10°° 6.0
13 P10-Basz-Do7 3.1 2.6 22.1 17.3 2.31 x10° 6.6 58
14 Pg-B3-Dyg 3.1 2.2 22.3 18.5 1.50 x10°° 6.4 52
15 P7-Bas-Das 3.2 2.7 25.1 18.2 3.24 x10* 6.5 -
16 P11-Bgo-Des 4.3 3.9 48.3 42.6 1.87 x10°° 6.2 -
17 P4-Bso-Das 3.1 2.9 24.9 23.3 9.21 x10° 6.5 -
18 Pg-Bg1-D114 5.4 5.3 81.0 76.4 1.14 x10°° 6.0 -
19 P4-Bgs-Dss 4.6 4.6 59.9 56.4 6.11 x10* 6.2 -
20 P,-B13-Dio 1.9 1.7 8.4 6.6 6.15 x10™ 6.2 53
21 P3-By1-Dis 2.3 2.6 12.9 12.2 5.29 x10° 6.3 51
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Polymer Polymer Theoretical Actual Theoretical Actual CMC K Cloud Point

Number Structure Unimer dy (nm) | Unimer di, (nM) | Dmicelle (NM) |  Dmicente (NM) mmol/L - °C
22 P4-Bog-Dig 2.6 2.7 16.3 16.4 1.28 x10°° 6.4 -
23 Ps-Bss-D2, 2.9 2.7 19.8 16.2 3.35 x10* 6.2 -
24 Pe-Ba1-Dasg 3.2 3.1 24.6 19.5 8.13 x10° 6.2 -
25 P7-Bug-Da3 35 3.4 29.0 27.1 7.4 x10° 6.7 -
26 P7-Bs1-Dag 3.7 2.4 32.8 31.4 5.5 x107 6.4 -
27 P4-Big-D17 2.3 2.2 13.2 11.0 1.72 x10* 6.2 54
28 Pe-Bsg-D32 3.2 3.2 25.4 25.5 5.54 x10° 6.4 49
29 Pg-B47-Da7 3.8 3.6 35.8 33.4 4.48 x10°° 6.4 -
30 P1o-Bgo-Ds2 4.3 4.3 46.7 44.0 3.05 x10* 6.4 -
31 P14-B70-D73 47 4.6 54.9 55.8 2.48 x10* 6.4 -
32 P15-Bgo-Dss 5.0 4.8 63.5 57.1 1.22 x10°° 6.9 -
33 P13-Bs>-Dss 3.7 2.8 31.0 29.1 6.22 x10° 6.0 -
34 P13-Bgs-Das 4.0 3.1 35.8 32.6 4.34 x10° 5.8 -
35 P13-Bs7-Dag 4.0 3.2 35.3 33.3 4.16 x10° 5.6 -
36 P13-B76-Dag 4.2 3.4 39.6 37.0 2.02 x10° 5.4 -
37 P11-Bsg-Ds3g 3.8 3.1 33.0 32.1 5.46 X107 5.8 -
38 P14-Bg1-Dus 4.4 34 42.4 39.3 1.11 x10°® 5.4 -
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Figure 3.4. Variation of terpolymers hydrodynamic diameter versus the overall
number average molecular weight of terpolymers. Error bars represent the standard
deviations in the polymer hydrodynamic diameter from three separate measurements
of the same solution.
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3.4.2 Micelle diameter

All terpolymers were found to form micelles in water at 1 wt.% as it was
expected due to their amphiphilic nature. The experimental micelles diameter
measured by DLS were smaller than the theoretical ones, as expected, because a
fully stretched polymer chain configuration was assumed in the used theoretical
model where dmiceie= (DPhydrophobic X 0.254) + 2 X (DPionger hydrophilic X 0.254). Table
3.3 illustrates the theoretically calculated and experimentally measured micelles
diameters. It was found that the size of the micelles was affected by the terpolymers
composition and molecular weight. For instance comparing P30: P1-Bgo-Ds2 and
P38: P14-Bg;-D4s where both have a similar total degree of polymerisation and
PEGMA content while the BUMA content increases in P38 and instead DMAEMA
content decreases, the size of the micelles decreases from 44 nm for P30 to 39 nm
for P38. = In addition, comparing P35: P13-Bg7-Dss, P36: P14-B7s-Dag and P31: Pys-
B70-D73 which all have similar block length of PEGMA and BuMA with increasing
content of DMAEMA (longer hydrophilic block), the micelles size increases from 34
to 37 to 56 nm, respectively. Moreover, the micelles size increases linearly with the

increase in terpolymers chain length while the composition is kept constant. This
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trend can be observed when comparing the size of micelles formed by P27, P28,
P29, P30, P16, P31 and P32 as it can be seen in Figure 3.5. In particular, the size of
the micelles increases as the length of the longer hydrophilic block increases. This
effect is due to the fact that hydrophobic BUMA core of the micelles is collapsed,
whereas the hydrophilic block is extended. Therefore, the size of the micelle depends

more on the hydrophilic block rather than the collapsed hydrophobic block.

Figure 3.5. Variation of micelle diameter over molecular weight of constituent
terpolymers with PEGMA, BuMa, DMAEMA weight fraction of 0.16, 0.40 and 0.44
respectively. Error bars represent the standard deviations in the micelles diameters

from three separate measurements of the same solution.
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3.4.3 CMC of terpolymers

CMC of the terpolymers was determined by measuring the emission
fluorescence intensity of pyrene at 383 nm present in terpolymer solution over a
range of concentrations. At low polymer concentrations (<KCMC) the intensity of
pyrene fluorescence emission is close to that of the pyrene in pure water. Bellow the
CMC, as the concentration of polymer in solution increases, the fluorescent intensity
increases dramatically indicating that polymers start to aggregate and pyrene
incorporate in the hydrophobic region of aggregate. With further increasing of
concentration, the intensity reaches a maximum followed by a slow increase or

plateau after the CMC. Plotting the intensity versus concentration of terpolymer in
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solution gives a breaking point which is pointed as CMC (see Figure 3.6). Compared
with low molar mass surfactants, terpolymers exhibit a remarkably lowered CMC

values and the formed micelles are generally more stable.

Figure 3.6. Determination of CMC by plotting the fluorescent intensity of pyrene at
383 nm versus different concentrations of P5:Pg-Bsg-D1g terpolymer solution. Error
bars represent the standard deviations in the fluorescence intensity obtained from

three separate measurements of the same solution.
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The CMC of all terpolymers was determined and is illustrated in Table 3.3.
Comparing the obtained CMC values, it was found that the hydrophobic content of
terpolymers has a significant effect on CMC of terpolymers. As it can be seen in
Figure 3.7, plotting the CMC values of P33, P34, P35, P36, P37 and P38 versus their
hydrophobic/hydrophilic ratio (obtained from DP of BUuMA / (DP of PEGMA+ DP
of DMAEMA)), showed that as the hydrophobicity of terpolymers increases, the
CMC decreases about six times from 6.2 x 10°to 1.1 x 10" mmol/L. This result is in

good agreement with the literature

and proved that terpolymers with longer
hydrophobic chain start to aggregate at lower concentrations of polymer in the
solution. In addition, it was observed that the CMC of terpolymers significantly
decreases by increasing the average molecular weight of terpolymers when keeping
the composition constant. This can be concluded by plotting the CMC values of P27,
P28, P29, P30, P31, P32 which all have similar composition, 0.16: 0.40: 0.44 weight

fractions for P: B: D, but different M,s ranging from 5900 to 26300 g/mol
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respectively. As it can be seen in Figure 3.8, the CMC was reduced about ten times
from 1.72 x 10" mmol/L to 1.22 x 10 mmol/L for P27 to P32 terpolymer that had

the lowest and highest number average molecular weight, respectively. *°

Figure 3.7. Effect of hydrophobicity of P-B-D terpolymers on their CMC values.
Error bars represent the standard deviations in the CMC values obtained from three

separate measurements of the same solution.
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Figure 3.8. Effect of number average molecular weight of P-B-D terpolymers on
their CMC values. Error bars represent the standard deviations in the CMC values

obtained from three separate measurements of the same solution.
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3.4.4 Effective pK, of terpolymers

Polymers containing ionisable pendant groups in their monomer units can be
ionised in acidic, neutral or basic environment depending on their pK, value. In
definition, pKj, is the negative logarithm value of the acid dissociation constant (K,)
of an acid. Acid dissociation constant and pK, value for an acid HA can be defined

in equations as bellow:

HA = [A7][HT] Eg. 3.4

ke A IH ] Eq. 3.5
HA

pKa = - logioKa Eq. 3.6

The pK, value is in fact a numeric value for the strength of an acid. The
stronger the acid the lower is the value of pK,. When the pH of a solution is equal to
the pK, value, the acid is half dissociated. Once the pH of the solution is either less
or more than the pK, value, the molecule is in its protonated and deprotonated state,
respectively. When the polymer is ionised in solution, the electrostatic repulsion of

charged pendant groups affects the physical properties of the polymer.

In this work, the DMAEMA unites of terpolymer are ionisable due to the —
N(CHz3), group which can be protonated to -NH(CHs)," in the presence of acid. The
effective pKzs of the DMAEMA units in the terpolymers were determined by a
potentiometric titration. By plotting the obtained pHs over the volume of added
NaOH, the pK, can be determined as the pH at which 50% of the DMAEMA groups
are protonated, thus the point where half of the added volume of NaOH solution for
complete deprotonation was consumed (see Figure 3.9). The pK; values were in the
range of 5.4 to 7 which are in good agreement with previous publications on
polymers containing DMAEMA monomer. **'® The obtained pK.s values are
summarised in Table 3.3 By plotting the pK,s values versus the
hydrophobic/hydrophilic ratio of terpolymer, it was observed that the pK, decreases
as the hydrophobicity of the terpolymers increases (see Figure 3.10), as it was

expected and observed before. ** ** This can be attributed to the reduction in the

109



polymer dielectric constant due to the incorporation of hydrophobic BUuMA block
into terpolymer. Reduction of the dielectric constant causes a more difficult

ionisation of DMAEMA unites and therefore, reduces the pK, values. 1% %

Figure 3.9. Determination of pK, based on the titration curve of terpolymer (P33:
P13-Bs2-D3s).
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Figure 3.10. Effect of hydrophobicity of terpolymers on their effective pK,s. Error
bars represent the standard deviations in the pKa values obtained from three separate

measurements of the same solution.
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3.4.5 Cloud points of terpolymers

The temperature at which a dissolved polymer is no longer soluble and the
solution becomes hazy or cloudy due to a phase transition is called the cloud point.
At cloud point the polymer starts to precipitate out. The cloud point is a phase
transition temperature and the lower concentration that a cloud point can be observed
is called lower critical solubility temperature (LCST). ** The cloud point is strongly

22-24

dependent on polymer molecular weight, composition, % the pH of the

22-24

solution and even the architecture of the polymers (statistical versus block

copolymers). ®

In this study, the cloud points of 1 wt.% terpolymer solutions in water were
determined by gradually increasing the temperature and observing visually if the
solution was clear or not. The precipitation of PEGMA-b-BuMA-b-DMAEMA
terpolymers at cloud point can be attributed to thermoresponsive behaviour
DMAEMA #2* and PEGMA 2% blocks which both become more hydrophobic at
higher temperatures. However, due to the poor solubility of most of the terpolymers
in water, the polymers solutions were acidified slightly for a better solubilisation.
The decreased pH though caused a dramatic increase of the cloud point or no
observation of cloud point due to the protonation of DMAEMA groups. %% ?® Table
3.3 lists the obtained cloud points for synthesised terpolymers. Unfortunately, due to
acidifying the terpolymers solution, in most cases no cloud point was observed and
therefore, it was difficult to find a trend based on polymer composition or molecular

weight.
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3.5 Conclusion

A series of amphiphilic terpolymers comprising of PEGMA, BuMA and

DMAEMA units were successfully designed, synthesised and characterised in terms

of their average molecular weight, molecular weight distribution, composition,

hydrodynamic diameter, CMC, effective pK,and cloud point.

The terpolymers design was based on varying different compositional

parameters, as listed in Table 3.1. GPC and 'H-NMR results confirmed the

successful synthesis of terpolymers and provided the actual composition and degree

of polymerisation of terpolymers. The aqueous characterisation of terpolymers

provided useful characteristics of terpolymers as summarised below:

The actual hydrodynamic diameters of terpolymers unimer obtained from
DLS were in good agreement with theoretical ones. Also, as expected, the
hydrodynamic diameter increased as the average molecular weight of

terpolymers increasing in a series.

The actual micelle diameters obtained from DLS were close to the theoretical
ones. However, they were mostly smaller than the calculated theoretical
micelles diameter, as expected since the polymer chains are not fully
stretched in solution. In addition, it was found that the micelle diameter is
affected by the average molecular weight of terpolymers. As expected,
terpolymers with longer hydrophilic chains provided larger micelles and vice

versa.

The CMC of terpolymers was determined using pyrene fluorescent
spectroscopy method. It was observed that terpolymer composition and
average molecular weight influence the CMC of the terpolymers. Increasing
either the hydrophobic content (BuMA) or the average molecular weight of
terpolymers results in a decrease in the CMC, similar to other reported

literatures. *4%°
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The effective pKgs of terpolymers were determined by titration. As reported
before, the pK, of terpolymers was influenced by their hydrophobicity
content. The higher hydrophobicity results in lowering the effective pK,

values.

Finally, the cloud points of terpolymers were determined by visual
observation of their solution as a function of temperature. However, in most
cases no cloud point was observed at 20-90°C because of the acidification of

the terpolymer solutions.
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CHAPTER 4

PRELIMINARY OBSERVATIONS OF TERPOLYMERS SELF-
ASSEMBLY IN AQUEOUS SOLUTION
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4.1 Introduction

Self-assembly of amphiphilic block copolymers has attracted considerable
attention during the last decades due to having potential application in different
areas. -2 Amphiphilic block copolymers can self-assemble to several different types
of structures in selective solvents, such as micelles, * * rods, ® simple vesicles, °
disc-like micelles, * Janus micelles with segregated faces ® and toroids. ° Many
factors control the morphology of resultant structure, such as copolymer chemical
structure, copolymer hydrophilic/hydrophobic ratio, concentration of copolymer in
solution, type of used organic solvent, ratio of organic solvent/water, salt
concentration, pH of solution, temperature and the preparation method. *° However,
among these factors, the volume ratio of the hydrophilic to hydrophobic segments
seems to be the most important factor that may affect the self-assembly of
amphiphilic copolymers. Usually, amphiphilic copolymers with
hydrophilic/hydrophobic volume ratios greater that 1:1 tend to form spherical
micelles, whereas, copolymers with hydrophilic/hydrophobic volume ratios more
than 1:2 are more favourable to form vascular type structures. Although, the
hydrophilic/hydrophobic volume ratio is one of the key factors in the formation of
polymeric structures, this rule is not absolute and exceptions may be observed, as it
is not unlikely that different polymer structures can formed from the same
amphiphilic polymers under different conditions. ** Therefore, the pure geometrical
considerations are not adequate to predict the final self-assembly of amphiphilic
macromolecules, because polymer chains entropy and entropy loss during the
formation of self-assembly can have a considerable effect on the resultant structure

at the thermodynamic equilibrium. *2

The aim of the present chapter is the preliminary study of the behaviour of
ABC terpolymers in aqueous solution to investigate whether they form
polymersomes or any other aggregation as a function of their block ratio and
molecular weight. For this purpose a number of ABC terpolymers based on
hydrophilic PEGMA, hydrophobic BUMA and hydrophilic DMAEMA, with varied
molecular weights but same composition are used for the preparation of the polymer
self-assembly using bulk and film rehydration methods. The properties of the

prepared self-assemblies in terms of their morphology are studied using high
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resolution microscopic techniques and DLS. Moreover, the effect of the temperature

on the mean diameter of formed aggregates is investigated.
4.2 Study of self-assembly of terpolymers in aqueous solution by DLS

A series of terpolymers were assessed in terms of forming self-assembled
aggregation in pure water. As discussed in Chapter 3, they all self-assemble into
spherical micelles at concentrations over their CMC due to their hydrophobic middle
block. The preliminary DLS results obtained from a series of terpolymers with
increasing average molecular weight confirmed the existence of polymer aggregation
in solution prepared by either direct dissolution of terpolymer in water or film
rehydration method. Solutions prepared by direct dissolution of terpolymers in water
at concentration of 1 wt.% showed the presence of aggregation with unimodal size

distribution for all polymers with a size about a few tens of nm.

