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Abstract

The aim of this PhD research project was to synthesise and characterize water soluble
linear and hyperbranched biodegradable polymers based on bio-compatible (macro)molecules
of poly(ethylene glycol) (PEG) and (D,L)-lactide using modern polymer synthesis
approaches. The targeted Pp  LA-PEG-Pp LA polymers are aimed for use in the preparation
of biodegradable hydrogels for tissue engineering and drug delivery. By changing the
composition, topology and molecular weights of the copolymers, hydrogels with tailored

biodegradability, swelling and mechanical properties can be achieved.

In the course of this project, a series of PpiLA-PEG-Pp LA linear copolymers from
poly(ethylene glycol) (PEG) (My, = 1000 g/mol) and (D,L)-lactide (LA) were prepared with
various LA chain lengths by ring opening polymerisation (ROP) of lactide and then
functionalised with diacrylate groups. These reactions have been studied systematically in
order to find optimised reaction conditions to obtain Pp LA- PEG- Pp LA copolymers and
PpLLA-PEG-Ppr LA diacrylate macromers with tailored composition and molecular weight.
These linear block copolymers and macromers were fully characterised by Nuclear Magnetic
Resonance (NMR), Fourier Transform Infrared spectroscopy (FTIR), Differential Scanning
Calorimetry (DSC), Thermogravimetric analysis (TGA) and Gel Permeation
Chromatography (GPC).

Since diacrylated PpLA-PEG-Pp LA have photocrosslinkable and biodegradable
properties, biodegradable hydrogels were prepared by directly photocrosslinking diacrylated
PpLLA-co-PEG-co-Pp LA copolymers alone and in conjugation with poly(ethylene glycol)
methyl ethyl methacrylate (PEGMEMA) at different ratios. Hydrogels with tailored swelling
and biodegradability were obtained and studied.

Diacrylated PpLA-PEG-Pp LA macromers were also used as branching agents to
synthesize novel water soluble hyperbranched polymers with PEG-based monomers.
Different copolymerisation approaches were used and these include Free Radical
Polymerisation (FRP), Atom Transfer Radical Polymerisation (ATRP) and the Reversible
Addition Fragmentation Chain Transfer (RAFT) Polymerisation. Challenges were found for
the ATRP of Ppi LA-PEG-Pp; LA macromers as it was found that acidic conditions interfere

due to hydrolysis with the catalysis. RAFT approach has been found to be a better method for
v



the polymerisation of PEG-co-PLA macromers and the resulting novel hyperbranched

polymers have also been characterised by NMR, FTIR, DSC, TGA and GPC.

The resulting hyperbranched polymers with multivinyl functional groups can be used to
prepare biodegradable hydrogels and are envisioned to have more advanced properties
compared to those obtained directly from photocrosslinking of diacrylated PpLA-PEG-
PpLLA macromers. Fine tuning of the Pp LA-PEG-Pp LA macromer constituents and their
combination with co-monomers, for example PEGMEMA, can result in hydrogels with
balanced hydrophobic and hydrophilic properties as well as tailored swelling and drug release
profiles. These biodegradable hydrogels prepared by hyperbranched polymers have

promising potentials for applications in tissue engineering and drug delivery.

The first chapter is an introduction to the topics covered in the project and a summary of
state-of-art research and findings in the relevant areas. The second chapter is in three parts
and concerns the materials used, the experimental procedures employed and the methods for
characterising the products obtained. Chapter 3 presents a discussion driven by the results of
the experimental work. The final chapter sums up the conclusions and how the work suggests

possible future work.
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Chapter 1: Introduction

1.1 Hydrogels

1.1.1 Introduction

Hydrogels are networks of hydrophilic polymers which have been cross-linked to render
them insoluble.'® They have the capacity to absorb and retain water but themselves remain
insoluble with their three dimensional network intact. They can absorb many times their own
weight of water. Hydrogels can be quite stable or they may degrade with disintegration of
their structure and perhaps even dissolution of their breakdown products.® ‘Reversible" or
‘physical’ gels are networks that can form and be held together by entanglements between
long molecular structures. ‘Physical’ hydrogels can also be made by utilising interactions
such as ionic bonding, hydrogen bonding or hydrophobic associations.” ® These reversible
hydrogels are subject to in-homogeneities or localised domains, particularly, when formed

from hydrophobic associations.

The permeation of nutrients into a gel and the diffusion of cellular products from the gel
is affected by the bound water in a hydrogel.” On hydration, a dry hydrogel absorbs water; the
water molecules will hydrate the most polar, hydrophilic domains, so becoming the primary
bound water. The network swells as a consequence, exposing hydrophobic domains, which
also bind with water, to form the secondary bound water. The primary and secondary bound
water constitute the total bound water.”® The gel network will then absorb further water as a
result of osmosis in an effort to attain an infinite dilution. The swelling effect is constrained
by the network’s covalent or physical cross links which act as an elastic retraction force.
Thus, an equilibrium swelling level is attained in the hydrogel. The water that is imbibed
after saturation of the polar and hydrophobic domains with its bound water and which then
leads to additional swelling is called bulk or free water and is assumed to occupy the spaces

between chains within the network, and also fills the centres of large pores and other voids. If



the chains or cross-links within the network are degradable, the network will begin to

disintegrate and dissolve as it swells. The rate will be dependent on its composition of the gel.

The hydrogel water content, i.e. the relative volume of the water fraction to that of the
matrix and its free to bound water distribution ‘character’ will affect the absorption
(partitioning) and diffusion of any solutes through the hydrogel.”® Pores are often a result of
phase separation during the synthesis of the hydrogel, and smaller pores may also exist within
the network. The pore size distribution, the interconnections between pores, and the average
pore size of the hydrogel matrix are important but are often difficult to quantify. They are

measured under the term called ‘tortuosity’.’

The mechanical properties of a hydrogel and its drug release profile will be affected by
the pore volume fraction, pore size distribution and the interconnections between the pores.
The profile is also influenced by the size of the drug molecule and its interactions with the
polymer chains of the hydrogel network. The pore-volume fraction, the pore sizes and the
interconnections are in turn a consequence of the polymer chains and the crosslink density of
the network. Drug molecule interaction with the polymer chains within the network will be
determined by their compositions. Thus, designing a network for a particular release profile,
it is necessary to ‘match’ the size and character of the drug molecule with the polymer's

composition and crosslink density.’