For polymer solutions prepared by film-rehydration method (1 wt.%) a
bimodal size distribution was observed. The bimodal distribution consisted of a
sharp peak with the mean diameter size of about a few tens of nanometre
(corresponding to micelles) and a broad peak with much larger aggregate mean size
(a few hundreds nm). The mean size of the both aggregate distributions increased as
the molecular weight of the terpolymers increased at a same composition. Table 4.1
illustrates the obtained average sizes attributed to the self-assembly of the used
terpolymers using both bulk rehydration and film rehydration methods. Variation of
aggregation size over number average molecular weight of terpolymers is shown in
Figure 4.1. As it can be seen in Table 4.1, the hydrophilic: hydrophobic ratio
(obtained from sum of DP of hydrophilic blocks/DP of hydrophobic block) in this
series of terpolymers is about 1:0.9 which is quite close to 1:1 ratio (assuming
PEGMA,BuUMA and DMAEMA monomer has a same volume). Therefore, it is
expected the formed aggregations to be all spherical micelles. '* As it can be seen in
Table 4.1, bulk rehydration of this series of terpolymers resulted in formation of
presumably spherical micelles as the obtained values were very close to the
calculated theoretical sizes of spherical micelle for this series of terpolymers.
However, two populations of aggregates were observed when a thin film of them
was rehydrated in water. The first population which consist less than 40% of the
forms self-assembled aggregations, can be attributed to formation of spherical
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micelles, as the obtained mean diameters were in agreement with the theoretical
ones. The larger size formed aggregation might be corresponding to more complex
structures. In addition, the broad peak with large polydispersity is suggesting the

existence of a range of transitional structures with a variety of diameters.

Table 4.1. DLS summary results corresponding to formed aggregates via bulk

rehydration and film rehydration methods.

Polymer Characteristics Bulk Rehydration Film Rehydration
o e e e b et o
27 | P4-Big-Dyz | 5900 1:09 11.0 100 21926.23 222
28 Ps-Bss-D32 | 11300 1:09 25.5 100 3225;5 gig
29 Pg-B47-Da7 | 15700 1:0.38 33.4 100 43057.?8 ggé
30 | P1-Beo-Dg2 | 20400 1:08 44.0 100 4%27..38 ggg
31 | P14-B7o-D7s | 23500 1:08 558 100 55875.?1 522
32 | P15-Bgo-Dgs | 26300 1:0.38 57.1 100 65482'2 ggg

Increasing the temperature of the polymers solutions from 25°C to 37°C and
then to 50°C, resulted in a significant decrease in diameter of the larger aggregates
(see Figure 4.2). This reduction in aggregate size might be due to less solubility of
DMAEMA block at higher temperatures which causes them to collapse and a
decrease in the overall size of the formed aggregates. On the other hand, the second
possibility is the partial dissociation of the formed aggregates which might lead to

their morphology transition.
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Figure 4.1. Variation of terpolymers aggregates size versus their number average
molecular weights obtained from DLS for observed bimodal size distribution. Error
bars represent the standard deviations in the diameter of formed aggregations

obtained from three separate measurements of the same solution.
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Figure 4.2. Effect of temperature variation on the mean aggregate size of polymer

solutions prepared by film rehydration method.
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4.3 Study of self-assembly of ABC terpolymers in aqueous solution by high

resolution techniques

The morphology and size of the aggregates were determined by high
resolution techniques. Preliminary TEM observations of some of the terpolymer
solutions revealed that this series of terpolymers self-assemble into spherical
micelles with hydrophobic BUMA core and hydrophilic PEGMA and DMAEMA
coronas when hydrated in bulk. TEM images corresponding to two of the
terpolymers, namely P27: P4-B1g-D17 and P31: P14-B7o-D73, are shown in Figure 4.3
as example. Comparing the average micelles diameter of e.g. P31: P14-B7o-D73
terpolymer obtained from TEM images (40.2 nm) with the mean diameter obtained
from DLS (56 nm), the micelle size appears to be smaller by 28%. This is because
the DLS determined the hydrodynamic diameter which is the size of micelles when
the polymer chains are hydrated in solution, while the TEM images are from samples
in their dry state. The same trend was observed for the other terpolymers in this
series in terms of their aggregate size when their size was compared in dry and

hydrated states.

Figure 4.3. TEM images corresponding to bulk rehydration of 1 wt.% of (a) P27: P,4-
Bisg-D17 and (b) P31: P14-B79-D73 in water.
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TEM images of the terpolymer solutions prepared via film rehydration
method show the presence of worm-like micelles along with spherical micelles in all
cases. Figure 4.4 illustrates the TEM and SEM images obtained from 1 wt.%
solution of P27: P4-B1g-D17 and P31: P14-Bo-D73 terpolymers, as example. As it can
be seen the size distribution of the formed worm-like micelles is quite broad which is
in agreement with the obtained DLS results. The size of the formed worm-like
micelles was about 20 to 500 nm in length and 9.4 nm in width for P27: P4-B1g-D17
and 50 to 1000 nm in length and 32.6 nm in width in the case of P31: P14-B7o-D73

terpolymer.

The formed worm-like micelles seems to be flexible and entangled loosely
with each other. Combining the mean aggregation diameter obtained from DLS and
the observed TEM images, it seems that as the polymer chains increases in length,
the possibility of formation of longer and thicker worm-like micelles increases in the
system. Overall, it seems that this series of examined terpolymers does not form
polymersomes using conventional preparation methods and instead they all form
spherical and worm-like micelles using bulk and film rehydration methods,

respectively.
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Figure 4.4. TEM images corresponding to film rehydration of (a, b) P27: P4-B1s-D17
and (c, d) P31: Py-B7-D7z (1 wt.%) in water. Image (e) is SEM image
corresponding to P31: Pi4-B7o-D73 terpolymer from the same prepared sample.
Figure (f) is schematic presentation of worm-like aggregates where light blue, red
and dark blue colour is corresponding to PEGMA, BUMA and DAMEMA blocks

respectively.
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4.4 Conclusion

The self-assembly behaviour of a series of amphiphilic ABC terpolymers
based on PEGMA, BUMA and DMAEMA monomers with the general structure of
Px-By-D, in aqueous solution was studied. The preliminary observations revealed
that this series of terpolymers with similar composition but varied molecular weights
self-assemble into different types of micellar structures, based on the preparation
method. Bulk rehydration of this series of terpolymers resulted in the formation of
spherical micelles, whereas rehydration of their thin film led to the formation of
flexible worm-like micelles. It seems that increasing the molecular weight of
terpolymers enhances the formation of longer and thicker worm-like micelles.
Increasing the temperature causes shrinkage in the mean diameter or probably

formation of different type of self-assembly.

In summary at neutral pH, the preliminary observations of the behaviour of a
number of terpolymers in water revealed that the amphiphilic polymers have the
ability to self-assemble, but not to polymersome-like structure as it was desired.
However, further investigations could be done at basic pHs so the DMAEMA block
hydrophilicity will be significantly decreased in order to change the
hydrophilic/hydrophobic ratio closer to 1: 2 or 1: 3 that has been reported in the
literature to self-assemble to vascular type structures. ™
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CHAPTER 5

WATER-IN-WATER EMULSIONS BASED ON ATPS AND
STABILISED BY TERPOLYMERS —- TEMPLATED
POLYMERSOMES
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5.1 Introduction

Emulsions are dispersions of two immiscible liquids which are
thermodynamically unstable, but can be kinetically stabilised by the adsorption of
surfactants, amphiphilic polymers or particles at the interface. In general emulsions
are consisted of two immiscible phases that are usually oil and water, thus forming
dispersions of oil-in-water (o/w) or water-in-oil (w/0). However, water-in-water
(w/w) emulsions can also be formed based on aqueous two phase systems (ATPSSs)
which are aqueous mixtures of two incompatible polymers. For instance,
emulsification of an ATPS consisting of a few weight percentages of dextran and
PEG results in formation of w/w emulsions with either dispersed drops of dextran
rich phase in PEG rich continuous phase (d/p) or vice versa (p/d). These systems are
potentially attractive, since no organic solvent is used for their preparation and the
prepared emulsions are entirely aqueous. Also, they benefit from having the ability
to selectively incorporate or separate different biopolymers. However, similar to
conventional o/w or w/o emulsions, these systems need Kinetic stabilisation, since
they are thermodynamically unstable. ATPS systems have been widely used for
partitioning and separation of macromolecules at which rapid phase separation is
essential. However, not much work has been done on stabilisation of these systems
and as a result, it is not fully understood what type of species can be adsorbed at w/w
interface to provide kinetic stabilisation. As it was mentioned in introduction section,
the interfacial tension of ATPSs is very low, about 0.066 mN/m for a ATPS
consisting of 8 wt.% dextran and 6 wt.% PEG, compare to oil/water systems with a
typical surface tension of 30-50 mN/m. Therefore, stabilisation of these systems is
quite challenging. In this chapter the stabilisation of w/w emulsions using either

ABA or ABC terpolymers is of interest.

As reviewed before, there is a limited number of publications on stabilisation
of w/w emulsions or other related systems with block copolymers. For instance,
stabilisation of oil in oil emulsions consisting of two incompatible polystyrene and
polybutadiene polymers using poly(styrene-b-butadiene) diblock copolymers
described by Molau  is one of the early works in this area. In addition, Ossenbach-
Sauter and Riess described stabilisation of w/w emulsions containing mixtures of
poly(vinylpyridinium chloride) (pVPC) and PEG polymers with di-block pVPC-b-

PEG copolymers. ? Jin et. al. illustrated the stabilisation of w/w emulsions based on
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dextran-PEG ATPS by using sodium alginate as stabiliser. * Simon et. al. reported
the formation of w/w emulsion consisting of water solvated dispersed liquid crystal
disodium cromoglycate (DSCG) in continuous phase containing a range of water
soluble nonionic, anionic and cationic polymers which have potential to exclude
DSCG to form water solvated drops. * They found that the non-ionic polymers form
quite stable w/w emulsion (30 days) via providing steric hindrance which prevent

from coalescence of the droplets.

Thus, according to these studies, it seems that block copolymers with
relatively high adsorption energies need to be adsorbed in order to stabilise the very
low tension surfaces of water-in-water emulsions. Therefore, the block copolymer
should possess an affinity towards aqueous two phases. To the best of our
knowledge terpolymers have not been used before for stabilisation of w/w
emulsions. In this study, the possibility of using either ABA or ABC terpolymers as
effective stabilisers for stabilisation of w/w emulsions consisting of dextran and PEG
polymers is investigated. Firstly, commercially available ABA terpolymers with
hydrophilic terminal A blocks and hydrophobic B middle block are used where A
blocks were assumed to have affinity to stay in either of aqueous two phases while
hydrophobic B block remains at the interface. Similarly, in the case of using ABC
terpolymers, the terminal A and C blocks both are hydrophilic and also possess
different affinities towards dextran and PEG rich phases. Similar to ABA
terpolymers, the middle B block is hydrophobic and will induce polymer-polymer
cohesion and results in formation of a coherent hydrophobic layer around the
dispersed droplets. Also the hydrophobic B block acts as a driving force to lead A
and C blocks towards dextran and PEG rich phases. The process of stabilisation of

w/w emulsions using terpolymers can be described in two alternative ways:

1. Kinetic stabilisation of w/w emulsions as a result of adsorption of the
terpolymers at dextran-PEG interface.
2. Formation of polymersomes based on terpolymers being templated around

w/w emulsions droplets.

Therefore, this research strategy is based on a combination of two concepts
of terpolymer stabilised w/w emulsions and formation of polymersomes.

Polymersomes have been prepared using several different methods, at which there is
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the direct or indirect involvement of an organic solvent as described in Section 1.5.1.
This is the main disadvantage of using current methods for preparation of
polymersomes. In addition, there are a few reported studies on preparation of
polymersomes using ABA or ABC terpolymers, but in most of them it remained
unclear whether they form a monolayer shell, a bilayer containing hairpin folded
molecules or a mixed coronas. Moreover, the encapsulation efficiency of prepared
polymersomes using current methods is very low. However, there are a few new
techniques such as microfluidic method at which the encapsulation efficiency of

polymersomes has been improved. °

In this work we intend to investigate whether polymersomes can be formed
by templating the dispersed phase of a w/w emulsion, which can be formed by
emulsification of an ATPS. This novel strategy avoids the use of any organic solvent
in the system. In addition, the encapsulation efficiency of prepared polymersomes
based on this strategy can be increased significantly by concentrating the encapsulant
within the dispersed phase prior to emulsification process. Moreover, this novel
technique for preparation of polymersomes can be easily scaled up compare to more

complex techniques such as microfluidics.

The specific aims of this chapters are to determine (i) whether ABA or ABC
terpolymers can stabilise water-in-water emulsion based on the PEG-dextran ATPS;
(if) how the emulsion properties such as type, drop size and stability depend on the
block sizes of the ABC terpolymers and (iii) how solute molecules distribute within

the water-in-water emulsion (or templated polymersome) system.
5.2 Stabilisation of dextran-PEG ATPS using ABA terpolymers, Pluronics®

ABA terpolymers based on poly(ethylene glycol)x-b-poly(propylene glycol)y-
b-poly(ethylene glycol),, (EO.-PO,-EOy) so called Pluronics®, where EO and PO are
hydrophilic and hydrophobic in character respectively, were used for the stabilisation
of dextran-PEG ATPS and possible formation of polymersomes. It was assumed that
the hydrophilic terminal A blocks have the same affinity to stay in either of aqueous
polymer phases (PEG or dextran) while the hydrophobic B block is adsorbed at the
liquid-liquid interface. The research strategy is illustrated schematically in Figure
5.1. As it can be seen in this Figure, in the presence of encapsulant that can be

selectively partitioned within one of the polymer phases, after addition of ABA
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terpolymers and emulsification, they will be encapsulated within the dispersed phase
and formed polymersomes. Using this strategy the encapsulation efficiency of the
formed polymersomes would be equal to the fraction of encapsulant that has
partitioned into the dispersed phase. Three different Pluronics®, namely, F68 (EOv-
PO9-EO7), F108 (EO;3,-POsp-EO13,) and F127 (EO;00-POgs-EO100), With varied
characteristics were used in this study. F68 and F108 have the same composition (80
wt.% EO and 20 wt.% PO) but different MW 8400 and 14600 g/mol respectively. It
was expected longer EO chains penetrate more into aqueous polymer phases and
therefore stabilise the emulsion for a longer time. F127 has a higher hydrophobic
content (70 wt.% EO and 30 wt.% PO) and a relatively high molecular weight,
12600 g/mol. It was assumed that increasing the hydrophobic middle block length
will increase the cohesion between the terpolymers within an adsorbed film and
thereby enhances the emulsion drop stability. Figure 5.2 illustrate the schematic

structure of used Pluronics®.

Figure 5.1. Stabilisation of ATPS using ABA terpolymers in the presence of
encapsulant concentrated within one of the phases.
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Figure 5.2. Schematic representation of Pluronic® terpolymers; blue and red chains

are corresponding to EO and PO blocks respectively.
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5.2.1 Effect of Pluronics® concentration, composition and MW on stability of w/w

emulsion

Different concentrations of Pluronics®, namely, 1, 2, 4 and 10 wt.% were
used for the stabilisation of dextran-PEG ATPS with equal volume fractions (0.5:
0.5) and the stability of prepared emulsions was monitored over time. Emulsions
were prepared via 2 minutes homogenisation at 11000 rpm at room temperature. The
first observation was the instability of all prepared emulsions at low concentrations
(1, 2, 4 wt.% of Pluronics®). By increasing the concentration of stabiliser to 10 wt.%
the stability of emulsions increased dramatically specially in the case of using F108:
EO13,-POs5p-EO13; and F127: EO;00-POgs-EO190. Figure 5.3 shows the volume
fractions of resolved dextran rich phase i.e. dispersed phase, over time for the

prepared emulsion using different contents of Pluronics® grades.
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Figure 5.3. Plots of resolved dextran phase volume fraction (¢ dextran) versus time
in logarithmic scale for dextran-in-PEG emulsions consisting of 0.5: 0.5 volume
fractions of dextran-PEG stabilised using 1, 2, 4 and 10 wt.% of (a) F68: EO7-POy9-
EO, (b) F108: EO13,-PO50-EO13, and (c) F127: EO10p-POgs-EOQ100. Emulsions were

prepared via 2 minutes homogenisation at 11000 rpm at room temperature.
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However, none of the used Pluronics® was able to stabilise the emulsion for a
long time. Comparing the time taken for dextran rich phase (dispersed phase, bottom
phase) to resolve half of its volume fraction (or height), so called t;, coalescence, the
most stable emulsion (ty, ~12.5 hours) was obtained in the case of using 10 wt.% of
F127: EO100-POgs-EO10p (see Figure 5.4). In addition, it is obvious that emulsion
stability varies as a function of polymer MW and composition. In the case of using
F68 and F108 which both have same composition (20 wt.% PO and 80 wt.% EO) but
varied MW, the emulsion stability doubled when MW increased from 8400 to
14600 g/mol. In the case of using F127 with higher hydrophobic content (30 wt.%),
longer stability was observed in compare to F108 although its MW (12600 g/mol) is
lower to that of the F108 (14600 g/mol).