‘Permanent’ or ‘chemical’ hydrogels are the result of covalently-crosslinked networks.
These networks are made by covalent bonding between polymer chains and are generally
more robust than hydrogels derived from physical cross-linking. Chemical hydrogels can be
synthesised by crosslinking of water-soluble polymers. Poly(ethylene) glycol (PEG) is often

used as a hydrophilic component of co-polymers and also has the advantage of being bio-

compatible.”

Hydrogels are particularly useful in drug delivery.” Their porous structure can be
controlled through fine tuning the density of cross-linking of the gel matrix. This porous
structure allows loading of drugs and in part determines their subsequent release. In effect,
the hydrogel is a depot system from which drugs can elute thus creating a local concentration
of the drug in surrounding tissues. Depending on the release profile, the drug can be released

over an extended period. Systemic delivery is also possible.



Hydrogels tend to be biocompatible as their high water content has a similarity to the soft
matter of the extracellular matrix." Biodegradability may be incorporated by design but
makes hydrogels making them susceptible to hydrolysis, enzyme attack or other influences

such as pH or temperature.'’

Hydrogels, being deformable, adapt to the shape of the surface they are in contact with.
They are, however, limited in their applications because of their low tensile strength. Load-
bearing situations for instance lead to premature dissolution or the hydrogel may leak away
from the intended local site.'” Another problem may be the difficulty of incorporating
hydrophobic drugs into the hydrophilic environment of the interior of the hydrogel.
Amphiphilic materials contain hydrophilic and hydrophobic domains. They are able to swell
in and interact with both aqueous and organic materials. They may be capable of absorbing

hydrophobic molecules, which in turn can be released during biodegradation. '

Hydrogels can be produced from synthetic polymers e.g. PEG' or bio-polymers'
(modified or not) and can consist of homo-polymers'® or interpenetrating polymeric networks
which are combinations of network polymers synthesised in juxtaposition.'” Biodegradability
can be featured into the polymer chain by incorporation of suitable building blocks by the
synthesis of co-polymers with hydrolytically labile domains.'® To produce hydrogel network
structures from such a range of polymers, the ability of the polymers to be able to crosslink
either physically or chemically is essential. Thus suitable chemical structures and
functionality are required and a series of crosslinking and functionalisation methods have
been used for the preparation of a wide range of hydrogels.”” The following section will
briefly discuss some important hydrogels based on the crossing methods used to prepare

them.



1.1.2 Types of Hydrogels based on Methods of Cross-linking

1.1.2.1 Physically Crosslinked Gels

The physical cross-linking of polymers can be achieved by using non-covalent means,
such as hydrophobic and ionic interactions, hydrogen bonding, host guest interactions or
combination of the former. Hydrophobic interactions in an aqueous environment are strong
interactions. They are used to prepare hydrogels from amphiphilic block copolymers for
example 3- and 4-arm star polymers of the hydrophilic monomer N,N-dimethylacrylamide
end capped with hydrophobic groups which eventually formed hydrogels.”’ Smart hydrogels,
for example based on PEG and PLA, are often of this type.”’ Here, the biodegradable,
thermo-sensitive, hydrogel is a copolymer composed of blocks of PEG and poly (L-lactic
acid). Aqueous solutions of these copolymers undergo temperature-dependent reversible gel:
sol transitions. These hydrogels can be loaded with drugs in the aqueous phase at a relatively
high temperature of around 45°C forming a sol. On injection into subcutaneous tissue they

undergo cooling to body temperature forming a gel that acts as a release matrix for the drugs

Physical hydrogels are not homogeneous, as molecular entanglements can be localised
and hydrophobic and ion-bound domains can also form creating further in-homogeneities.??

Free chain ends or chain loops also create defects in the network of physical gels.

Physically crosslinked gels have gained interest with the awareness that the use of
crosslinking agents in the preparation of hydrogels can compromise the integrity of
encapsulated substances such as proteins and cells.* To create physically crosslinked gels, a

number of different methods have been investigated.



1.1.2.1.1 Ionic Interactions

When a polyelectrolyte, such as a polymer carrying multiple charges, is bound to
multivalent cations such as Ca”", it may form a physical hydrogel. Such a hydrogel is called
‘ionotropic’.” The polysaccharide polymer alginate consists of mannuronic and glucuronic
acid residues (Figure 1) and crosslinking with calcium ions can be done at room temperature
and physiological pH.? Alginate is a linear structure with polymer domains of (1-4)-linked p-
D-mannuronate and o-L-guluronate residues, covalently linked in different sequences or
blocks (see Figure 2) and calcium ions can induce gelation (Figure 3). Alginate gels are used

for the encapsulation of living cells*® and proteins.”
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Figure 1: Monosaccharide constituents of alginate, D-mannuronate (left) and L-

guluronate (right)
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Figure 2: Polysaccharide of Alginate, on left two residues of L-guluroate bonded to

two residues of L-mannuronate.
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Figure 3: Calcium ions (black dots) induce gelation in poly L-guluronate domains =

These gels can be destabilized by removal of the Ca-ions using a chelating agent. Proteins

can be released from alginate gels using cationic polymers, such as chitosan

%6 and poly(lysine).?’

When polyelectrolytes of opposite charges are added they may form crosslinked systems
known as complex coacervates (also called poly-ion complexes or polyelectrolyte
complexes). The result is either a gel or a precipitate depending on the conditions."® The
distinction between them is that a gel is a solid material of jelly-like appearance that can be

soft and weak or hard and tough. They are cross-linked systems which do not flow when they



are subjected to deformation force. By mass gels are mostly liquid but behave like solids
because of their 3D cross-linked network. Precipitation, on the other hand is the formation of
a solid in a solution or in another solid during the course of a chemical reaction .If settling
does not occur to aggregate the particles of the solid, the precipitate is held in suspension. A

coacervate of alginate—poly(L-lysine) (PLL) ,for example has been prepared as early as
1980.%