Figure 5.4. Variation of ty, of resolved dextran rich phase (ti/, of coalescence) with
concentration of used Pluronics® for stabilisation of dextran-in-PEG emulsions
consisting of 0.5: 0.5 volume ratios of dextran:PEG prepared via 2 minutes

homogenisation at 11000 rpm at room temperature.
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Overall it seems that by increasing the hydrophobicity and the MW of the
stabiliser the longer is the stability of prepared w/w emulsions. However, it should
be noted that polymers with high MW when dissolved in dextran-PEG ATPS
system, increase the viscosity of the system and therefore, the rate of creaming or
sedimentation and coalescence decreases which result in slower phase separation of

the emulsion. The longer stability of the w/w emulsions when using the Pluronic®
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with a longer hydrophobic chain might be due to the enhanced polymer film around
the dispersed phase. However, observing the emulsions after a full phase separation
revealed that all three used Pluronics® in this work have the tendency to remain in
the PEG rich phase rather than dextran rich phase, as the volume fraction of PEG
rich phase increased with respect to increasing the polymer concentration in the
system. This increase in concentration of the Pluronics® causes a disruption in the
equilibrium phase behaviour of dextran-PEG ATPS and shifts it from equal volume
fraction to larger PEG and smaller dextran volume fractions (see Figure 5.5). It can
be concluded that the Pluronics® have the tendency to stay in the PEG rich phase,
probably due to their molecular similarity and not at the dextran-PEG interface,
therefore, they are not able to effectively stabilise w/w emulsions based on dextran-
PEG system and the observed short stability is probably due to the high viscosity of

the system.

Figure 5.5. Variation of PEG-rich phase volume fraction after full phase separation

by increasing the concentration of Pluronics® in the system.
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5.2.2 Micrographs of w/w emulsions stabilised using Pluronics®

For the dextran-PEG system of equal volume fraction (9.24 wt.% dextran and
496 wt.% PEG), separation of the two polymers begins immediately after
emulsification, when no stabiliser is present. As expected separation proceeds
quickly, a clear interface separating a distinct top and bottom phase of equal volume
fractions is seen in less than a minute. However, observing the separated top and
bottom phases under microscope showed that even after a few hours, there were
residual dispersed drops in both phases (see Figure 5.6). A Full phase separation
occurred after 24 hours.

Figure 5.6. Micrographs of emulsified dextran-PEG ATPS with 0.5:0.5 volume
fractions and no stabiliser. Emulsion was prepared via 2 minutes homogenisation at
11000 rpm at room temperature. Micrographs were taken 2 hours after
emulsification process from (a) PEG rich phase (top phase) and (b) dextran rich

phase (bottom phase).

Micrograph taken from stabilised w/w emulsions with Pluronics® showed
that the unstable emulsions containing 1, 2 and 4 wt.% of either of F68 or F108 or
F127 have the similar drop size residual dispersed phase. But in case of using 10
wt.% of F108 and F127 a compact emulsion containing significant amount of
dispersed phase was observed (see Figure 5.8 and 5.9), while emulsion containing
F68 showed discrete residual dispersed phase as it was quite unstable in compare to
F108 and F127, even at 10 wt.% concentration (see Figure 5.7). The mean drop size
of emulsions containing 10 wt.% of F108 (20 wt.% hydrophobicity) and F127 (30
wt.% hydrophobicity) was 31.1 £ 13.5 and 15.0 £ 5.5 um respectively, while in case
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of emulsion containing 1, 2 and 4 wt.% of any of the Pluronics® the mean drop size
of residual dispersed phase was about 4.7 £ 2.5 um.

Figure 5.7. Micrographs of w/w emulsions based on dextran-PEG ATPS with
0.5:0.5 volume fractions, stabilised using F68: EO7-PO29-EO7 at (a) 1 wt.%, (b) 2
wt. %, (c) 4 wt.% and (d) 10 wt.% concentration. Emulsions were prepared via 2
minutes homogenisation at 11000 rpm at room temperature. Micrographs were taken
immediately after preparation of emulsions. Emulsion type was dextran-in-PEG in

all cases.
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Figure 5.8. Micrographs of w/w emulsions based on dextran-PEG ATPS with
0.5:0.5 volume fractions, stabilised using F108: EO;3,-POso-EO13, at (a) 1 wt.%, (b)
2 wt.%, (c) 4 wt.% and (d) 10 wt.% concentration. Emulsions were prepared via 2
minutes homogenisation at 11000 rpm at room temperature. Micrographs were taken
immediately after preparation of emulsions. Emulsion type was dextran-in-PEG in

all cases.
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Figure 5.9. Micrographs of w/w emulsions based on dextran-PEG ATPS with
0.5:0.5 volume fractions, stabilised using F108: EO10o-POgs-EO100 at (a) 1 wt.%, (b)
2 wt.%, (c) 4 wt.% and (d) 10 wt.% concentration. Emulsions were prepared via 2
minutes homogenisation at 11000 rpm at room temperature. Micrographs were taken

immediately after preparation of emulsions. Emulsion type was dextran-in-PEG in

all cases.
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5.3 Stabilisation of dextran-PEG ATPS using ABC terpolymers

ABC terpolymers based on hydrophilic non-ionic monomer, PEGMA, a non-
ionic hydrophobic monomer, BUMA and a hydrophilic ionisable thermo-responsive
monomer, DMAEMA were used for stabilisation of dextran-PEG ATPS. The
hydrophobic monomer, BUMA consists the B block, which is in the middle of the
polymer where the two hydrophilic monomers PEGMA and DMAEMA form the A
and C blocks, respectively. The reason behind choosing these monomers and ABC
type terpolymer was firstly the possibility of contribution of the amine functional
groups of DMAEMA block in formation of hydrogen bond with the dextran
hydroxyl groups. Consequently, it was assumed that the DMAEMA block has
tendency to remain in dextran rich phase. Secondly, it was presumed the PEGMA
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with a comb like structure consisting of a polymethacrylate back bone and PEG
brushes, tends to stay in PEG rich phase, due to the compatibility of PEG brushes
with PEG phase. As a result this amphiphilic triblock copolymer is expected to have
the ability to stabilise w/w emulsion consisting of dextran and PEG rich phases. In
addition, the presence of BUMA block in the structure of this type of terpolymer
enhances the possibility of polymersomes formation in such system. The research
strategy is illustrated schematically in Figure 5.10 where light blue, red and dark
blue chains are corresponding to PEGMA, BuMA and DMAEMA blocks
respectively. As explained for ABA terpolymers, using this research strategy for
stabilisation of w/w emulsions and possible formation of polymersomes, high
encapsulation efficiency can be obtained. To examine this assumption a series of
ABC terpolymers with general structure of P,-By-D, but different x, y and z block
lengths were used as stabiliser for w/w emulsion preparation or in the other words,

polymersomes preparation.

Figure 5.10. Stabilisation of ATPS using ABC terpolymers in the presence of
encapsulant concentrated within one of the phases.
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5.3.1 Effect of ABC terpolymer composition on emulsion type

It is well-established that the emulsion type depends on nature of the
stabiliser and the relative volume fractions of the two phases. ® At equal volume
fractions of oil/water, surfactant with long hydrophobic tail results in water-in-oil
emulsions while type of emulsion changes to oil-in-water when surfactant with big
hydrophilic head and short hydrophobic tail is used. Therefore, in this work it was
predicted that the type of formed emulsion would depend on the polymer
composition since two DMAEMA and PEGMA terminal blocks are expected to
govern the relative affinities of the terpolymer towards the dextran and PEG rich
phases respectively. Terpolymers with long DMAEMA block were expected to form
PEG in dextran emulsion, while those with long PEGMA block would expect to

form dextran in PEG.

In order to investigate whether in ATPSs the composition of the used
stabiliser can invert the emulsion type, equal volume fractions of dextran and PEG
ATPS was used, hence emulsion type depends just on the nature of the stabiliser.
Emulsions type was determined using fluorescence probes with affinity to stay in
either dextran or PEG rich phase. As it can be seen in Figure 5.11, rhodamine and
fluorescein partition preferentially to the top PEG-rich phase in the separated ATPS
at equilibrium, whereas FITC-dextran partitions to the bottom dextran-rich phase.

Figure 5.11. Aqueous two phase systems containing 9.24 wt.% dextran and 4.96
wt.% PEG giving equal volumes of dextran-rich bottom phase and PEG-rich top
phase and showing the partitioning of (a) rhodamine, (b) fluorescein and (c)

fluorescein isothiocyante dextran (FITC-dextran) conjugate.

140



The fluorescent micrographs of w/w emulsion based on dextran-PEG ATPS
with equal volume fraction and containing 1 wt.% of P36: Pi3-B7-Ds ABC
terpolymer and any of the mentioned fluorescent probes further confirmed that both
rhodamine and fluorescein are preferentially located in the continuous phase (which
is therefore the PEG-rich phase) and FITC-dextran is in the dispersed phase (see
Figure 5.12). Therefore, the type of emulsion was determined to be dextran-in-PEG
(d/p).  Similar experiments revealed that all synthesised terpolymers provide
dextran-in-PEG type of emulsion (when emulsion is stable), despite the degree of
polymerisation of PEGMA/DMAEMA being varied from a maximum of 1.93 to a

minimum of 0.05.

Formation of dextran dispersed phase in PEG continuous phase at equal
volume fractions of dextran and PEG, for terpolymers containing a long DMAEMA
chain revealed that the type of emulsion is independent to terpolymer composition
and so called, transitional phase inversion, does not occur in these systems. This
contrary result might be due to the much higher density of dextran rich phase which
preferentially forms the dispersed phase rather the continuous phase at equal volume
fractions of dextran and PEG. It is known that the denser phase prefers to form
dispersed phase while, the less dense phase forms the continuous phase. ’
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Figure 5.12. Fluorescence micrographs of emulsions containing equal volume
fractions of PEG-rich and dextran-rich phases, 1 wt.% P36: P13-B7-D4o and stained
with (a) 0.04 mg/mL of rhodamine, (b) 0.04 mg/mL of fluorescein and (c) 0.2
mg/mL of FITC-dextran.
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5.3.2 Effect of relative volume fractions of the dextran-PEG phases on emulsion
type

It was discussed in previous section that all synthesised terpolymers forms
dextran in PEG emulsions at equal volume fractions of dextran-PEG. Therefore,
block length variations were not sufficient to cause transitional phase inversion.

However, it was found that by varying the relative volume fractions of dextran and
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PEG phases when a fixed stabiliser is used, so called catastrophic phase inversion
occurs in w/w emulsions. Emulsions consisting of 1 wt.% of P16: P1;-Bgo-Dss but
with varying volume fraction of dextran and PEG rich phases (dgex and ¢peg) were
prepared. The reason behind choosing P16 terpolymer was fairly long stability of the
system provided by this polymer. This variation in volume fractions of dextran and
PEG was achieved by varying the dextran and PEG concentrations along the fixed
tie-line F of dextran-PEG phase diagram as assigned in Figure 5.13 by triangle
symbols. The emulsion type was determined using rhodamine fluorescent probe
which has selective affinity towards PEG rich phase (see Figure 5.14). As can be
seen, in this Figure emulsions containing less than 0.56 volume fraction of dextran
(bgex < 0.56) formed dextran in PEG (d/p) emulsions, while a catastrophic phase
inversion occurred when volume fraction of dextran increased above 0.62 and PEG
in dextran (p/d) emulsions were obtained. The phase compositions, volume fractions

of dextran-PEG and the emulsion type are summarised in Table 5.1.

Figure 5.13. Phase diagram of the dextran (M,, = 500 kDa) and PEG (M,, = 6 kDa
system at 20°C. The solid line shows the binodal and the dashed lines in the two-
phase region show tie-lines terminating in the unfilled circles. The filled circle
indicates the plait point. The triangle and square symbols indicate the compositions

of used ATPSs on tie line F and G, respectively.
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Figure 5.14. Fluorescence micrographs of w/w emulsions containing different
volume fractions of dextran-PEG ATPS, 1 wt.% of P16: P1;-Bgo-Ds4 terpolymer and
0.04 mg/mL of rhodamine. Emulsions were prepared via stirring for two hours at
500 rpm. Micrographs were taken 30 minutes after stopping stirring. Each

micrograph refers to one point of the phase diagram (see Table 5.1 for details).
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Table 5.1. Summary of compositions, phase volume fractions and emulsion type of
emulsions formed from ATPSs containing 1 wt.% of P16: P11-Bgo-Dss at pH 6 and
different amounts of dextran and PEG, giving different volume fractions of the

dextran- and PEG-rich phases.

Point Dextran PEG Paostran rEs Emulsion
wt.% wt.% Type
1 1.72 9.12 0.16 0.84 Dex-in-PEG
2 3.30 8.33 0.21 0.79 Dex-in-PEG
3 4.28 8.00 0.23 0.77 Dex-in-PEG
4 5.84 7.13 0.30 0.70 Dex-in-PEG
5 9.24 4.96 0.50 0.50 Dex-in-PEG
6 10.71 4.71 0.55 0.45 Dex-in-PEG
7 11.25 4.46 0.56 0.44 Dex-in-PEG
8 11.86 4.13 0.62 0.38 PEG-in-Dex
9 13.09 4.00 0.63 0.37 PEG-in-Dex
10 13.54 3.26 0.74 0.26 PEG-in-Dex
11 16.55 1.86 0.86 0.14 PEG-in-Dex

5.3.3 Effect of relative volume fractions of the dextran-PEG phases on emulsions

mean drop size

As it can be seen in Figure 5.14, emulsions drop size varies as a function of
volume fraction of dextran and PEG phases. At point 1 where volume fraction of
dextran is at the lowest (dgextran: 0.16 and ¢pec: 0.84) there are small flocculations of
drops in discrete distance with mean size of 5.0 £ 2.9 um. With increasing the dgextran
in the system, emulsion drop size increased gradually and reached a maximum (21.3
+ 8.6 um). Close to the catastrophic phase inversion point, the emulsions mean drop
size falls down significantly and a bimodal drop size distribution consisting of drops
with mean size of 5.6 + 3.3 and 55.5 + 13.4 um was observed. After the catastrophic
phase inversion point, the mean drop size firstly increased with increasing the dgextran
and then gradually decreased to reach a minimum size (3.5 + 2.9 pm). Figure 5.15
illustrates the variation of emulsion mean drop size as a function of increasing the

Odextran IN the system.
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Figure 5.15. Variation of initial mean drop diameter versus the volume fraction of
dextran-rich phase ¢gex in emulsions stabilised by 1 wt.% of P16: P1;-Bgo-Ds4 at pH
6. Emulsions were prepared via two hours emulsification at 500 rpm at room
temperature. Drop size was determined immediately after preparation of emulsions.
The vertical dashed line indicates the point of catastrophic phase inversion from
dextran-in-PEG (at low ¢gex) to PEG-in-dextran (at high ¢gex). The vertical solid line
connecting two data points indicates a bimodal drop size distribution with peaks at
5.6 and 55.5 um.
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5.3.4 Effect of relative volume fractions of the dextran-PEG phases on emulsion

stability

The emulsions stability was assessed by recording the volume fractions of
resolved PEG (upper, less dense) and dextran (lower, denser) phases and unresolved
emulsion as a function of time. For emulsions of the dextran-in-PEG type, the
resolution of the less dense PEG-rich phase occurs as a result of sedimentation of the
emulsion drops of the denser dextran-rich phase. The resolution of the dextran-rich
phase occurs as a result of coalescence of the emulsion drops of the dextran-rich
phase. In contrary, for a PEG-in-dextran type of emulsion, the resolution of the PEG
rich phase occurs as a result of coalescence of the emulsion drops, while the
resolving of dextran rich phase is due to creaming of PEG rich dispersed phase.

Half-lives of coalescence, creaming or sedimentation and emulsion, namely, ti»
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coalescence, tj, creaming or sedimentation and ty, emulsion, were obtained by
plotting the recorded volume fractions of dextran rich phase, PEG rich phase in the
case of dextran-in-PEG type of emulsion (in the case of PEG-in-dextran emulsion,
resolved PEG and dextran rich phases were recorded respectively) and emulsion
region versus time respectively, where the corresponding regions reach to half of
their initial volumes fractions. Figure 5.16 illustrates a typical graph of variation of

each region over time and determination of the corresponding half-lives.