1.1.2.1.2 Inclusion Complexes

B-Cyclodextrins (BCD), a type of cyclic oligosaccharide have an internal hydrophobic
pocket. They and can bind with complementary low molecular weight guest molecules
forming inclusion complexes”, supramolecular self-assembly systems based on rapidly
responsive hydrogels from polymeric hosts and low molecular weight guests.”” Hydrogels
were obtained after hydration of a mixture containing two components, one with an 8-arm
poly(ethylene glycol) which has been terminnated with B-CD groups and the other
component with 8-arm star-shaped PEG which has been terminated (or functionalised) with
cholesterol moieties.*'>

The PCD/cholesterol inclusion complex formation by self-assembly is driven by
hydrophobic and van der Waals interactions. Thermosensitive behaviour is exhibited by the
hydrogels and is completely reversible upon cooling and heating. At low temperatures visco-
elastic behaviour is apparent, whilst a viscous system is seen at higher temperatures resulting
from faster chain relaxation processes as a reduced number of fCD/cholesterol complexes is
obtained.>! The distinction being that visco-elastic materials exhibit both viscous and elastic
properties when subjected to defamation. Viscous material, such as honey, resists flow when
subject to shear force and exhibit linear strain with time when stress is applied. Elastic
materials strain under stretching and soon return to the original state when the stress is

removed. Viscoelastic materials have the character of both, exhibiting time-dependent strain.




1.1.2.1.3 Stereo-complication

The co-crystallization of two enantiomers (“non-super-imposable” stereo-isomers) can be
exploited in a synergistic interaction for cross-linking in a process called stereo-
complexation. Thus, polymer or oligomer chains of poly (I-lactide) (PLLA) and poly (d-
lactide) (PpLA) when combined in situ in a racemic mixture i.e. a mixture ratio of 1:1 formed

stereo-complex crystals. >

Multi-armed PEG-PLLA and PEG-PpLA have been complexed to produce hydrogels.
These were fine-tuned by varying the polymer concentration and the chain length of the PLA
producing different cloud-points.** The advantage of this technique is that it can be
performed under mild conditions. Also hydrophobic domains are avoided which might
otherwise entrap any drug inclusions such as proteins which in turn might become
denatured.®> However, there is a relatively restricted range of enantiomers that can be

employed for this method.

1.1.2.1.4 Peptide Interactions

Polypeptides are capable of forming a variety of conformations such as random coils, f3-
sheets and a-helixes. They have been used as building blocks with self-assembly properties
and also incorporated with synthetic polymers to produce hybrid structures. Such bio-
synthetic hybrid polymeric hydrogels have been made from fibrinogen and poly(ethylene

glycol) and successfully used in tissue engineering.

Some proteins can form coiled coils of left-handed super helices in which right-handed o-
helices bind together two or more at a time.* These a-helices contain hydrophilic and
hydrophobic domains due to repeating amino acid sequences with different polarities.
Depending on temperature and pH, these proteins change their structural conformation. A
polypeptide with a ‘leucine zipper’ motif attached to a hydrophilic central polypeptide
domain forming an ABA type co-polymer, was made into a hydrogel.37 The coiled-coil
interactions allowed the solution to become more viscous as the temperature increased and

when pH was 8 or above.



Proteins which exhibit coiled-coil interactions have been used as crosslinkers for poly(/V-

(2-hydroxypropyl)methacrylamide) (PHPMA).*® The crosslinkers were attached by histidine
tags at one end of the protein to metal-chelating ligands attached to the polymer (Figure 4)%
While hydrogels containing the natural protein kinesin exhibited a collapse near the melting
temperature of the protein due to change in conformation from an elongated rod-like coiled-

coil to random coils. Hydrogels made from engineered protein did not show this phase
transition.*
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Figure 4: Hybrid hydrogel primary chains crosslinked with Histidine-tagged coiled-coil
proteins.38



1.1.2.1.5 Amphiphilic block and graft copolymers

Self-assembly of amphiphilic block and graft copolymers can occur in aqueous solutions
to form organized micelles and hydrogels. The hydrophobic domains of the polymers
aggregate”’ multiblock or graft copolymers can be used to prepare physically crosslinked
hydrogels. Water-soluble polymers, for example polysaccharides and polyethylene glycol
(PEG), can be attached to hydrophobic units conferring both hydrophilic and hydrophobic

domains in the molecular structure with the potential to self-assemble as micelles.

Block copolymers have been designed to incorporate hydrophobic and hydrophilic
domains. Co-polymers of poly(ethylene glycol) (PEG) and poly(lactic acid) (PLA) or of PEG
with poly(glycolic acid) (PLGA) have been synthesised and hydrogels made which have been
evaluated for model drug release.”’ The drugs were released by passive diffusion and
degradation of the hydrogel. At low concentrations micelles were formed in water and at
higher concentrations thermoreversible hydrogels are formed. Triblock PEG polymers with
hydrophobic PL (G) A domains in the middle have been prepared by the coupling of two
PEG-PL (G) A di-block copolymers.*" **

The composition and molecular weight of PEG-PLGA-PEG block copolymers affects
the sol-to-gel transition temperature and the concentration of the co-polymer gives rise to a
critical gel concentration at which hydrogels can form. Sufficiently high concentrations
(typically higher than 17 wt.%) are required at which the co-polymer changes from a free

flowing solution at room temperature to hydrogel at body temperature.*

PLA-PEG-PLA tri-block copolymers have been synthesised using the ring opening
polymerisation of lactide.***>*4”* Molina et.al.*® prepared a series of PLA/PEO/PLA ABA
type copolymers by ring opening polymerisation of racemic lactide The hydrogels were
prepared by a phase separation method in which small amounts of water were added onto the
co-polymer solution which was made up in tetraglycol, a biocompatible organic solvent. The
hydrogels obtained were more hydrophilic than those formed by adding water to the dried
copolymers. The hydrogels derived from the phase separation were then loaded with two
proteins, bovine serum albumin (BSA) and fibrinogen. The proteins were added to the
hydrogels before gelation and then entrapped in the forming gel. Circular dichroism analysis

of the released BSA showed no damage to the protein. Different release profiles for the two

10



proteins were thought to be due to higher gel-protein compatibility for BSA for the

fibrinogen.

PEG and PLGA multiblock copolymers have been synthesised by polycondensation of
dicarboxylated PLA with PEG.”>! Small PLA blocks relative to the PEG render the
copolymer soluble in water and a Lower Critical Solution Temperature (LCST) which is the
phase transition temperature depending on the PLA domain molecular weight although all the

polymers which are not soluble will swell in water.

1.1.2.1.6 Hydrogen Bonds

PEG can form complexes with poly (acrylic acid) (PAA) and with poly (methacrylic acid)
(PMA) as a result of hydrogen bonding between the oxygen in the poly (ethylene glycol)
residues and the carboxylic groups of the poly (methacrylic acid). The hydrophobic nature of

poly(methacrylic acid) also helps the aggregation.’ **

The protonation of the PMA carboxylic acid groups facilitates the formation of hydrogen
bonds. Thus the swelling and synthesis of hydrogels is dependent on the pH. At low pH a
poly (methacrylic acid)/poly (ethylene glycol) complex is soluble in ethanol. If the ethanol is
removed from the mixture by diffusion, the system is transformed into a gel which in time

gradually dissolves with dissociation of the complex.”

The DNA double helix is bound by hydrogen bonding between the bases of each strand.
Nagahara et al. developed a hydrogel system by crosslinking hybridisation of
oligodeoxyribonucleotides to the water-soluble polymer (poly(N,N-dimethylacrylamideco-N-
acryolyloxysuccinimide).>® Upon the addition of a complementary strand of
oligodeoxyribonucleotides, which were either combined to the same water-soluble polymer
or in its free form, an aqueous solution of the oligodeoxyribonucleotides-derivatized water-
soluble copolymer was transformed into a hydrogel. These hydrogels were formed at room

temperature, but dissolved at higher temperatures.*®

11



1.1.2.2 Chemically Crosslinked Gels

Chemically cross-linked hydrogels are polymer networks formed by covalent bonds, thus

resulting in more robust gels than physical hydrogels when subjected to mechanical forces.

1.1.2.2.1 Radical Polymerisation of Monomers using Crosslinking Agents. (Addition

reactions)

The polymerisation of low molecular weight monomers such as 2-hydroxyethyl
methacrylate (HEMA) with a suitable crosslinking agent such as ethylene glycol
dimethacrylate (EGDMA) can produce the Poly(2-hydroxyethyl methacrylate) (pHEMA)
hydrogel system.”’ Many hydrogels have been prepared by this approach.”® Hydrogel
characteristics, e.g. swelling, can be fine-tuned by varying the amount of the crosslinker.
Stimuli sensitive materials can be obtained e.g. using methacrylic acid monomer yielded pH
sensitive gels59 or N-isopropylacrylamide monomer gave temperature-sensitive gels.®” Water-
soluble polymers can also be used to obtain chemically crosslinked hydrogels by radical
polymerisation if they are first derivatized with polymerisable groups. Dextran can be used to
make biodegradable hydrogels.®’ Dextran is a pblysaccharide consisting of a-1, 6 linked D-
glucopyranose residues. Edman et al. ®! derivatised dextran to produce a hydrogel by reacting
a dextran solution in water with glycidylacrylate (Figure 5(a)) in order to introduce a double
bond. Hydrogels were synthesised after the addition of a catalyst of N, N, N'N'-
tetramethylene-diamine and an initiator of ammonium peroxydisulfate to an aqueous solution

of acryl dextran also containing N, N,-methylenebisacrylamide as the crosslinker.

12
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Figure 5: Principal Reaction of dextran with GMA.*

Hydrolysis of the glycidyl(meth)acrylate caused low yields, therefore, an alternative
method to synthesize methacrylated dextran was obtained in which dextran was dissolved in
the aprotic solvent DMSO and functionalised with glycidylmethacrylate (GMA), 4-(N,N-
dimethylamino)pyridine (DMAP) was used as the catalyst for the esterification.®” Under the
given reaction conditions transesterification resulted in a dextran derivative with the

methacrylate directly attached to the dextran chain in quantitative amounts (Figure 4(b)).

Other water-soluble polymers for instance albumin® and hyaluronic acid®, have also

been derivatized with (meth)/acrylic groups.

Other compounds were also methacrylated with similar procedures such as insulin® and

Sl.lCI'OS€.66

Methacrylate esters polymers are difficult to hydlrolyse.67’68 Methacrylate ester hydrogels

are hydrolysed enzymically to break main chains when degradation is required under
13



physiological conditions. Chemically degradable gels have been created in which
polymerisable groups and hydrophilic polymers are linked by means of hydrolysable
moieties. Hubbell has synthesized macromers with a central domain of poly(ethylene glycol),
terminated with poly-a-hydroxy acids and end capped with polymerisable acrylate
groups.'®Radical initiation of the acrylate groups induced polymerisation of the macromers
which on addition of water formed a hydrogel. When UV light was applied to an aqueous
solution of the macromer, radicals were generated from the photoinitiator (2, 2-dimethoxy-2-
phenylacetophenone) which was added as a solution in the reactive solvent (N-
vinylpyrrolidone). Degradation of the hydrogels yielded PEG, a-hydroxy acids e.g. lactic acid
and oligo (acrylic acid). The time to degrade varied from 1 day to 4 months and can be fine-

tuned by varying the bio-degradable domain.'®

1.1.2.2.2 Covalent Linking of Complementary Groups (Condensation reactions)

Covalent linkages between polymer chains can be formed using complementary
functional groups e.g. an amine with a carboxylic acid. Functional groups such as OH,
COOH, NH; make polymer chains more hydrophilic. Other covalent linkages e.g. between

isocyanate-OH/NH; can also be used.*

Polymer chains with hydroxyl groups such as poly(vinyl alcohol) (PVA) can be
crosslinked with glutaraldehyde (Figure 6a)**’° but drastic conditions requiring low pH, a
high temperature, and a quencher such as methanol PEG has OH groups terminating the
linear molecule, thus is also an alcohol, and as such an in situ polymerisation under

physiological conditions is not feasible in view of these drastic conditions.