Figure 5.16. Determination of t;, coalescence, ti, sedimentation and ty, emulsion
based on resolved volume fractions of dextran, PEG and remaining emulsion region
over time, respectively. Emulsions were prepared by emulsifying a mixture of
dextran-PEG ATPS with 0.5: 0.5 volume fractions stabilised by 1 wt.%
P19: P4-Bgs-Dgs terpolymer at room temperature for duration of two hours at 500
rpm. Emulsion type is dextran-in-PEG. The curved best fit solid lines are guides for
the eye and the red vertical dashed lines indicate the t;,s of sedimentation,

coalescence and emulsion.
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The stability of the emulsions containing 1 wt.% P16: P11-Bgo-Dss With
respect to ty, coalescence, ty;, creaming and ty, emulsion was monitored over time, as
function of dextran volume fraction in the system. It was found that the emulsion
stability varies as a function of ¢gex. A slight maximum was observed close to the
phase inversion point where the drop size also decreased significantly. Figure 5.17

shows the variation of emulsion stability by plotting the obtained t;/, coalescence of

147



emulsions over the ¢gqx. The observed mean initial drop diameter and stability
parameters of emulsions containing 1 wt.% P16: P1;-Bgo-Dss With varied volume

fractions of dextran-PEG are summarised in Table 5.2.

It is known that in surfactant-stabilised emulsions, the catastrophic phase
inversion is associated with hysteresis and with the formation of multiple emulsions
where emulsion drops increase in size and become less stable as the inversion point
is approached. ® In case of particle-stabilized emulsions, no hysteresis is normally
observed and there is some increase in drop size at inversion point where a

maximum stability with respect to sedimentation/creaming occurs. °

Figure 5.17. Variation of half-life for drop coalescence versus the volume fraction of
dextran rich phase in emulsions with dextran-PEG composition varied along tie-line
F and stabilised by 1 wt.% of P1;-Bgo-Ds4 at pH 6. Emulsions were prepared via two
hours emulsification at 500 rpm at room temperature. Emulsions were kept at room
temperature during their assessment. The vertical dashed line indicates the point of

catastrophic phase inversion from dextran-in-PEG to PEG-in-dextran.
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Table 5.2. Summary of phase volume fractions, emulsion type, stability parameters
and droplet sizes for emulsions formed from aqueous two phase systems containing
1 wt.% of P1;-Bgo-Des at pH 6 and different volume fractions of the dextran- and
PEG-rich phases along tie-line F.

Tie-line F
Point | ¢gex | Prec | Emulsion | ty, Coal. | tyoCrea. | ti, Emul. | Mean drop
Type (hour) or Sed. (hour) diameter
(hour) (Hm)
1 0.16 | 0.84 d/p 75.5 5 8 5029
2 0.21 | 0.79 d/p 85 11 135 143 +6.3
3 0.23 | 0.77 d/p 130 400 370 15.0+5.6
4 0.30 | 0.70 d/p 244 32 58 16.3+4.9
5 0.50 | 0.50 d/p 199 68 120 21.3+8.6
6 0.55 | 0.45 d/p 1200 1030 1150 17.7+5.6
7 0.56 | 0.44 d/p 185 235 200 6.0+4.7
8 0.62 | 0.38 p/d 140 153 153 5.6 +3.3
555+ 134
9 0.63 | 0.37 p/d 418 280 350 16.4+5.6
10 | 0.74 | 0.26 p/d 160 132 144 85438
11 | 0.86 | 0.14 p/d 166 128 132 35+29

5.3.5 Effect of shifting to a higher tie-line in dextran-PEG ATPS phase diagram

on emulsion stability and type

Different compositions of dextran-PEG ATPS with varied volume fractions
of both phases along a higher tie-line of dextran-PEG phase diagram, namely tie-line
G (see Figure 5.13), were attempted to be stabilised using the same terpolymer (P16:
P11-Bso-Des) Which was used for stabilisation of dextran-PEG ATPSs on tie line F.
The prepared ATPSs on this tie-line have a higher viscosity as a higher mass of
dextran and PEG polymers were used for their preparation. Shifting to a higher tie-
line provides ATPS systems with larger interfacial tension, which is expected to
enhance the adsorption of terpolymers at the interface. Table 5.3 illustrates the
summary results of emulsion characteristics in terms of the stability parameter and
drop size. Comparing the ty, of emulsions drop coalescence versus dextran-rich
phase volume fraction, for ATPS systems along tie-line F and G, showed that the

stability of emulsions significantly increases (about 10 times in logarithmic scale) by
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shifting the dextran-PEG ATPS composition from tie-line F to tie-line G (see Figure
5.18) In addition, the size of the droplets of the prepared emulsions along tie-line G

was considerably smaller than those on tie-line F.

Table 5.3. Summary of phase volume fractions, emulsion type, stability parameters
and droplet sizes for emulsions formed from aqueous two phase systems containing
1 wt.% of P16: P11-Beo-Des at pH 6 and different volume fractions of the dextran-
and PEG-rich phases along tie-line G.

Tie-line G
Point | ¢gex | Prec | Emulsion | tyo Coal. | ti,Crea. | tip Emul. | Mean drop
Type (hour) or Sed. (hour) diameter
(hour) (Hm)
1 1015 0.85 d/p 566 38 60 13+1.1
2 1031 0.69 d/p 1071 139 170 3.2+29
3 |045] 055 d/p 1875 250 375 6.5+£5.1
4 1055 045 d/p 2633 345 626 7.8+4.9
5 ]0.68 | 0.32 d/p 1594 567 986 53+8.1
6 |0.70 | 0.30 p/d 979 841 939 18.7+7.6
39127
0.75 | 0.25 p/d 677 292 248 32124
0.77 | 0.23 p/d 478 174 174 28122
9 |0.79]0.21 p/d 418 280 350 21+14
10 |0.84 | 0.06 p/d 240 24 72 15+0.9

The longer stability of the prepared emulsions on tie-line G might arise from
the higher viscosity of the systems which prevent from creaming or sedimentation of
the drops. In addition, as mentioned before, ATPS systems along tie-tine G possess
larger interfacial tensions which enhance the adsorption of terpolymers at the

interface.
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Figure 5.18. Variation of t;, of drop coalescence versus the volume fraction of
dextran rich phase along tie-line F and G in emulsions stabilised by 1 wt.% of P16:
P11-Bgo-Dss at pH 6. Emulsions were prepared via two hours emulsification at 500
rpm at room temperature. Emulsions were kept at room temperature during their
assessment. The vertical dashed lines indicate the point of catastrophic phase

inversion from dextran-in-PEG to PEG-in-dextran.
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5.3.6 Effect of terpolymer composition on emulsion stability

ATPSs consisting of 9.24 wt.% dextran and 4.96 wt.% PEG with equal
volume fractions were attempted to stabilise by all the 38 synthesised terpolymers of
varying compositions and block lengths. The stabilities of the emulsions were
assessed by recording the fractional resolution of the dextran- and PEG-rich phases
and remaining emulsion region from the emulsions as a function of time (as
explained in previous section). Table 5.4 illustrates the obtained t;, of coalescence,
sedimentation and emulsion for emulsions containing equal volume fractions of
dextran and PEG phases which were stabilised with 1 wt.% of P-By-D, terpolymers

of different x, y and z block length.
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Table 5.4. Summary of the Py-By-D, terpolymer structures, emulsion type and

stability parameters in emulsions formed from aqueous two phase systems

containing 9.24 wt.% dextran, 4.96 wt.% PEG (giving equal volumes of dextran-rich
and PEG-rich phases) and 1 wt.% of P,-By-D, at pH 6.

No. Polymer M, | Emul. | tiCoal. | tyoSedi. | ti, Emul. tsep.
Structure | g/mol | type hours hours hours hours
1 | P1s-Bs2-D3g | 14000 | d/p 0.38 0.12 0.31 0.5
2 | P1g-Bag-Dss | 18800 | d/p 40 19.5 28 42
3 | P1g-Bes-Dag | 19800 | d/p 96 41 73 120
4 | P23-Bso-Dss | 16000 | d/p 1 0.3 0.4 0.5
5 | Pa-Bse-D32 | 22000 | dip 0.045 0.04 0.04 0.25
6 | Pg-Bus-Dsz | 15300 | d/p 75 43 60.5 96
7 | P22-Bas-Deo | 19300 | d/p 114 90 108 144
8 | Pg-Bss-D1o | 9800 | dip 0.385 0.1 0.28 0.5
9 | Pag-Bag-D2s | 17900 | dip 0.13 0.03 0.065 1
10 | P2r-Bss-D1s | 16800 | dip 0.15 1 0.36 0.5
11 | P14-B2o-D17 | 9100 | dip 0.64 0.19 0.33 1
12 | P13-B3s-D2s | 11300 | d/p 1.41 0.5 0.85 1
13 | P1o-Bss-D27 | 10700 | d/p 1.42 0.75 1.25 2
14 | Pg-B3-Dag | 10000 | dip 2.34 1.22 1.64 2
15 | P7-Bss-Ds3 | 10600 | d/p 15.8 7.2 10.5 20
16 | P11-Beo-Des | 17800 | d/p 199 68 120 200
17 | P4-B3o-Das | 9400 | d/p 68 41 55 75
18 | Pg-Bo1-D114 | 28500 | d/p 25 46.5 35 72
19 | P4-Bes-Des | 20600 | d/ip 360 175 271 480
20 | P2-Bi3-D1o | 3400 | d/p 0.014 0.046 0.035 0.16
21 | P3-Bn-Dis | 5700 | d/p 0.024 0.048 0.04 0.16
22 | P4-By-D1g | 7200 | d/p 0.016 0.45 0.39 0.16
23 | Ps-Bas-D22 | 9100 | d/p 0.48 0.28 0.36 1
24 | Pg-Bar-D2s | 11300 | d/p 2.05 2.5 2.4 5
25 | P7-Byg-D33 | 13000 | d/p 4 3.4 3.7 6
26 | P7-Bsi-Dag | 14300 | d/p 4.2 3.8 4.05 7
27 | P4-B1g-D17 | 5900 | d/p 0.066 0.033 0.05 0.33
28 | Pe-Bzs-D32 | 11300 | d/p 0.34 0.1 0.21 0.75
29 | Pg-B4-Ds7 | 15700 | d/p 355 24 30 72
30 | P12-Beo-Ds2 | 20400 | d/p 60 22.5 48 96
31 | Pwu-B7o-D73 | 23500 | d/p 658 616 638 912
32 | Pi5-Bgo-Des | 26300 | d/p >5800 3800 >5800 >5800
33 | P13-Bso-Dss | 14600 | d/p 370 60 200 456
34 | P13-Bes-Dsg | 17300 | d/p 430 100 330 576
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No. Polymer M, | Emul. | ty»Coal. | typSedi. | ty, Emul. tsep.
Structure | g/mol | type hours hours hours hours
35 | P13-Be7-D3s | 17200 | d/p 380 50 200 456
36 | P13-B76-Dao | 19300 | d/p 330 50 110 432
37 | Pu-Bsg-Dss | 15300 | d/p 82 26 58 360
38 | P1-Bgi-Das | 20400 | d/p 3290 800 2000 >3600

By plotting the ty, of coalescence, sedimentation or emulsion versus the

polymer compositional variation, the following results were obtained:

By plotting the stability of emulsions in terms of their t;, of drop coalescence
versus the length of PEGMA block, two different trends in contrary were observed
as can be seen in Figure 5.19. Terpolymers with PEGMA blocks consisting of less
than 15 repeated units (or degree of polymerisation) showed an increase in emulsion
stability by increasing the PEGMA length. Oppositely, in case of terpolymers with
more than 15 PEGMA units in their chain, increasing the PEGMA content resulted
in less stability of the emulsions over time. Similar result was obtained when t;/, of
sedimentation or t;;, of emulsion was plotted over PEGMA length (see Appendix).
More specifically, by comparing P25: P7-B4g-D33, P33: P13-Bsy-D3s and P5: Py1-Bsg-
D3, with relatively constant BUMA and DMAEMA block but increasing PEGMA
block length (see Figure 5.20), the half-lives of emulsion drop coalescence is first
increase from 4 to 370 hours for P25 and P33 and then drops down for P5 with
longest PEGMA chain to a few minutes. Overall, maximum emulsion stability was
observed for terpolymers with 13-15 PEGMA repeated units in their chain.
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Figure 5.19. Variation of t, for dextran phase resolution (resulting from drop
coalescence) with the PEGMA block length for terpolymers at equal volume
fractions of dextran-PEG phases. Emulsions were prepared via two hours stirring at
500 rpm at pH 6.
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Figure 5.20. Schematic presentation of P25: P7-Bsg-D33, P33: P13-Bsp-D3s and P5:
P41-Bsg-D3 with relatively constant BUMA and DMAEMA block but increasing
PEGMA block length.
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Plotting the stability of emulsions in terms of their ty, of drop coalescence
versus the length of hydrophobic BuMA block, showed the drop coalescence
stability increases with increasing hydrophobic BuMA block length (See Figure
5.21). Similar result was obtained when t;, of sedimentation or t;;, of emulsion was
plotted over BUMA length (see Appendix). More specifically, comparing P33: Pi3-
Bs,-Dss and P34: Pi3-Bes-Dsg terpolymers with relatively constant hydrophilic
PEGMA and DMAEMA blocks but increasing BuMA block length (see Figure
5.22), the ty, of drop coalescence increases 60 hours by addition of 13 more BUMA
unites in terpolymer structure. This is presumably due to increased cohesion within

the stabilising polymer film driven by hydrophobic attraction. Maximum stability
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(corresponding to a ty, coalescence value of about 6000 hours or about 8 months) is

seen for a BUMA block length of about 80 repeated units.

Figure 5.21. Variation of ty, for dextran phase resolution (resulting from drop
coalescence) with the BUMA block length for terpolymers at equal volume fractions
of dextran-PEG phases. Emulsions were prepared via two hours stirring at 500 rpm
at pH 6.
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Figure 5.22. Schematic presentation of P33: P13-Bs,-D3s and P34: P3-Bgs-Dsg with
relatively constant PEGMA and DMAEMA block but increasing BuMA block
length.
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Plotting the stability of emulsions in terms of their ty, of drop coalescence
versus the length of DMAEMA block, showed a similar result to that of the BUMA
block. As it can be seen in Figure 5.23, the drop coalescence stability increased with
increasing the DMAEMA block length. Same result was obtained when ty, of
sedimentation or t;;, of emulsion was plotted over DMAEMA length (see Appendix).
More specifically, comparing P35: P13-Bg7-D3s and P31: P14-B7o-D73 terpolymers
with relatively constant PEGMA and BuMA blocks but increasing DMAEMA block

length (see Figure 5.24), the ty, of drop coalescence increases more than 250 hours
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only by addition of 37 more DMAEMA unites in terpolymer structure. This could
be due to increased penetration of DMAEMA blocks into the dextran rich dispersed
phase which enhances the segregation of terpolymers block at the dextran-PEG
interface. Maximum stability (corresponding to a ty, coal. value of about 6000 hours
or about 8 months) is seen for a DMAEMA block length of about 85 repeated units.
However, it should be noted that too long DMAEMA chain causes the gelation of
w/w emulsions due to the entanglement of DMAEMA chains. This was observed
when P18:Pg-Bg1-D114 terpolymer, with longest DMAEMA chain among the whole
terpolymers series, was used for the stabilisation of emulsion. Although the emulsion
turned into a gel-like mixture, it was less stable than the emulsions stabilised by

terpolymers containing fewer DMAEMA units.

Figure 5.23. Variation of t, for dextran phase resolution (resulting from drop
coalescence) with the DMAEMA block length for terpolymers at equal volume
fractions of dextran-PEG phases. Emulsions were prepared via two hours stirring at
500 rpm at pH 6.
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Figure 5.24. Schematic presentation of P35: P13-Bg7-D3s and P31: P14-B7o-D73 with
relatively constant PEGMA and BuMA block but increasing DMAEMA block
length.
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In order to find out the optimum PEGMA/DMAEMA block ratio, t;, of drop
coalescence of the emulsions was plotted over PEGMA/DMAEMA ratio. As can be
seen in Figure 5.25 no specific trend in stability of emulsions is observed for
terpolymers with PEGMA/DMAEMA block ratio less than 0.5. By increasing the
PEGMA/DMAEMA ratio over 0.5 in terpolymers, it seems that the ability to
stabilise dextran-PEG ATPS decreases dramatically and reaches to a minimum. For
instance, comparing P10: P,7-Bss-D14 and P26: P7-Bs;-Dsg with relatively constant
hydrophobic BUMA blocks and similar total degree of polymerisation, but varied
PEGMA/DMAEMA block ratio of 1.92 to 0.18, the ty, of emulsion drop

coalescence increases from 0.15 to 4.2 hours (see Figure 5.26).

Figure 5.25. Variation of ty, for dextran phase resolution (resulting from drop
coalescence) with the PEGMA/DMAEMA block ratio for terpolymers at equal
volume fractions of dextran-PEG phases. Emulsions were prepared via two hours
stirring at 500 rpm at pH 6.
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Figure 5.26. Schematic presentation of P10: Py;-Bss-D14 and P26: P7-Bs;-D3g with
relatively constant BUuMA block but decreasing PEGMA/DMAEMA block ratio.
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5.3.7 Effect of terpolymer molecular weight on emulsion stability

The variation of ty, of drop coalescence with the M, of terpolymers at a
constant composition showed a linear increase with increasing the molecular weight
of terpolymers. This trend was observed when the t;;, of drop coalescence of P27:
P4-B1g-D17, P28: Pg-Bgg-D32, P29: Pg-B47-Dy47, P30: P12-Bgo-De2, P31: P14-B7o-D73 and
P32: P15-Bgo-Dgs with same composition (PEGMA: BUMA: DMAEMA = 0.16: 0.40:
0.44) but increasing molecular weights were plotted over their M, (see Figure 5.27
and 5.28).

Figure 5.27. Schematic presentation of P27: P4-B1g-D17, P28: Ps-B3s-D3p, P29: Pg-
B47-D47, P30: PlZ'BGO'DGZ, pP31: P14-B70-D73 and P32: P15-Bgo-Dg5.
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Figure 5.28. Variation of ty, for dextran phase resolution (resulting from drop
coalescence) with the number average molecular weight of terpolymers with a
constant composition, at equal volume fractions of dextran-PEG phases. Emulsions

were prepared via two hours stirring at 500 rpm at pH 6.
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Overall, increasing the molecular weight of terpolymers even with varied
compositions resulted in an increase in the stability of the resulted emulsions (see
Figure 5.29). This effect might be corresponding to the higher viscosity of the
system which prevent from drop coalescence as well as reducing the sedimentation
rate. However, as can be seen in this Figure, there are a number of terpolymers with
quite high molecular weights which were not able to stabilise the dextran-PEG
system for a long time. Therefore, in addition to the MW, the composition of

terpolymers plays an important role in the stabilisation of such systems.

Figure 5.29. Variation of tj, for dextran phase resolution (resulting from drop
coalescence) with the number average molecular weight of terpolymers, at equal
volume fractions of dextran-PEG phases. Emulsions were prepared via two hours

stirring at 500 rpm at pH 6.
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5.3.8 Effect of emulsion stability on emulsion drop size

Studying the droplet size of prepared emulsions showed that the relatively
stable emulsions generally form small drops with diameter of a few pum while in the
relatively unstable ones, the emulsion drop size dramatically increases to a few tens
of um. For instance, as it can be seen in Figure 5.30 which shows the transmission
optical micrographs taken immediately after preparation of four representative
examples of the dextran in PEG emulsions, the obtained drop size for relatively
stable emulsions stabilised by P31: P14-B7p-D73 and P16: P11-Bgo-Dgs Were 4.5+1.2
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pum and 5.9£1.6 pm respectively, while much larger drop size 40+34 pum and 53+31
um were observed for relatively unstable emulsions containing P28: Pg-Bgs-D3, or
P27: P4-B1g-D17 respectively. The derived cumulative drop size distribution of these
four examples is shown in Figure 5.31 for a better presentation of their overall

pattern which shows the distributions are mono-modal.

Figure 5.30. Transmission micrographs of dextran-in-PEG emulsions containing
equal volume fractions of PEG-rich and dextran-rich phases and 1 wt.% (a) P27: P,-
Big-Di17, (b) P28: Pg-Bsg-Dsp, (C) P16: P11-Bgo-Des and (d) P31: Pys-Bro-Dirs.
Emulsions were prepared via two hours stirring at 500 rpm at pH 6. Micrographs

were taken immediately after emulsion preparation.
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Figure 5.31. Initial cumulative droplet size distributions for dextran-in-PEG
emulsions formed from aqueous two phase systems containing equal volume
fractions of dextran and PEG plus 1 wt.% of four different P,-By-D, terpolymers
(indicated in key) at pH 6. Emulsions were prepared via two hours stirring at 500

rpm.
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5.3.9 Variation of emulsion drop size over time

The mean drop diameter of an emulsion containing equal volume fractions of
dextran-PEG and 1 wt.% of P16: P11-Bgo-Dssa Was measured as a function of time as
shown in Figure 5.32. For this system for which t;, of drop coalescence: 199 hours,
t1» drop sedimentation: 68 hours and ty, of emulsion: 120 hours, the mean drop
diameter in the residual emulsion increases almost linearly from approximately 6 to
10 um over 290 hours. Also, over time the standard deviation of drop size increases
significantly which suggesting an increase in polydispersity of the system over time

as shown in Figure 5.33.
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Figure 5.32. Transmission micrographs of emulsion consisting of equal volume
fractions of dextran-PEG and 1 wt.% P16: P11-Bgo-Des at pH 6. Emulsion was
prepared via two hours emulsification at 500 rpm. Micrographs were taken (a) 0.5,
(b) 3, (c) 24, (d) 48, (e) 96, (f) 144, (g) 168, (h) 216 and (i) 288 hours after emulsion

preparation.
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Figure 5.33. Variation of emulsion mean drop size over time for an emulsion with
equal volume fractions of dextran-PEG and 1 wt.% P16: P11-Bgo-Dss. Emulsion was
prepared via two hours stirring at 500 rpm at pH 6. Error bars are corresponding to

the standard deviations of obtained mean drop size.
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5.3.10 Effect of increasing terpolymer concentration on emulsions

It was attempted to increase the concentration of terpolymers for preparation
of w/w emulsions. Higher concentrations of P16: P1;-Bgo-Ds3, namely, 2, 3 and 4
wt.% were attempted. But it was found out that the higher concentrations of
terpolymer causes the mixtures to become viscoelastic. Emulsification yielded some
emulsion drops but also regions of non-dispersed, gelled polymer solution (see
Figure 5.34).
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Figure 5.34. left: Camera picture taken from a gelled dextran-PEG ATPS with equal
volume fractions which is containing 2 wt.% of P16: P11-Bgo-Dss terpolymer. Right:

corresponding transmission electron micrograph.

5.3.11 Effect of varying pH on emulsions stability

The pH of emulsions was varied between 4 to7 in order to investigate the
effect of pH on the stability of emulsions. At pHs greater or equal to 7 (pH > 7) some
of the terpolymers were insoluble in the system. It was found that the emulsions
stabilities were virtually independent of pH over the range 4-6. However, the
stability of emulsions varied slightly by decreasing the pH, but not a specific trend
was observed. Overall, the maximum emulsion stability with respect to ty, of

coalescence was observed at pH 6.
5.3.12 Effect of emulsification duration and method on the stability of emulsion

In this work, emulsions were prepared either by gentle stirring using a stirrer
bar at 500 rpm for two hours or homogenisation using a homogenising head at 11000
rpm for duration of two minutes. It was found that emulsions prepared via gentle
stirring are much more stable than those prepared under vigorous homogenisation. In
addition, increasing the homogenisation or stirring time significantly decreases the
stability of the prepared emulsions. In an experiment, a large batch of ATPS
containing equal volume fractions of dextran-PEG and 1 wt.% of P3: P1g-Bes-Das
was prepared and after pH adjustment (pH 6), the prepared mixture was divided into
5 small batches and each was stirred for a different duration of time. Figure 5.35

shows the stability behaviour of these emulsions over time.
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Figure 5.35. Effect of stirring time on the stability of emulsions consisting of 0.5:
0.5 volume fractions of dextran-PEG and 1 wt.% of P3: P1g-Bgs-Dsg at pH 6 over
time. A big batch of emulsion was divided into 5 separate emulsions and each was
stirred for 2, 15, 24, 39 and 48 hours respectively.

stirring time (hours)
48 39 24 15 2

time

Considering that all five prepared emulsions were in the same conditions
(concentration of stabiliser, pH and temperature) and the only variable was the
stirring time, it can be resulted that the longer the emulsions are stirred for, the less
stable they are over time. In other words, the more energy input is applied to the
system the less stable it will be over time. This result is in agreement with the
previous results when the stirring and homogenisation methods were compared, as
the homogenisation method prepared less stable emulsions in compare to stirring
method, knowing that homogenisation applies more energy to the system. The
reason behind this behaviour is still unclear. However, a possible reason might be the
longer time needed for terpolymers to be adsorbed at the dextran-PEG interface with
a relatively low interfacial tension. Homogenisation for a short time might not
provide enough time for the adsorption of terpolymers, while stirring the system for
an appropriate period of time might increase the possibility of the slow adsorption of
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terpolymers at the interface which leads to formation of more stable emulsion.
Stirring the system for longer time might result in the formation of self-assemblies
(aggregations) of terpolymers in the system in equilibrium with the adsorption and
desorption process of terpolymers at the interface; therefore the decreases stability of

emulsions can be attributed to the presence of less free terpolymers in the system.
5.3.13 Effect of polymer architecture on emulsion stability

In addition to Py-By-D, terpolymers, Py-By and By-D, diblock copolymers
were also used as stabiliser for formation of stable w/w emulsions or possibly bilayer
type of polymersomes. P1s-Bs, was not soluble in the system while Bsg-Dg3 gave
reasonable emulsion stabilisation (t;, coalescence: 480 hours). Although only a very
limited comparison is possible, we note that the best tri-block stabiliser used here can
stabilise the emulsions for more than 8 months and is considerably more effective
than the Bsg-Dgs diblock copolymer. P4-D, diblock copolymers were not attempted in
this work, as one of the main aims was to template w/w emulsions for polymersomes
formation and one of the main features of polymersomes is their hydrophobic

membrane structure.

Moreover, star polymers consisting of flexible PEGMA and DMAEMA
chains and cross-linked core were synthesised in order to be used for stabilisation of
dextran-PEG ATPS (see Figure 5.36). In spite of quite long PEGMA and DMAEMA
chains (30 degree of polymerisation for each), the formed emulsions were very
unstable and phase separated in less than a few minutes. This control experiment
revealed the key role of hydrophobic BUMA block which enhances the cohesion

between formed polymeric film around the emulsion drops.

Figure 5.36. Schematic presentation of using PEGMA (light blue chains) and
DMAEMA (dark blue chains) star polymers with cross linked core (red circles) for
stabilisation of dextran-PEG ATPS.

PEG
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5.3.14 Drying the templated polymersomes

A dextran-in-PEG emulsion containing equal volumes of dextran and PEG
rich phases, rhodamine and FITC-dextran fluorescent dyes and 1 wt.% of P28: Pe-
Bss-D32 was allowed to dry out on a microscope slide. Transmission and fluorescent
optical micrographs of the dried residue indicated that the polymersome-like
structure is retained on drying (see Figure 5.37). However, as it can be seen, the size
of the polymersomes shrank compare to that of the wet ones due to the evaporation

of water.

Figure 5.37. Transmission and fluorescent optical micrographs of a dextran-in-PEG
emulsion containing equal volume fractions of dextran and PEG rich phases,
rhodamine and FITC-dextran fluorescent dyes, stabilised by 1 wt.% of P28: Pg-Bsg-
D3, (a) before drying, (b), (c) and (d) after drying. Note that no cover slip was used

for microscopy sample preparation, therefore drop sizes are smaller than those

reported before.
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5.3.15 Dilution of the templated polymersomes

Dilution of the w/w emulsion with pure water led to mass transport of the
dextran and PEG between the dispersed drops and continuous phase and causes the
formation of a single phase solution. Thereby, emulsion structure collapses, as
expected from the dextran-PEG phase diagram shown in Figure 5.13. A relatively
stable emulsion containing equal volume fractions of dextran-PEG and 1 wt.% P30:
P12-Bgo-Ds2 Was diluted with pure water 5 times, either at one addition or gradually

to give a final composition within the one phase region of dextran-PEG system.

As it can be seen in Figure 5.38, diluting the system with 5 fold pure water at
one addition triggers the collapse of the emulsion which was virtually completed

within a few minutes.

Figure 5.38. Optical micrographs of w/w emulsion initially containing 9.24 wt.%
dextran, 4.96 wt.% PEG (equal volume fractions) and 1 wt.% P30: P12-Bgo-Ds2 (2)

before dilution, (b) 1 minute after 5 folds dilution, (c) 2 minutes after 5 folds

dilution.
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Similarly, gradual dilution of the same emulsion caused the continuing
destabilisation of the system. Despite diluting the system to a concentration at which
one single phase is visually observed, the microscopic observation of the system
immediately after dilution, revealed that there are still some remaining drops in the
system which disappear in a few minutes (see Figure 5.39).

Figure 5.39. Optical micrographs of a w/w emulsion initially containing 9.24 wt.%
dextran, 4.96 wt.% PEG (equal volume fractions) and 1 wt.% P30: P1-Bgo-Ds2
containing (a) 85.8 wt.%, (b) 87.34 wt.%, (c) 88.32 wt.%, (d) 89.15 wt.%, (e) 89.87
wt.% and (f) 93.92 wt.% of water. Micrographs were taken immediately after

dilution.
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5.4 Encapsulation/segregation of solutes within templated polymersomes

As illustrated before in Figure 5.11 fluorescent dye solutes selectively
partition into the dextran- and PEG-rich phases of the ATPS and hence partition
similarly between the dispersed dextran drops and PEG continuous phase of the
emulsions. For dextran-in-PEG emulsion drops stabilised by an adsorbed film of a
Px-By-D; terpolymer, or in other words templated polymersomes, the permeation of
solute molecules through the adsorbed polymer film was investigated. In addition,
the rate of solute permeation in terms of being kinetically trapped in either the drops
or the continuous phase of the emulsions was studied. Two small solute molecules,
namely, fluorescein and rhodamine and one large molecule, namely, FITC-dextran

were used in this study using two different approaches.

In the first approach, fluorescence micrographs obtained for systems of
identical compositions but which differ only in the order of addition of the
components were compared. In the “inside addition” method, the water, PEG,
dextran and solute were first mixed to ensure partitioning of the solute. The
terpolymer stabiliser was added afterwards followed by emulsification of the system.
In the “outside addition” method, the mixture containing all ingredients except for
the fluorescent dye solute was first emulsified and the dye was then added into the
continuous phase of the preformed emulsion and the system lightly stirred for 30
minutes. As mentioned before, both small solute molecules (fluorescein and
rhodamine) partition preferentially into the PEG-rich continuous phase and hence, as
expected, no difference is observed between fluorescence micrographs of samples
prepared by the “inside” or “outside” addition methods. Fluorescent micrographs
were also obtained for FITC-dextran within dextran-in-PEG emulsions containing
equal volume fractions of dextran-and PEG-rich phases stabilised by 1 wt.% of P28:
Ps-Bss-D32. FITC-dextran partitions preferentially into the dextran-rich phase which
forms the droplets of the emulsion. Hence, if the FITC-dextran is slow to permeate
the emulsion drop interface, the micrographs for “inside” and “outside” addition
should be different. However, they were observed to be identical as it can be seen in
Figure 5.40. Hence, the conclusion is that the FITC-dextran dye is able to permeate
emulsion drop surfaces stabilised by the terpolymer adsorbed film freely on a

timescale of 30 minutes or less.
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Figure 5.40. Fluorescent micrographs obtained of dextran-in-PEG emulsions
containing equal volume fractions of dextran-and PEG-rich phases and FITC-dextran
(0.2 mg/mL) stabilised by 1 wt.% of P28: Ps-B3s-D3,. The order of addition of
FITC-dextran was (a) before addition of terpolymer and (b) after addition of

terpolymer in the system.