5 o . 5 2
Amine containing polymers such as albumin'’® and gelatin’"’

and polysaccharide
amines” can be crosslinked with glutaraldehyde under milder conditions forming Schiff
bases.(Figure 6b). Glutaraldehyde is toxic, therefore, alternative strategies have been
investigated such as the crosslinking of gelatin using polyaldehyde functional groups

synthesised in the partial oxidation of dextran.”*

14
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Cross-linking can be facilitated by means of addition reactions. Hydrogels can be
prepared from water-soluble polymers with the use of bis-functional (or higher) crosslinking
agents which react via addition reactions with groups on the polyrner75 . Thus, water-soluble
polysaccharides can be converted into hydrogels with 1,6-hexanedibromide’,

divinylsulfone’’

, 1,6-hexamethylenediisocyanate’® and other reagents.”” By varying the
concentrations of reactants the network properties of the hydrogels can be fine-tuned.
Organic solvents are generally required as the crosslinker is usually toxic and reacts with
water, and therefore requiring an extraction step to remove the unreacted toxic reagents. To
remove the solvent the hydrogel was purified exhaustively for 24 hours with acetone in a
soxhelet and then dialysed at 4C against 1 M NaCl and then against distilled water before

freeze drying and storage in a desiccator

The polymer linkages formed by this method are normally very stable, and degradation

can only occur by means of enzymes under physiological conditions.®

Degradable hydrogels have also been synthesised by Hubbell via Michael Addition
reaction of PEG-acrylates with PEG-dithiol” at physiological pH and room temperature

(More discussions on Michael Addition Reactions can be found in section 1.1.2.2.5).

15



1.1.2.2.3 Condensation Reactions

Carboxylic acids or their derivatives can react with hydroxyl groups or amines in
condensation reactions and can be useful for polymer synthesis to produce polyesters and
polyamides. Similarly, such reactions can be used for the preparation of hydrogels.”” Water-
soluble polymers can be crosslinked with amide bonds by using N,N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide (EDC)* N-hydroxysuccinimide during the

reaction to minimise any side-reactions and help to control the crosslink density in the gels.”

Alginate gel were designed with improved mechanical properties over ionically
crosslinked gels by covalently crosslinking this polymer with PEG-diamines using EDC. The
mechanical properties were controlled by adjusting the amount of PEG-diamine and the PEG

molecular weight.®! (Figure 7)
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Figure 7: Synthetic scheme for PEG-diamine and its cross linking with Sodium
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1.1.2.2.4 Photo-polymerisation

Photo-polymerisation is a free radical polymerisation that can be conducted in situ by
exposing the hydrogel precursors to UV/ visible light radiation of suitable wavelength. The
17



radiation activates photo-polymerisable groups such as carbon-carbon double bonds that are
found in acrylate and methacrylate residues. Such residues can be attached to the polymer
chain, thus rendering them photo-polymerisable.* The cross-linking reaction is initiated by a
photo-initiator which is decomposed on exposure to appropriate radiation to form highly
reactive free radicals. These free radicals then react with the carbon-carbon n-bonds of a
monomer molecule to form a covalent link and a new free radical centre which can then go to

react with another monomer molecule to form the propagating polymer species (see Section

1.2.2.2 Figure 18).

The advantage of this method is that it can be applied in vivo as a minimally invasive
procedure by various clinical procedures such as trans-dermal illumination.> Generally, the
curing process is completed in minutes and can be conducted at physiological temperatures

with temporal and spatial control.3**°

Hubbell et al first investigated the use of photo-polymerisation in the synthesis of
hydrogels and their use for drug release. He used Polyethylene (PEG) and co-polymerised
this with Poly(lactic acid) and these co-polymers were functionalised with vinyl groups by

reacting them with acryloyl chloride.'®

Concern was raised whether the ultra-violet (UV) radiation and the free radicals generated
might damage the loaded therapeutic. It was found, however, that a low intensity exposure of

suitable wavelength maintains protein stability.*
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1.1.2.2.5 Michael Addition

The Michael reaction is a very useful way of conducting an addition reaction as it can be
carried out in aqueous conditions at room temperature and at physiological pH. Thus, the use
of organic solvents and other toxic compounds is avoided. The Michael addition can be

therefore well suited to synthesise injectable hydrogels.®’

The reaction requires the use of a nucleophile to attack a f-carbon atom in a a-§ carbon-
carbon double bond which is itself conjugated to a carbonyl group.®’” From Figure 8 it can be
seen that as a result of the nucleophile attack, an enolate intermediate is formed which the

collapses with the addition of a hydrogen atom at the a-carbon atom.
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Figure 8: General reaction scheme for addition of thiol to an a, p conjugated carbonyl

compound.

Thiols can be used as Michael donor species and have a higher selectivity for Michael
acceptors compared to amines.® This is very apparent when the hydrogel precursor is loaded
with peptide or proteins, when it is found that little cross reaction results with the vinyl
groups present. Hubbell et al created an injectable matrix from a PEG-dithiol and PEG
acrylate in aqueous conditions at room temperature and at physiological conditions.'® The
precursor gel was loaded with bovine serum albumin and, after the Michael Addition, which
took approx. 15 mins; a hydrogel resulted with the albumin encapsulated. After swelling with
water and subsequent degradation, the result of hydrolysis of the ester linkages, the albumin
was released completely over 5-12 days. This experiment demonstrated the selective Michael
addition of the acrylated PEG for the di-thiol PEG rather than for any di-sulfide bonds, free
thiols or amine groups of the protein. It is thought the di-sulfide bonds and thiol groups were

contained in inaccessible pockets within the protein thus preventing any cross-reactivity.”
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Other Michael Addition donors have been used, such as pentaerythritol tetrakis 3°-
mercaptoproprionate (QT) (Figure 10), with vinyl group acceptors including poly(ethylene)
glycol diacrylate (Figure 9)*>>*° This particular reaction was carried out in a phosphate buffer
at physiological pH. Gels were obtained within 10 minutes when the two species were in a
1:1 molar ratio for the functional groups with complete conversion of the reactants. Side

reactions, such as the formation of di-sulfide bonds were negligible within this time scale.”
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Figure 9: Polyethylene glycol diacrylate (PEGDA)
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Figure 10: Pentaerythritol tetrakis 3-merkaptopropionate (QT)

Thermoresponsive hyperbranched co-polymers based on PEG have been synthesised with
multi-acrylate functionality. Dong et al has synthesised such a polymer via an in situ
deactivation enhanced Atom Transfer Radical Polymerisation.91 A high level of vinyl groups

was incorporated into the co-polymer making them suitable for Michael Addition

polymerisation.