(a) inside addition (b) outside addition

100 um
e

In the second approach, the distribution of the negatively-charged FITC-
dextran, which normally partitions to the dextran-rich phase, was altered by the
addition of positively-charged rhodamine (which normally partitions to the PEG-rich
phase). Addition of rhodamine to the systems containing FITC-dextran initially
located in the dextran-rich drops of the emulsion causes the FITC-dextran to slightly
partition to the PEG-rich continuous phase. This is presumably due to the formation
of a rhodamine-FITC-dextran ion pair which distributes preferentially to the PEG-
rich phase. For the experiment shown in Figure 5.41, a dextran-in-PEG emulsion
containing FITC-dextran was first prepared and rhodamine added into the continuous
phase. The intensities of green light emission from the FITC-dextran from both the
emulsion drops (larop) and continuous phase (lcony) Were monitored over 1 minute.
Both intensities decrease as a result of photo-bleaching. However, the ratio lgrop/lcont
decreases from greater than 1 initially to a plateau value of less than 1. This change
indicates that the FITC-dextran is preferentially located in the dextran rich drops
initially and the rhodamine addition extracts a fraction of the FITC-dextran into the
PEG-rich continuous phase. The plot of lgop/lcont Versus time shows that the
permeation of the FITC-dextran through the adsorbed layer of P28:Pg-Bss-Ds;
coating the drops occurs on a timescale of less than 1 minute. Control measurements
of the fluorescence intensities of FITC-dextran in the absence of added rhodamine
showed similar rates of photo-bleaching but the ratio lgrop/lcont remained constant and
greater than 1 over time (see Figure 5.42).
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Figure 5.41. Dextran-in-PEG emulsions containing equal volumes of dextran-and
PEG-rich phases stabilised by 1 wt.% of P28: Ps-Bss-D3, emulsified with FITC-
dextran (0.2 mg/mL) to which rhodamine (0.01 mg/mL) was subsequently added.
The upper images show the fluorescence images immediately after preparation. The
bellow plots show (a) the green fluorescence intensities from FITC-dextran in the

drops and continuous phases and the (b) ratio Igrop/lcont VErsus time.
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Figure 5.42. Dextran-in-PEG emulsion containing equal volumes of dextran-and
PEG-rich phases stabilised by 1 wt.% of P28:Ps-Bss-D3, emulsified with FITC-
dextran (0.2 mg ml™). The upper images show the FITC-dextran transmission and
fluorescence images immediately after preparation. The bellow plots show (a) the
green fluorescence intensities from FITC-dextran in the drops and continuous phases

and (b) the ratio lgrop/lcont VErsus time.
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We have shown that the fluorescent dye solutes can permeate through the
stabilising film of P28: P¢-B3s-D3, on a short timescale. Additional experiments (not
shown here) indicate that other terpolymers from Table 5.4 behave similarly.
Because mass transport in/out of the emulsion drops can occur on a short timescale,
it is predicted that dilution of the water-in-water emulsions with pure water (such
that the diluted emulsion composition lies within the one phase region of the phase
diagram in Figure 5.13) should lead to mass transport of the dextran and PEG
between the drops and continuous phase to form a single phase mixed solution and
thereby collapse the emulsion structure on the same timescale. As shown in Section
5.3.16 this dilution triggers the collapse of the emulsion which is virtually complete
within a few minutes thus it is in agreement with the permeation rate observed for

fluorescent probes.
5.5 Applications of templated polymersomes based on w/w emulsion

Although polymersomes prepared by templating w/w emulsion have some
similarity to conventional polymersomes, there are significant differences.
Conventional polymersomes are Kinetically stable entities which retain their
structure upon dilution and retain encapsulated solutes. Encapsulated materials
within a conventional polymersome are kinetically retained. In other words, the
permeation rate of the encapsulant through the polymersome membrane is slow. *°
In addition, generally the encapsulants do not have any specific affinity to stay either
inside or outside of the conventional polymersomes because both interior and
exterior environment are the same in character. Therefore, in order to load solutes
within the polymersomes using conventional methods, generally additional loading
steps are required which leads to very low encapsulation efficiencies. ** Moreover,
most of the times, extra steps are required to separate and remove the unencapsulated

species from the encapsulated ones.

The prepared polymersomes based on templating w/w emulsions show solute
mass transport on a timescale of a few minutes, therefore encapsulant can move
freely between the interior and exterior of these structures based on their affinity
towards outside or inside. In addition, encapsulant can be trapped within the formed

polymersomes based on their affinity for required timescale and easily released by
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dilution of the system with water which triggers collapsing the polymersome

structure and destabilisation of the system.

Based on the mentioned key differences between conventional and templated
polymersomes, one can result that these structures have both advantages and
disadvantages for potential applications. Because of the fast mass transport and lack
of Kkinetic trapping of encapsulated species within these structures, they are not
suitable for application such as drug delivery where dilution of the system (for
example with blood serum) causes the destabilisation of the system. However, the
specific properties of these structures can be advantageous where spontaneous self-
loading of the species is required. Encapsulant with specific affinities towards
dispersed benefit from retaining their segregation (partition) indefinitely, since they
are trapped thermodynamically rather than kinetically. The self-loading and fast
mass transport of the encapsulant makes these structures potentially appropriate for
application in the segregation of reactive species within a formulated product (e.g.
household cleaning products) in which mixing and reaction of the active species
could be triggered in use by dilution with water. The templated polymersomes can be
also be used in application where slow mass transport of the encapsulant is need by
slight modification of the formed polymer film. The constituent terpolymers contain
DMAEMA block which can be potentially cross-linked using appropriate cross-
linker (e.g. 1,2-bis(2-iodoethoxy)ethane). *? By adjusting the degree of crosslinking,
the mass transportation of encapsulant triggered by diluting can be controlled.

5.6 Conclusion

A fundamentally different strategy for polymersome formation based on an
ATPS of dextran-PEG were proposed and studied. At first the effect of a three
commercially available ABA terpolymers, namely, Pluronics® with different
hydrophilic-hydrophobic ratios and molecular weights, on stabilising the aqueous
two phase polymer system of dextran-PEG was investigated. Unfortunately, none of
the used commercially available triblock copolymers was able to stabilise this
system for a long time. However, the behaviour of the prepared systems was
different in terms of the separation rate of each phase, as well as the volume fraction
of phases. Experimental results of using F68 and F108 Pluronic® grades as the
stabiliser showed that the higher the molecular weight of the stabiliser the more is
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the stability of the emulsion. However, this was presumed to be due to the high

viscosity of system which leads to a slow rate of phase separation.

Being unsuccessful to stabilise the aqueous two phase system of dextran-
PEG using commercially available amphiphilic copolymers, led the project strategy
to used in-house synthesised ABC amphiphilic terpolymers. ABC terpolymers of
different compositions (Px-By-D;) based on the non-ionic hydrophilic PEGMA, non-
ionic hydrophobic BuMA, the ionisable hydrophilic and thermoresponsive
DMAEMA were used for the stabilisation of w/w emulsion and possible formation
of templated polymersomes. We have demonstrated that large polymersome-like
structures can be formed by using theses terpolymers templating water-in-water
emulsions based on PEG-dextran ATPS. Based on the fluorescence microscopic
observation, it was found that the type of formed emulsion is not strongly affected by
the composition of terpolymers in a way that could results in transitional phase
inversion of the system. However, it was shown that by varying the volume fraction
of dextran-PEG ATPS, it is possible to have the catastrophic phase inversion of the

system.

The type of emulsions containing equal volume fractions of dextran-PEG
stabilised using a range of terpolymers with varied compositional design, was
determined to be all dextran in PEG. The emulsion drop sizes (or polymersomes
size) can be varied based on the choice of precursor terpolymer and it is in range of
1-100 um in diameter. Overall, it was resulted that emulsions with higher stability

contain smaller drops.

Comparing the ty, of coalescence of the dispersed phase obtained from
emulsions which were stabilised using a range of terpolymers with varied
composition, pointed out a number compositional requirement in order to optimise
the final structure of terpolymers based on the final application of these systems.
Overall, terpolymers with relatively long BUMA and DMAEMA block and PEGMA
block consisting of about 15 unites were able to provide stable system for more than

8 months.

In addition, the effect of varying the concentration of terpolymers, pH,
temperature and stirring rate on the system was studied. Also, the behaviour of

formed polymersomes upon drying and diluting the system was investigated. It was
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shown that the formed polymersomes keep their structure upon drying the system,

while they dissociate by diluting up the system with pure water.

Moreover, it was demonstrated that both low and high molar mass
fluorescent solutes spontaneously segregate within the dextran-PEG ATPS and can
be self-loaded into the dispersed or continuous phases of water-in-water emulsions.
The solutes molecules can freely permeate across the emulsion droplet interface
within a few minutes and therefore they are not kinetically trapped within the formed
polymersomes. However, they could be thermodynamically self-loaded into the
dispersed phase and retain for relatively long time. The encapsulated species can be

released by collapsing the system triggered by dilution.

There are a number of distinctive features of these systems which could be

highlighted as following:

e Using very low energy input (gentle stirring) is adequate for the formation of
templated polymersomes.

e There is no organic solvent in the system which makes them potentially

useful for environmentally friendly applications.
e Their size is bigger than the conventional polymersomes (1-100 um).

e The interior of polymersomes can be converted from dextran rich to PEG rich
solution simply by varying the volume fractions of the ATPS, therefore,
based on the segregation ability of different species they can be encapsulated

within the desired solution.

e The segregation of encapsulants within the emulsions is an equilibrium
effect; it does not vary further with time unlike the conventional

polymersomes which trap encapsulants kinetically.

e Collapse of the formed polymersomes structure occurs within a few minutes

triggered by dilution of the emulsions with pure water.
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In spite of all the work has been done on these systems, there are still some
unresolved questions. Firstly it is still unclear whether the stabilisation of the system
iIs as a result of adsorbed terpolymer film around the dispersed phase or whether part
of the stabilisation results from other effects, such as viscosifying the continuous
phase. Secondly, we are uncertain about the structure of the presumably adsorbed
polymer film around the dispersed drops. In the proposed research strategy
terpolymers straddles the water-water interface with PEGMA blocks located one side
and DMAEMA at the other side. However, there could be mixed PEGMA and
DMAEMA coronas in both sides or possibility of formation of bilayer hairpin
configuration or more complex configurations. The phase separation of PEGMA and
DMAEMA homopolymer has been observed in a separate experiment. Therefore, it
is likely that the partial segregation of PEGMA and DMAEMA block occurs in the
system, although further experiments using high resolution structural determination
methods such as neutron scattering are required to elucidate these unresolved

aspects.
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CHAPTER 6

STABILISATION OF W/W EMULSIONS BY MODIFIED SILICA

NANOPARTICLES
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6.1 Introduction

It is well established that solid particles of suitable wettability will adsorb at a
fluid interface with an adsorption energy which is typically larger than alternative
stabilisers such as surfactants and polymers. * In particle stabilised emulsion systems
colloidal particles can accumulate at the liquid-liquid interface to form a steric
barrier against coalescence. However, in ATPSs due to their small interfacial tension,
the adsorption of particles at the interface is quite challenging. As it was mention in
Chapter 1 only a limited number of publications have investigated the stabilisation of
w/w emulsions by particles. Preliminary, Poortinga reported the formation of
microcapsules consisting of a shell of aggregated colloids based on w/w emulsion as
a template consisting of either two polysaccharides or one polysaccharide and one
protein stabilised for a short time (a few days) by fat particles. ? Firoozmand and co-
workers * described the formation of w/w emulsion based on gelatine-starch ATPS
which could be stabilised for a short time using amphoteric polystyrene latex
particles. He reported that the gelatin-dextran ATPS phase separates quickly, but
upon addition of latex particles the phase separation slowed down although still
phase separation occurred. Recently, Nicolai et al. reported formation of w/w
emulsion based on dextran-PEG ATPS stabilised using fluorescent spherical latex
particles * and globular whey protein p-lactoglobulin (B-lg) particles *> which can be
adsorbed at the dextran-PEG interface. In some cases the stability of the prepared

emulsions was in a period of weeks.

As mentioned before, w/w emulsions have extremely low interfacial tensions
and as such the challenge in stabilising these systems with particles relies on finding
or modifying particles so that they will adsorb at the interface. In such systems, the
amphiphilic properties of particles as well as their wettability towards one of the
phases are important characteristics which might govern them to be adsorbed at the

interface.

In this work solid silica nanoparticles with modified characteristics were used
to attempt stabilisation of an ATPS comprising of PEG and dextran. The research

strategy is illustrated as following (Figure 6.1):
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Figure 6.1. Stabilisation of w/w emulsion using silica nanoparticles.

polymer I
solution

emulsification

-
>
silica particles

Silica is one of the most commonly used materials in particle stabilised
emulsions. ®** Silica particles can simply be considered as very small, porous glass
spheres. They are readily prepared from relatively cheap precursors, in technically
simple procedures, where desired size and physiochemical properties i.e. pore size,

surface hydrophobicity and surface coating’s properties can be easily tailored. ** 3

In this work, two series of silica nanoparticles with specific characteristics
were used: (1) silica nanoparticles with different extent of hydrophobicity and (2)
PEGylated (PEG-philic) silica nanoparticles with different sizes. To the best of our
knowledge silica nanoparticles have not been used for preparation and stabilisation
of w/w emulsion. The reason behind choosing the earlier type of silica nanoparticles,
namely hydrophobised ones, was their hydrophobicity which might direct them to be
adsorbed at the dextran-PEG interface at an entirely aqueous solution and therefore
stabilise the formed emulsion. The later PEGylated silica nanoparticles, with
modified affinity towards PEG rich phase were envisaged in terms of their
wettability by the PEG rich phase rather than the dextran phase which makes them to

potentially adsorb at the PEG-dextran interface and stabilise the emulsion.

This chapter can be divided in two main sections. In the first section, the
possibility of stabilisation of w/w emulsion based on dextran-PEG ATPS using
hydrophobised silica nanoparticles is investigated to determine whether
hydrophobicity of silica nano-particles can act as a driving force for the silica nano-
particles to be adsorbed on the low energy interface of dextran-PEG ATPS. In
addition, the effects of hydrophobicity extent of the used silica nanoparticles as well
as their content in the system on stability of prepared w/w emulsion are studied. In

the second section, the synthesis, characterisation and evaluation as dextran-PEG
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ATPS stabilisers of PEGylated (coated with PEG) silica nanoparticles are described.
The stability of emulsions are also studied as a function of PEG content and particles

size.
6.2 Stabilisation of w/w emulsion by hydrophobised silica nanoparticles
6.2.1 Silica nanoparticles characteristics

Silica nanoparticles with different hydrophobicities (0%, 20%, 33%, 50%
and 58%) with smooth surface and primary size ranging from 10-30 nm were used,
although silica nanoparticles easily aggregate or fuse to form larger non-spherical
aggregation of size about 100 nm. Hydrophobisation of silica particles was done by
silylation of silanol groups (SiOH) to different extent through reaction with dimethyl
dichlorosilane. The hydrophobicity extent of silica nanoparticles is defined as the
percentage of dimethylsilane groups on their surface.

6.2.2 Effect of hydrophobicity extent of silica nanoparticle on emulsion stability

The stability of w/w emulsions prepared using 2 wt.% of silica nanoparticles
was investigated as a function of their hydrophobicity ranging from 0 to 58%. It was
found that the emulsion stability, with respect to coalescence, varies significantly
when varying the hydrophobicity of the silica nanoparticles. This result is
summarised in Figure 6.2 for emulsions prepared based on using 0.5: 0.5 volume
fractions of dextran-PEG ATPS. This Figure gives the volume fractions of resolved
dextran rich phase i.e. dispersed phase, over time for the prepared emulsion using
silica nanoparticles with different extent of hydrophobicity. As it can be seen in this
graph, when 100% hydrophilic unmodified silica nanoparticles were used, the
prepared emulsion was very unstable and similar to a reference ATPS (no stabiliser)
coalesce immediately after preparation. The presence of silica nanoparticles
dispersed in PEG rich phase after a full phase separation suggests the higher
wettability of hydrophilic silica particles by PEG rich phase rather than dextran rich
phase. With slight increase in the hydrophobicity of used particles (20%), emulsions
show no sign of phase separation for at least 1 hour and rate of coalescence
decreased by magnitude of 3 in logarithmic scale. Silica nanoparticles with 33%
hydrophobicity provided the most stable emulsions among the others and the formed
emulsion was stable for a week. In addition, it was found that particles with 50%

hydrophobicity provided less stable emulsions compared to the 20% or 33%
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hydrophobic silica particles. This might be due to the reduced wettability of particles
with neither of the dextran and PEG rich phases. In the case of using silica particles
with 58% hydrophobicity extent, particles were not dispersible in the system due to
their high hydrophobicity and they remained mostly on the interior walls of the glass
vessels. This phenomenon was observed for all used hydrophobised particles and

raised with increase in hydrophobicity of the used particles (see Figure 6.3).

Figure 6.2. Plot of resolved dextran volume fraction (¢ dextran) versus time in
logarithmic scale for emulsions consisting of 0.5: 0.5 volume fractions of dextran-
PEG stabilised using 2 wt.% of silica nanoparticles with different hydrophobicities
extent. Emulsions were prepared via two minutes homogenisation at 11000 rpm.
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Figure 6.3. Digital imiages taken after 1 hour of preparation, from emulsions
containing 0.5: 0.5 dextran-PEG volume fractions and 2 wt.% of hydrophobised
silica nanoparticles with varied hydrophobicities. Emulsions were prepared via two

minutes homogenisation at 11000 rpm.
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By extracting the half-lives (t;2) of coalescence for each emulsion, defined as
time taken for dextran rich phase to resolve 50% of its volume fraction from the
emulsion and plotting them as a function of hydrophobicity of silica nanoparticles,
one can conclude that the maximum stability of emulsions in terms of coalescence,
occurs when the hydrophobicity of silica nanoparticles is 33% (see Figure 6.4).
Extreme degrees of hydrophilicity or hydrophobicity results in either dispersion of

particles in one phase or film climbing effect respectively.

Figure 6.4. Plot of half-lives of coalescence versus the degree of hydrophobicity of
silica nanoparticles used for the stabilisation of ATPS system consisting of 0.5:0.5
volume fractions of dextran and PEG. Emulsions were prepared via two minutes

homogenisation at 11000 rpm.
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6.2.3 Effect of silica nanoparticles concentration on emulsion stability

Different content (1, 2, 3 and 4 wt.%) of silica nanoparticles with 33%
hydrophobicity were used for the stabilisation of ATPS consisting of 0.5: 0.5 volume
fractions of dextran-PEG. The results were summarised in Figure 6.5, by plotting the
volume fractions of resolved dextran phase over time for emulsions stabilised with
different content of silica nanoparticles while their degree of hydrophobicity was
33%.
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Figure 6.5. Plot of resolved dextran volume fraction (¢ dextran) versus time in
logarithmic scale for emulsions consisting of 0.5: 0.5 volume fractions of dextran-
PEG stabilised using 1, 2, 3 and 4 wt.% of silica nanoparticles with 33%
hydrophobicity. Emulsions were prepared via two minutes homogenisation at 11000

rpm.

1 r % olwt%
% o2 wt.%
a3 wt.%
x 4 wt.% %

¢ dextran
1=

05 §§ §

1 10 100 1000 10000

time / minute

As it can be seen in Figure 6.5, the critical concentration of silica
nanoparticles in order to cover the dextran-PEG interface and prevent coalescence is
about 2 wt.%. At lower concentrations (1 wt.%), the formed emulsion is very
unstable and droplets coalescence so quickly that emulsion phase separated in a few
minutes. By increasing the concentration of silica nanoparticles in the system,
emulsion stability is enhanced significantly and remains constant even though
beyond addition of 3 or 4 fold more particles (see Figure 6.6). This result is in

l. ** proved the same effect for

agreement with literature where Frelichowska et a
using hydrophobic silica nanoparticles for stabilisation of o/w emulsion. Also, they
discussed that emulsion droplet size remains with no change as the concentration of
used silica nanoparticles is increased beyond a certain concentration. The same result
was obtained in w/w emulsions when they were observed under the microscope.
Micrographs taken from emulsions region of w/w emulsions containing different
concentration of silica nanoparticles with 33% hydrophobicity immediately after

preparation, is shown in Figure 6.7.
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Figure 6.6. Digital images taken after 3 days from emulsions based on 0.5: 0.5
volume fractions of dextran-PEG stabilised with different concentration of silica
nanoparticle as noted on each sample vessel with 33% hydrophobicity. Emulsions
were prepared via two minutes homogenisation at 11000 rpm.

1 wt.% 2wt.% 3 wt.% 4 wt.%

Analysis of the drops size of emulsions for different concentrations of silica
nanoparticles revealed that at low concentration of silica, emulsion drop size is
relatively large and emulsion tend to phase separate quickly. Upon increasing the
concentration of silica particles in the system, the mean diameter of the droplets
decreases dramatically. For a better representation of this result, the mean diameters
of emulsions drops were plotted over the concentration of used silica nanoparticles in
the system. As it can be observed above 2 wt.% of silica particles in the system, the
emulsion drop size remains relatively unchanged (see Figure 6.8). It has been
suggested that the decrease of the droplet diameter with respect to silica content in
the system is corresponded to increasing interfacial area. *>*® As the silica content
increases in the system, the interfacial area increases linearly causes the droplet
diameter decreases inversely with respect to silica content. The mean droplet

diameter, D, can be related to the interfacial area via following Equation 6.1: *

6 V
A

D Eq. 6.1

Where, D is the mean droplet diameter, ¢qis iS the volume fraction of
dispersed phase, V is volume of emulsion and A is the interfacial area per unit
volume of emulsion. As it can be seen in this equation, the mean diameter of
emulsion drops decreases linearly, with respect to the increase in the interfacial area.

At the plateau where emulsion mean drop size does not change as a function of silica
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content, it might be attributed to lack of efficiency of the emulsification process. *°
However, more investigation seems to be required as w/w emulsions based on ATPS
have a very low interfacial tension and in theory the breakage of droplets should be
easy.

Figure 6.7. Micrographs taken immediately after preparation of w/w emulsion based
on 0.5:0.5 volume fractions of dextran-PEG stabilised using (a) 1 wt.%, (b) 2 wt.%),
(c) 3 wt% and (d) 4 wt.% of silica nanoparticles with 33% hydrophobicity.
Emulsions were prepared via two minutes homogenisation at 11000 rpm.

C C O
S o \
Dot C'?Oc°o'8( 0 C

*0.0°

188



Figure 6.8. Diameter of the w/w emulsion droplets consisting of 0.5: 0.5 volume
fractions of dextran-PEG as a function of silica concentration (33% hydrophobicity).
Emulsions were prepared via two minutes homogenisation at 11000 rpm. Error bars

are corresponding to standard deviations of mean droplet diameter.
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6.3 Stabilisation of w/w emulsion by PEGylated silica nanoparticles
6.3.1 PEGylated silica nanoparticles synthesis and characteristics

Silica nanoparticles were modified in order to enhance their wettability by
PEG rich phase. Such that particles are assumingly wetted more by the PEG aqueous
phase, rather than the dextran aqueous phase. This effect is analogous to
hydrophobic-hydrophilic wetting phenomena at an oil-water interface which will be
replicated here, allowing these modified particles to be held at the dextran-PEG

interface.

For this work coated silica nanoparticles were synthesised by a base-
catalysed polymerisation of a silicon alkoxide and tetramethyl orthosilicate (TMOS)
in alcohol/water mixture. By this method it is possible to obtain spherical silica
particles of different sizes. Xu et al. ** proposed the reaction mechanism of

PEGylated silica particles as following:
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...Si-OR + HO(CH,CH,0),H <> ...Si-O(CH,CH,0),H + ROH  Eq. 6.2
..Si-OR+H,0 < ...Si-OH+ROH Eq. 6.3
...Si-OR + HO-Si « ...Si-O-Si+ ROH Eq. 6.4

Equation 6.2 shows the trans-esterification reaction between TMOS and PEG,
which is in direct completion with the hydroxylation of the silicon alkoxide
(Equation 6.3) and the following condensation step (Equation 6.4) yielding the
formation of a silica network. It is important to note that Equation 6.3 and 6.4 are
predominant over Equation 6.2. %

The synthesised PEGylated silica nanoparticles were characterised in terms
of their PEG content using FT-IR spectroscopy. Figure 6.9 gives the IR spectrums of
pure PEG, pure silica nanoparticles and PEGylated silica nanoparticles. In Figure
6.9a, there are many peaks characteristics to PEG but among them the two strong
overlapped peaks at 2886 and 2960 cm™ which can be assigned to the -CH,CH,-
stretching and implying the presence of saturated carbon -(CH,CH,)n- > % were
chosen for comparison with PEGylated silica nanoparticles. Figure 6.9b shows the
IR absorption spectrum of pure silica nanoparticles, prepared by the same procedure,
but without the addition of PEG polymer. A number of peaks characteristic to the
silica nanoparticles can be seen at 797, 945, 1055, 1450, 1626 and 3250 cm™. It is
speculated that the very broad peak between around 3000 and 3600 cm™, likely
indicates the presence of exchangeable protons, mostly from hydroxyl groups on the
surface of the silica particles. The spectrum for PEGylated silica (Figure 6.9¢c) gave
new absorption peaks that were not present in the pure silica spectrum, at 2886 and
2960 cm™, (shouldering the broad peak between 3000 and 3600 cm™). These peaks
are at the same position as the characteristic peaks in the pure PEG spectrum
meaning these signals are representative of chemically-bound PEG to the prepared

PEGylated silica nanoparticles.
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Figure 6.9. FT-IR spectrum corresponding to (a) pure PEG, (b) pure silica

nanoparticles and (c) PEGylated silica nanoparticles.
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The PEG content (wt.%) of synthesised silica nanoparticles was quantified
using a calibration curve obtained by plotting the absorption at 2886 cm™ of samples
containing different amount of PEG embedded in silica versus PEG concentrations
(see Figure 6.10). From the calibration equation the PEG content (wt.%) in the
PEGylated silica nanoparticles was determined to be 2.0 £ 0.5 wt.% in all three
PEGylated silica samples.
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Figure 6.10. Calibration curve corresponding to IR absorption of PEG at 2886 cm™

versus PEG content.
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The synthesised PEGylated silica nanoparticles were characterised in terms
of their size and shape using SEM. A typical SEM image of the solid PEGylated silica
particles (Sample 2) can be seen in Figure 6.11. As it can be seen particles are quite
smooth and spherical with low polydispersity. Closer inspection of the images does
however show some fusion of particles. At lower magnification, agglomerates made up
of tens of nanoparticles can clearly be seen. This is an important observation, since it is
tough to break fused large agglomerates of particles in order to stabilise emulsion
droplets. But at the same time it must be stressed that SEM images were taken from the
dried solid powder and give no indication of how particles will be dispersed once in
water. These observations are consistent for all the PEGylated silica samples and the
pure silica nanoparticles. The SEM images were used to obtain particle mean diameter
of all prepared PEGylated silica samples and non-PEGylated silica nanoparticles in their
dry state.
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Figure 6.11. SEM image of PEGylated silica nanoparticles (sample 2).

PEGylated silica nanoparticles were also characterised in terms of their size and
polydispersity using DLS technique. DLS revealed a bimodal size distribution pointing
out that two Kkinds of species are present in the examined systems. The first peak
with >95 % intensity was attributed to single rehydrated particles in solution comparable
with the sizes obtained from SEM size measurement. The second peak with < 5%
intensity and much larger hydrodynamic radius can be assigned to particle aggregates in
the sample which is consistent with observations from the SEM. Table 6.1 summarises
the characteristics of synthesised PEGylated silica nanoparticles in terms of their size
and polydispersity, determined by SEM and DLS, as well as their PEG content,

measured by FT-IR.

Table 6.1. Characteristics of PEGylated silica nano-particles.

Sample Particle size | Particle size by | PEG content by
by SEM (nm) DLS (nhm) FT-IR (wt.%0)
1 244.6 £15.7 267.5+11.1 18+04
2 289.5 + 18.6 298.0 £13.2 22+04
3 304.0+16.9 336.6 £ 15.7 22+04
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The larger particle sizes measured by DLS in compare to results gained from
SEM can be explained, since the collapsed dried PEG on the surface of silica
nanoparticles become rehydrated in the solution which results in observing particles

with a larger size.
6.3.2 Effect of PEGylated nanoparticle size on emulsion stability

ATPSs with 0.5: 0.5 volume fractions were attempted to be stabilised using
the synthesised PEGylated silica nanoparticles (1 wt.%) with different sizes as
stabiliser. The stability of prepared w/w emulsions was studied as a function of the
particle size. Three different sizes of PEGylated silica nanoparticles were used with
size of 267.5 £11.1, 298.0 £ 13.2 and 336.6 + 15.7 nm. It was found that the
emulsion stability (coalescence rate of dextran rich phase), does not change
significantly with respect to particle size as shown in Figure 6.12. In addition when
higher concentrations of PEGylated silica nanoparticles were used in the system,
same trend was observed and extra particles sediment at the bottom of the glass
vessel. In the case of using particles with the smallest size, the extra particles

remained on the dextran-PEG interface after a full separation.

Figure 6.12. Plot of resolved dextran volume fraction (¢ dextran) versus time for
emulsions consisting of 0.5: 0.5 volume fractions of dextran-PEG stabilised using 1
wt.% of PEGylated nanoparticles with varied sizes. Emulsions were prepared via
two minutes homogenisation at 11000 rpm.
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This result is in contrary with the bellow equation:
AGd=7yr? (1+cos0)? Eq. 6.5

Where AGq is the free energy required to detach a particle from a liquid
interface, v is the interfacial tension, r is the radius of particles and 0 is the contact
angle. As it can be seen in this equation, 4G4 increases with the square of the particle
radius. Therefore, it was expected to see an increase in the stability of the emulsions
as the particle size increases. From these observations it can be summarised that
PEGylated particles were unable to sufficiently adsorb at the dextran-PEG interface
dextran and therefore emulsions were not stable for a long time. In order to stabilise
an emulsion particles must provide close to complete coverage of the emulsion drops.
As it was mentioned before, the stability of particle stabilised systems are extremely
sensitive to particle wettability. It may simply be the case that PEGylated particles
were either too PEG-philic or equally not PEG-philic enough (64, =0 or 180°) to be
adsorbed at the dextran-PEG interface and prevent coalescence process. Thus it was
difficult to determine whether the size of particles have significant effect on the

emulsion stability at equal volumes of dextran and PEG.

Fluorescence micrographs taken immediately after preparation of the
emulsions containing fluorescent probes, namely rhodamine 6G and FITC dextran
with tendency to stay in PEG and Dextran rich phase respectively, revealed the type
of emulsion was dextran in PEG (d/p) (see Figure 6.13). It has been proved for
water-oil emulsions that when the volume fractions of both phases are equal, the
hydrophilic particles (contact angle <90°) provide oil/water emulsions while
hydrophobic particles (contact angle > 90°) would preferentially make water/oil
emulsions this phenomenon is known as transitional phase inversion. % In dextran-
PEG system, the PEGylated silica nanoparticles are expected to have a contact angle
lower than 90° with PEG phase and consequently a higher wettability with PEG rich
phase which provide dextran/PEG emulsions at 0.5: 0.5 volume fractions.
Consequently, the obtained result was in agreement with literature. However, in a
control experiment, when dextran-PEG ATPS with no stabiliser was stirred, the
denser phase, which is dextran rich phase in this case, formed the dispersed phase in
the PEG reach continuous phase as fluorescence microscopy revealed. Therefore, it

might be just the influence of dextran rich phase density on the determination of
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emulsion type even though PEGylated particles have been used for stabilisation of
emulsions with equal volume fractions of two phases. In addition, if dextran-philic
silica nanoparticles (particles coated with dextran) were available to be used for
stabilisation of dextran-PEG systems, this result was much more reliable. In fact, it
was attempted to synthesis dextran coated silica nanoparticles but it was

unsuccessful.

Figure 6.13. Fluorescent micrographs of w/w emulsion based on dextran-PEG
ATPS with 0.5: 0.5 volume fractions containing (a) rhodamine 6G and (b) FITC
dextran, stabilised using 2 wt.% PEGylated silica nanoparticles with size 289.5 +
18.6 nm (sample 2).

6.3.3 Effect of varying dextran-PEG volume fractions on emulsion stability

Similar to ATPS consisting of 0.5: 0.5 volume fractions of dextran-PEG, in
the absence of any stabiliser the dextran-PEG ATPS with 0.25: 0.75 volume
fractions undergoes phase separation after mixing, within a few minutes. However, a
complete phase separation might take up to 2 hours. Interestingly, when ATPS
consisting of 0.25: 0.75 dextran-PEG was attempted to be stabilised using the same
PEGylated silica nanoparticles with varied sizes, the prepared emulsions were stable
for over 3 weeks in all cases. The type of emulsion using fluorescence microscopy
was determined to be dextran in PEG (d/p). Further experiments by varying the
particle content in the system namely, 1, 2, 3 and 4 wt.%, revealed no real apparent
trend between particle concentration and emulsion stability. In each case a resolved
dextran-rich phase can be observed within the first 30 minutes of separation and this
grows only very slightly from this point, before remaining constant. The PEG-rich

phase is resolved at a far smaller rate and a clear resolved PEG-rich phase can be
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seen only after at least 24 hours of separation. Indeed, the PEG-rich phase is only
fully resolved (transparent) after around 4 weeks. Moreover, it was noticed that the
particles sediment even at low concentration (1 wt. %). The sedimentation of
particles increases with time in all samples, over the three weeks. But consistently at
each concentration the majority of particles had sediment within about a week. As
particle concentration was increased the amount of particle sediment appeared to
increase more comparably (see Figure 6.14). It is evident from that all these
emulsions, by decreasing the volume fraction of dispersed phase, the stability of
prepared emulsions increases significantly. This might be explained as a lower
volume fraction of dispersed phase (dextran) promotes the formation of smaller and
more isolated dispersed droplets of dextran and as a result the rate of coalescence

decreases effectively.