In addition, Dong incorporated into the system a semi-interpenetrated polymer network

(semi-IPN).”! An IPN consists of two or more cross-linked networks dispersed within each
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other when viewed at the molecular level. A semi-IPN consists of one cross -linked polymer
and the other is in the linear form. The linear molecule used was hyaluronic acid which is a

component of the extra-cellular matrix (ECM).

Thus, Dong obtained in-situ gelling as a result of both thermoresponsive behaviour and

also cross-linking by Michael Addition.

1.1.2.2.6 Click Chemistry

Polymers can be cross-linked by use of click chemistry. The most studied click reaction is
based on the reaction between azides and acetylenes using Copper (i) ions as catalyst. The
presence of copper in the final hydrogel is undesirable for many biomaterials, however, the
level could be reduced to undetectable levels as measured by Environmental Scanning
Electron Microscopy (ESEM) by washing with 0.1 M aqueous ethylenediamine tetraacetic
acid (EDTA) solution.”

PEG based materials have been used. Figure 11outlines the synthesis of tetra-azide and

di-acetylene functionalised PEG derivatives.”
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Figure 11: Modular approach for hydrogel synthesis using click chemistry and PEG
based building blocks.

The reaction occurred within 30 minutes under physiological conditions giving rise to a
controlled cross-linked network compared to photo-chemical or free radical methods. The

major disadvantage is the rather toxic Cu(i) catalyst which needs to be removed before
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clinical use. Copper free click reactions are available but much slower and thus limiting
possible clinical application.” Unreacted azide and acetylene can be usefully functionalised

giving the potential for further chemical tailoring to produce novel cross-linked materials.

1.2 Polymers

1.2.1 Introduction

As discussed in section 1.1, hydrogels can be prepared from synthetic or natural
polymers. Polymers have high molar mass and are composed of identical sub-units called
monomers that are covalently bonded together in various arrangements. The type of
monomers and how the repeating unit connects with each other play key roles in
determinations of the properties of polymers thus their applications. Naturally occurring
polymers include proteins, carbohydrates such as starch and cellulose as well as nucleic acids
DNA and RNA. Many synthetic polymers for example polyethylene and polypropylene are
produced on an industrial scale and have a wide range of useful properties and applications.
The materials commonly known as plastics are synthetic polyrners.94 Synthetic polymers can

be classified as addition polymers or condensation polymers.

Addition polymers e.g. polyethylene (1), poly(vinyl chloride) (PVC) (2), polypropylene
(3), and polystyrene (4) are linear or branched with little or no cross-linking (Figure 12). In
consequence, they are thermoplastic materials, which when heated flow easily and can be

moulded into a variety of shapes by thermal polymer processing techniques.
oy, 7,

n
1 2 3 4

Figure 12: Structure of addition polymers polyethylene (1) polyvinyl chloride (2)
polypropylene (3) and polystyrene (4).
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Condensation polymers on the other hand are formed via a condensation reaction when
molecules combine losing small molecules such as water or methanol as a by-product in
contrast to addition polymerisation which involves the reaction between unsaturated
monomers. Condensation polymers include polyesters, polyamides and polyacetals (Figure

13).In the reaction the HCI is removed from the reaction mixture to prevent the reverse

reaction.
o 0 Heat o 0O
n HzNﬁNHz + N Cl/U\Q/U\CI HN@N ¢l + 2nHCI
% y H\ /H
X y
) n
diamine diacylchloride polyamide

Figure 13: Condensation polymerisation in the synthesis of Polyamide.

1.2.2 Polymer Synthesis

There are three principle methods of polymer synthesis (a) step-growth polymerisation,
(b) free radical addition or chain-growth polymerisation and (c) Ring Opening

polymerisation.94

1.2.2.1 Step Growth Polymerisation

In a step-growth polymerisation, the polymer molecular weight builds up slowly through
a single reaction type. This kind of reaction requires a monomer with two different functional
groups within the monomer or equi-molar amounts of two different di-functional monomers
to form a linear high-molecular weight polymer. Two monomers will react to form a dimer

and the dimer may react with another dimer to form a tetramer, or may react with more
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monomer to become a trimer. This process will continue with each reaction of the functional

groups proceeding until a high molecular weight polymer is obtained (Figure 14).

(A)
O O Heat o O
r H,N NH, — M + 2n H:0
HOMOH + N N N
4 Mﬁ H 4 H
. . . n
Adipic Acid Hexamethylene diamine
(B)
o Heat e)

+ n H0
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N H,N —
OH
e 5

g—aminocaproic acid

Figure 14: The step growth polymerisations of (A) adipic acid and hexamethylene

diamine (the Nylon Process) (B) e-aminocaproic acid

The reaction of adipic acid and hexamethylene diamine will produce a polymer of high
molecular weight i.e. poly(hexamethvleneadipamide) i.e.nylon synthesis (Figure 14A). The
amination requires a stoichiometric ratio of the reactants and proceeds via an intermediate
ammonium salt. In the example of e-aminocaproic acid which is a single di-functional

monomer, a high molecular weight polyamide is obtained (Figure 14B).

1.2.2.2 Free Radical Addition or Chain Growth Polymerisation

Chain growth polymerisation occurs when monomer molecules add, one at a time, to the
active site of a growing polymer chain. There are usually four steps in a chain-growth

polymerisation:
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Initiation: This step is primarily initiated either by thermal decomposition or by
photolysis. In thermal decomposition the initiator is heated until a bond is homolytically
broken, producing two free radicals. This is seen often in organic peroxides e.g. Benzoyl

peroxide (BPO) (Figure 15) and azo (:ompounds.95

Heat
38 ="

Figure 15: Thermal decomposition of Benzoyl peroxide.

In photolysis, electromagnetic radiation ruptures a bond homolytically producing two free
radicals (Figure 15), for example azo compounds.” Figure 16 illustrates the photolysis of a,

o’ -azobisisobutyronitrile (AIBN) when irradiated with light of wavelength of 360 nm.

hv

NC%Q:%CN B \c( + N, (9)

Figure 16: A bond ruptured homolytically producing two free radicals in o, o' -

azobisisobutyronitrile (AIBN)

Photo-initiation also occurs by bi-molecular H-abstraction with the radical is in its lowest
triplet excited state.”® Thus, hydroperoxides such as cumyl hydroperoxide decomposes to
alkoxy and hydroxy radicals, and with their active hydrogen atom, also decompose when
initiated by a chain-end radical forming a peroxide radical by hydrogen abstraction. A

suitable photoinitiator system absorbs in the 300-400 nm range.96 Free radicals generated are
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capable of reacting with the double bond of vinyl monomers. A suitable initiator should have
an adequate solubility in the reaction mixture, promote a minimum of side reactions, and any

by products resulting from its use should be non-toxic.

In redox reactions hydrogen peroxide is reduced by iron or other reductants such as Cr**

b

V*, Ti**, Co**, and Cu" thus generating the free radical (Figure 17).%

HO0,  +  Fe?* — Fe®* + HO + OH

Figure 17: Redox reaction of hydrogen peroxide and iron (II)

Persulfates can also be used as the initiating species (Figure 18). The dissociation of the
persulfate occurs in the aqueous phase in an emulsion polymerisation in which the radical

diffuses into the hydrophobic monomer-containing droplet.

@] ®
O\\s“ ) K Heat @)
/ \O O O\\ l
@@O (\) > 2 @ /S\O
K ~S=0 K @0

Figure 18: Thermal degradation of a persulfate.

Chain propagation: The initiator radical attacks a monomer (Figure 19). In an ethene
monomer e.g. ethylene, one electron pair is held securely between the two carbons in a sigma
bond. The other is more loosely held in a pi bond. The free radical uses one electron from the

pi bond to form a more stable bond with the carbon atom. The other electron returns to the
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second carbon atom, turning the whole molecule into another radical. This begins the

polymer growing chain.”

00 ‘
Ok O O
Figure 19: Phenyl initiator from benzoyl peroxide (BPO) attacks a styrene molecule to

start the polymer chain

Chain Transfer: In the transfer, the polymer growing chain is terminated but the active
site is transferred to a new chain. This can occur with the solvent, monomer, or other
polymer. This can occur by transfer of a hydrogen atom from a pendant group of another

monomer (hydrogen abstraction).

Chain Termination: Polymer growing chain termination occurs either by combination
(Figure 20) or disproportionation (Figure 21). Termination, in radical polymerisation, is when
the free radicals combine and is the end of the polymerisation process. Chain termination will
occur unless the reaction is completely free of contaminants. In this case, the polymerisation
is considered to be a living polymerisation because propagation can continue if more
monomer is added to the reaction. Living polymerisations are most common via ionic
polymerisation approach, however, in recent years, living/controlled free radical
polymerisations have been developed successfully and are discussed in section 1.2.2.2.1.
Termination can occur by several different mechanisms. In chain combination, two chain
ends simply couple together to form one long chain (Figure 20). One can determine if this
mode of termination is occurring by monitoring the molecular weight of the propagating
species: combination will result in doubling of molecular weight. Also, combination may

result in a polymer that is C, symmetric about the point of the combination 5
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Figure 20: Termination by the combination of two poly(vinyl chloride) (PVC) polymers.

The other process is by radical disproportionation by hydrogen transfer in which a
hydrogen atom from one chain end is abstracted to another, producing a polymer with a

terminal unsaturated group and a polymer with a terminal saturated group (Figure 21).
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Figure 21: Termination by disproportionation of poly(methyl methacrylate)

Combination of an active chain end with an initiator radical will also lead to

termination.(Figure 22).%*

O

oo —= Y Y O
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Figure 22: Termination of Polystyrene by reaction with radical initiator.
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1.2.2.2.1 Controlled Radical Polymerisation (CRP)

Radical polymerisation is the major method used in industrial and academic laboratories
for the preparation of vinyl polymers.”’ In free radical polymerisation a polymer forms by the
successive addition of free radical species which are the building blocks of the polymer. Free
radicals can be obtained via separate initiator molecules and are generated by a number of
different mechanisms. Following its generation, in the initiating phase the free radical adds
(nonradical) monomer units, thereby propagating the growing polymer chain. In conventional
FRP, polymer growing chains will terminate uncontrolled (see the previous section). This
leads to polymer chains with different chain length, thus a broad molecular weight

distribution.

Recent developments on living/controlled free radical polymerisations enable the
preparation of polymers with a very narrow molecular weight range and a predetermined
degree of polymerisation based on the ratio of the concentration of monomer to the initiator
and control of chain-end functionalities.”® Controlled/ “living” radical polymerisations (CRP)
have their origins in ionic polymerisations based on the equilibrium between active and
dormant species and on the advances made in controlled organic radical reactions.” Most
studied CRP approaches include Atom Transfer Radical Polymerisation (ATRP),*%

Reversible Addition-Fragmentation Chain Transfer Polymerisation (RAFT)'*

and Nitroxide
Mediated Radical Polymerisation (NMP).'” These CRP methods have be used for the
preparation of a wide range of well-defined polymers, such as block and hyperbranched

polymers with smart and biodegradable properties for tissue engineering and drug delivery

100, 106-108

applications which are the target polymer systems of this project.

The term controlled/“living” radical polymerisation is used to differentiate the
polymerisation from a true living system in which chain growth proceeds without chain
breaking reactions such as termination and chain transfer. True living radical polymerisation
cannot occur because bimolecular termination between growing polymer radicals cannot be
completely eliminated. Termination can, however, be significantly reduced resulting in block
copolymers with predetermined molecular weights and low poly-dispersities and is thus

essentially a controlled radical polymerisation.”
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If the initiation is complete and exchange between competing reactive participants is fast,
the final average molecular weight, i.e. when Monomer conversion is 100 %, can be designed

by varying the initial monomer-to-initiator ratio (Equation 1).
M
pp, =A4 (Bq.1)

where DP,, is the degree of polymerisation, M is the monomer and I is the initiator. A
narrow molecular weight distribution is attainable with the polydispersity (My/M,) between 1
and 1.5.%° Further control is afforded by the availability of a range of initiators with a variety
of different structures so that polymers can be synthesised with different end-functions and
can also be co-polymerized with other monomers. This structure control results in polymers
with diverse physical properties despite their synthesis from readily available low-cost

monomers.109

1.2.2.2.2 Atom Transfer Radical Polymerisation (ATRP)

Atom Transfer Radical Addition (ATRP) polymerisation is based on the Atom Transfer
Radical Addition (ATRA) reaction mechanism and normally requires the transfer of an atom
(a Halide) from an organic halide to a metal- complex (with a transition metal centre) to
generate the reacting radicals.”® ' ''° This is followed by transfer of the halide radical back
from the transition metal to a product radical resulting in the formation of the final product.'"!
In ATRA, the metal catalyst is a complex of a copper(I) halide with ligands such as 2,2-
bipyridyl (bpy), and this undergoes a one-electron oxidation by abstraction of the halogen