Figure 6.14. Camera pictures taken of w/w emulsions prepared based on ATPS
consisting of 0.25: 0.75 dextran-PEG and stabilised using (a) 1 wt.%, (b) 2 wt.%, (c)
3 wt.% and (d) 4 wt.% of PEGylated silica nanoparticles with size 289.5 + 18.6 nm

(sample 2). Emulsions were prepared via two minutes homogenisation at 11000 rpm.

t: 5 min 2 hrs 1 day 10 days 21 days
v

10 days 21 days
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6.4 Conclusion

In this chapter, the stability of w/w emulsions based on dextran-PEG ATPS in
the presence of modified silica nanoparticles was investigated. Two types of modified
silica nanoparticles were used, namely, hydrophobised silica nanoparticles and
PEGylated silica nanoparticles. The later ones were synthesised in-house and well-
characterised in terms of their PEG content and size.

In the case of using hydrophobised silica nanoparticles, the effect of
hydrophobicity of particles on the emulsion stability was studied. It was found that
particles with 33% hydrophobicity were able to stabilised w/w emulsions for relatively
long time. Extreme hydrophilicity and hydrophobicity resulted in very unstable
emulsions. In addition the effect of particle content in the system on stability of w/w
emulsions was investigated and it was resulted that 2 wt.% silica particles was necessary
for stabilisation of emulsion. Moreover, it was found that the emulsion drop size does
not vary when higher concentrations of particles were used in the system. In the case of
using less than 2 wt.% of hydrophobised silica nanoparticles the drop size was much
larger in compare to those containing more than 2 wt.% of particles and the prepared

emulsion was very unstable.

In the case of using PEGylated silica nanoparticles, emulsions with equal
volume fractions of dextran and PEG gave unstable emulsions irrespective of the
particle size which was unexpected. This might be due to the low wettability of
PEGylated silica nanoparticles as a result of their low content of PEG (about 2.0 + 0.5
wt.%). In addition it was observed that when the volume fraction of dispersed phase
decreases, much more stable emulsions were formed which were stable for weeks. This
might be explained as the lower volume fraction of dispersed phase (dextran) promotes
the formation of smaller and more isolated dispersed droplets of dextran and as a result
the rate of coalescence decreases effectively. However, this result showed that
PEGylated silica nanoparticles should be at least weakly adsorbed at the dextran-PEG
interface since they provided stable emulsion for a few weeks. In summary it can be
concluded that more studies are necessary to achieve a better understanding of particle

stabilised w/w emulsions.
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CHAPTER 7

CONCLUSION AND FUTURE WORK
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7.1 Summary of main findings

The main focus of this thesis was to investigate a novel alternative approach
for formation of polymer-based vesicles, so called polymersomes. Specifically, to
develop a fundamentally different strategy for encapsulation of different species,
based on coupling the separation properties of ATPSs, with templated self-assembly
of polymersomes. A series of in-house synthesised amphiphilic terpolymers
containing particular blocks with specific affinity towards ATPSs’ two phases were
used as constructing blocks for polymersomes formation. Chapter 3 describes the
design, synthesis and characterisation of these terpolymers. The employed
characterisation methods illustrated the successful synthesis of terpolymers, as
terpolymers with narrow polydispersity indices, compositions very close to
theoretical compositions and number average molecular weight similar to theoretical
molecular weights were obtained. In addition, in this chapter, the effect of varying
terpolymers composition and molecular weights on their hydrodynamic diameter,

CMC and pKj, values were studied in detail.

Chapter 4 summarised some preliminary observations of terpolymers
solutions when hydrated in bulk or as thin film. The main aim of this chapter was to
investigate whether a selection of synthesised ABC terpolymers with constant
composition but varied molecular weight are able to form polymersomes using a
couple of conventional methods (bulk rehydration and thin film rehydration).The
initial observations revealed that this series of terpolymers can self-assemble into
two different types of micellar structures, based on the preparation method. Bulk
rehydration of this series of terpolymers resulted in the formation of spherical
micelles whereas rehydration of their thin film led to in the formation of flexible
worm-like micelles. DLS results suggested that by increasing the molecular weight
of terpolymers, the average size of these worm-like micelles increases. Increasing
the temperature causes shrinkage in the mean diameter or probably formation of
different type of self-assembly. In conclusion, although this series of terpolymers do
not form polymersomes based on the conventional techniques, they can self-
assemble to a different type of micellar structure, namely worm-like micelles which
also have potential in different applications. * More investigations are needed to

characterise such structures in details for obtaining more conclusive result.
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Chapter 5 describes a fundamentally different strategy for polymersome
formation based on templating a dispersed ATPS of dextran-PEG. At the beginning
of this chapter, the possibility of stabilisation of dextran-PEG ATPS using three
commercially available ABA terpolymers, namely Pluronics®, with general structure
of EOx-PO,-EO, and different hydrophilic-hydrophobic ratios and molecular weights
was studied. As results showed, none of the Pluronics® was able to stabilise such
system for a long time. However, the behaviour of the prepared systems was
different in terms of the separation rate of each phase, as well as the volume fraction
of phases. Experimental results of using F68 and F108 Pluronic® grades as the
surfactant showed that the higher the molecular weight of the surfactant, the more is
the stability of the emulsion. However, this was presumed to be due to the high
viscosity of system at high concentration of polymer, which slows down the phase

separation process.

In the second part of this chapter, a series of ABC terpolymers of different
compositions (Px-By-D;) based on the hydrophilic PEGMA, hydrophobic BuMA and
hydrophilic DMAEMA were used for the stabilisation of w/w emulsion and possible
formation of templated polymersomes. We demonstrated that stable micron size
polymersome-like structures consisting of Py-By-D, building blocks can be formed
templating water-in-water emulsions based on PEG-dextran ATPS. The
fluorescence microscopic observation showed that the type of formed emulsion is
not strongly dependent on the composition of the used terpolymers (stabiliser) as all
terpolymers with varied compositional design provided dextran-in-PEG type of
emulsion (where the prepared emulsion was stable). However, it was shown that by
varying the volume fraction of dextran-PEG ATPS, it is possible to induce
catastrophic phase inversion of the system. Therefore, templated polymersomes with
either dextran or PEG rich interior can be formed by simply varying the composition
of the used ATPS. Moreover, we showed the emulsion drop size (or polymersomes
size) can be varied in range of 1-100 um in diameter, based on the choosing the
appropriate terpolymer as building block for polymersome formation or stabilisation
of w/w emulsion. Overall it was shown that emulsions with longer stability contain

smaller drops.
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A number of compositional requirements for optimisation of the final
structure of terpolymers were achieved by analysing the relative stability of the
emulsions stabilised by a series of terpolymers with varied compositions. Overall,
terpolymers consisting of relatively long (70-80 repeated units) BuMA and
DMAEMA blocks with equal block length and PEGMA block consisting of about 15

unites were able to provide stable system for more than 8 months.

In additions, the effect of varying the concentration of terpolymers, pH,
temperature and stirring rate on the behaviour of these systems was studied. Also,
the behaviour of formed polymersomes upon drying and diluting the system was
investigated. It was shown that although the formed polymersomes keep their
structure upon drying the system, they dissociate by diluting up the system with pure

water.

At the end of this chapter, we showed how solute molecules distribute and
self-loaded within the water-in-water emulsion (or templated polymersome) system.
The investigation revealed that the solutes molecules can freely permeate across the
emulsion droplet interface within a few minutes and therefore they are not kinetically
trapped within the formed polymersomes. However, they could be
thermodynamically self-loaded into the dispersed phase and retain for relatively long
time. The encapsulated species can be released by collapsing the system triggered by
dilution. To summarise this chapter, the distinctive features of these systems can be

highlighted as following:

e Very low energy input (gentle stirring) is needed for the formation of such

systems.

e There is no use of organic solvent in such systems and they are entirely

aqueous systems.

e The templated polymersomes (1-100 um) are larger than the conventional

ones (50 nm-5um).
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e The interior of polymersomes can be converted from dextran rich to PEG rich
solution simply by varying the composition of the ATPS. Therefore, based on
the partitioning of different species they can be firstly concentrated in the
desired phase and being encapsulated by addition of appropriate terpolymer
and mixing of the system.

e The segregation of encapsulants within the emulsions or templated
polymersomes is an equilibrium effect; it does not vary further with time

unlike the conventional polymersomes which trap encapsulants kinetically.

e Collapse of the formed polymersomes structure occurs within a few minutes

triggered by dilution of the emulsions with pure water.

The work on stabilisation of w/w emulsions was further extended in Chapter
6 by using two types of modified silica nanoparticles with specific characteristics, as
stabiliser. This chapter explains how the characteristics of these nanoparticles affect
emulsion properties. In the first section of this chapter, hydrophobised silica
nanoparticles with varied hydrophobicity extent were used for the stabilisation of
dextran-PEG ATPS. Comparing the emulsion stability versus their hydrophobicity
extent showed that particles with 33% hydrophobicity extent were able to stabilised w/w
emulsions for relatively long time (one week). Extreme hydrophilicity and
hydrophobicity of the particles resulted in very unstable emulsions. In addition the effect
of particle content in the system on stability of w/w emulsions was investigated. It was
shown that 2 wt.% silica particles (33% hydrophobicity) was necessary for stabilisation
of emulsion, as when less than 2 wt.% of hydrophobised silica nanoparticles was used in
the system, the emulsion drop size was much bigger and the prepared emulsion was very
unstable. Moreover, it was found that the emulsion drop size does not vary when more
than 2 wt.% of particle were used in the system and the unadsorbed particles precipitated

at the bottom of sample vial.

In the second part of this chapter, PEGylated silica nanoparticles were
synthesised in-house and well-characterised in terms of their PEG content and mean
size. The PEGylated silica nanoparticles were spherical in shape with a relatively
smooth surface. Their mean diameter was determined between 250 to 300 nm and they
contain about 2 + 0.5 wt.% PEG. Addition of these PEGylated silica nanoparticles to

dextran-PEG ATPS with equal volume fractions resulted in unstable systems
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disrespectful of the particle size, as it was expected larger size particles form more stable
emulsion. This might be due to the low wettability of PEGylated silica nanoparticles as a
result of their low content of PEG (about 2.0 £0.5 wt.%) by either of dextran or PEG
system. However, it was observed that when the volume fraction of dispersed phase
decreases, much more stable emulsions (more than 20 days) can be obtained. This result
showed that PEGylated silica nanoparticles should be at least weakly adsorbed at the
dextran-PEG interface since they provided relatively stable emulsions. This might be
explained as a lower volume fraction of dispersed phase (dextran) promotes the
formation of smaller and more isolated dispersed droplets of dextran and as a result
the rate of coalescence decreases effectively. Virtually, compared to terpolymer
stabilised w/w emulsions, the particle stabilised w/w emulsions were stable for much
shorter duration. All in all more experiment would be beneficial to give a better
understanding of the particle stabilised w/w emulsions.

7.2 Future work

Amphiphilic terpolymers with specific affinity towards dextran-PEG ATPS
illustrated promising results in terms of providing stable w/w emulsion or in other
words, templated polymersomes. From the synthetic point of view, synthesis of a
new series of ABC terpolymers based on PEGMA-b-BuMA-b-Dextran composition
would be of major benefit as this type of terpolymers would ensure the segregation
of amphiphilic terpolymer towards dextran and PEG rich phase. This synthesis could
be accomplished by addition of dextran homopolymer with a terminal azide moiety
to PEGMA-b-BuMA diblock copolymer containing a triple bond at the BuMA
terminal based on click chemistry. 2 Dextran containing azide moiety can be
synthesised by the reaction of 1-azido-2,3-epoxypropane with dextran under alkaline
conditions. ® PEGMA-b-BuMA diblock copolymer containing propargyl
methacrylate (PMA) functional group which contains a triple bond at the end of the
polymer chain has been already synthesised in course of this work. Coupling these
two macromolecules via click chemistry will produce PEGMA-b-BuMA-b-Dextran
with potential application in formation of templated polymersomes which might be

more developed in biomedical applications.
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The preliminary work has been done in Chapter 4 can be more extended by
studying the self-assembly behaviour of all synthesised terpolymers with varied
compositions and block lengths to obtain more conclusive result. Unfortunately,
because of lack of time just a limited series of synthesised terpolymers were studied

in terms of self-assembly behaviour in this chapter.

Chapter 5 can be more developed by deeper investigations on a number of
unresolved questions in this work. In spite of all the work being done on w/w
emulsions, it is still unclear whether the stabilisation of the system is as a result of
adsorbed terpolymer film around the dispersed phase or a part of the stabilisation
results from other effects, such as viscosifying the continuous phase. Therefore, it
would be helpful to measure and compare the viscosity of the dextran-PEG ATPS
stabilised with different terpolymers to find out how viscosity influences the stability
of the emulsions. In addition, providing phase diagram of PEGMA block and
dextran rich phase as well as DMAEMA block with both PEG and dextran rich
phases would make it more clear how these polymers interact with each other in

aqueous solution.

Secondly, we are uncertain about the structure of the presumably adsorbed
polymer film around the dispersed drops. In the proposed research strategy
terpolymers straddles the water-water interface with PEGMA blocks located one side
and DMAEMA at the other side. However, there could be mixed PEGMA and
DMAEMA coronas in both sides or possibility of formation of bilayer hairpin
configuration or more complex configurations. Therefore, further experiments using
high resolution structural determination methods such as neutron scattering and cryo-

TEM are required to elucidate these unresolved aspects.

The templated polymersomes can be also more developed in application
where slow mass transport of the encapsulant is needed, such as drug delivery
applications, by slight modification of the formed polymer film. It is well-established
that the constituent terpolymers containing DMAEMA block can be potentially
cross-linked using appropriate cross-linker (e.g. 1,2-bis(2-iodoethoxy)ethane). * By
adjusting the degree of crosslinking, the mass transportation of encapsulant triggered

by diluting can be well-controlled.
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The investigation into stabilisation of ATPSs could be expanded by choosing
different polymer pairs and stabilisers. These systems have huge potential for
formation of entirely aqueous emulsions which could change the insight towards

applications of emulsions in different industries.

Chapter 6 can be improved by measuring the contact angle of the used
modified silica nanoparticles with dextran and PEG rich phases, in order to have a
better understanding of the adsorption energy towards the dextran-PEG interface. In
case of using PEGylated silica nanoparticles for the stabilisation of dextran-PEG
ATPS, by developing the synthesis rout of the PEGylated silica nanoparticles,
particles with higher content of PEG could be obtained which presumably would
enhance the adsorption of particles at the dextran-PEG interfaces. In addition,
modifying the synthesis rout towards preparation of silica-nanoparticles coated with
both dextran and PEG would be of major benefit.
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A.1. GPC chromatographs corresponding to synthesised Py-B,-D, terpolymers and
their precursors Px-By and Py.
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A.2. Variation of t;, of sedimentation and emulsion with the PEGMA block length

of terpolymers at equal volume fractions of dextran-PEG phases.

10000
o)
1000 |
g %)
< w0} ° o8 o
[
s ° %60 Oo
g 10 B [o)
. ®
'-5 1 B o le) (@]
3 % OO o
§ 01 00 o
OOO o (o]
001 1 1 1 1
0 10 20 30 40 50
DP of PEGMA
10000
o)
o
1000 | o
= 100 F o ©° 0o o
S o) o)
K%) 10 (o)
= (*]
s 1} %eo,
. s o o
0.01 L L L L
0 10 20 30 40 50
DP of PEGMA

224



A.3. Variation of ty, of sedimentation and emulsion with the BuMA block length of

terpolymers at equal volume fractions of dextran-PEG phases.
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A.4. Variation of t;» of sedimentation and emulsion with the DMAEMA block

length of terpolymers at equal volume fractions of dextran-PEG phases.
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A.5. Variation of ty» of sedimentation and emulsion with the PEGMA/DMEAMA

block length ratio of terpolymers at equal volume fractions of dextran-PEG phases.
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A.6. Variation of ty, of sedimentation and emulsion with the M, of terpolymers at

equal volume fractions of dextran-PEG phases.
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