atom from an initiator- substrate (Figure 23).”
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Figure 23: General scheme for Atom Transfer Radical Addition (ATRA) whereby the

catalyst controls the concentration of the free radical

An organic radical is generated and also the copper(I) complex. For the reaction to occur
substituents on the organic halide should be present to stabilize the resultant radical. It is not
clear at present whether the intermediate radicals are free radicals or if they are formed in a
solvent cage, or perhaps coordinated to the metal -centre.”” The resulting organic radical can
add to an unsaturated compound such as an acrylic moiety in an inter/intramolecular reaction.
Alternatively, the halide atom is abstracted from the copper(ii) complex to form the dormant
organic halide species. The catalytic cycle is completed when reduction to the copper(I) state
occurs with the re-establishment of the copper(I) complex. Alternatively the radicals may
react but as the concentration of propagating radicals is small termination reactions are
minimised. The substrates for this type of reaction are chosen such that if addition occurs the
newly formed radical is relatively less stabilized compared to the initial radical and will react
irreversibly with the copper(Il) to form an inactive product i.e. the alkyl halide (K2 >> K1 in
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Figure 23). Thus in ATRA only one addition step occurs. This technique has been adapted in
Atom Transfer Radical Polymerisation (ATRP) by modifying the conditions so that more
than one addition step takes place.”” Thus, if the propagating radical species before and after
the addition of the wunsaturated monomer has comparable stability an
activation/addition/deactivation cycle will result and be repeated until the unsaturated

monomer is exhausted. This result is a chain-growth polymerisation.

Copper-based ATRP have been successfully used in the controlled (living)
polymerisation of acrylates, and methacrylates amongst other monomers’ The monomer to
be polymerized determines the nature of the other components that can be used. The initiator
generally should be structurally homologous to the reacting polymer group. The halogen
atom in the initiator and the catalyst metal complex should also correspond. In copper-based
ATRP, usually two equivalents of a bidentate ligand are used per copper centre. Effective
ligands for ATRP are, for example, derivatives of 2,2-bipyridine (bipy) and chelating
nitrogen-based ligands N,N,N’,N’,N’-pentamethyldiethylenetriamine (PDMTA).'"* As
copper(I)-bpy complexes with halides are usually insoluble in non-polar media of bulk
polymerisations, long alkyl chain additions at the 4,4-positions of the bipyridine are used to

increase the solubility of the copper complex.”

The mechanism of ATRP (see Figure 24) involve initiation and propagation processes in
which an atom is transferred in equilibrium conditions and an intermediate radical is added to
a monomer.''? Termination occurs by radical coupling and disproportionation with a
relatively significantly decreased rate constant. Intermediate radicals can be inferred in the
mechanism as indicated in experimental data from trapping experiments, and is an insertion
process. In copper based ATRP, the higher oxidation state copper(Il) complex is formed

during atom transfer and also an intermediate.
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Figure 24: General Mechanism of Atom Transfer Radical Polymerisation (ATRP)” M

is monomer; R’ is a radical that can initiate polymerisation; P» and Pm’ are polymer

growing chains.

The rate of polymerisation R, is given as Eql below in which termination is assumed not
to occur as it is insignificant as a consequence of the persistent radical effect and rapid

equilibrium is quickly attained.”

Ry = kapp[M] = Iy [P #1M] = lepKeq[in] (Fouih) [M] (Eq.2)
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In ATRP, reactants have to be appropriate to each monomer class with a particular
combination of initiator, ligands, deactivator, metal, and the conditions of temperature, time,
and solvent employed to suit the needs of the ATRP.” The alkyl halide (RX) concentration
determines the number of initiated chains. The rate of polymerisation is first order for alkyl
halide concentration, and the molecular weight is inversely proportional to the initial initiator
concentration.''® The halide group, X, shuttles rapidly and selectively between the polymer
chain and the metal centre. Bromide and Chloride ions have proven to provide optimal

control of molecular weight.'"

A good initiator should have a structure of the alkyl group (R) which should be
homologous to the dormant polymer structure with a-halopropionates being approximately
similar to dormant acrylate end groups. This holds true for secondary radicals but tertiary
radicals may differ somewhat. Thus isobutyrates are not the optimal initiators for Methyl
Methacrylate (MMA), probably because of a B-strain effect” in which the presence of a third
alkyl group sets up a condition of steric strain and reduces the effectiveness of the halogen as
a good leaving group.

The rate of polymerisation is usually first order for the catalyst concentration, and the

molecular weight is not related to this concentration.

A suitable ATRP catalyst should be a transition metal complex with an accessible redox
couple that differs by one electron. However, as ATRP is an atom transfer process with one
electron oxidation, the co-ordination number should increase by one to accommodate the new
ligand. A good catalyst is selective for atom transfer, possessing little affinity for alkyl
radicals and their hydrogen atoms, avoiding transfer reactions such as B-H elimination and
the production of organometallic derivatives. These reactions would, if they occur, reduce
selectivity in the propagation step and therefore the control of the polymerisation. ' The
metal centre should not be a strong Lewis acid, to avoid the possible ionization of
initiators/end groups to carbocations. The most important system variable in selecting a good

ATRP catalyst is the position of the atom transfer equilibrium and therefore exchange
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dynamics between the dormant and active species. The equilibrium position is dependent

upon the metal and ligands used.

Generally electron donating ligands stabilize the metal's higher oxidation state
accelerating the polymerisation. The dynamics of exchange between dormant and active

102, 107, 112 ..
02, 107, The deactivation

species is very important for a controlled/living polymerisation.
step should be very fast, to avoid poor control over molecular weight and yield high

polydispersity values for the polymerisation.

In non-polar monomers such as styrene and methyl methacrylate, it may be necessary for
the catalyst to be complexed with ligands with long alkyl chains to increase the complex's
solubility.110 Thus, when the copper halide is complexed with Bpy, it may be sparingly
soluble in the polymerisation medium, the polymerisation being heterogeneous. The copper
halides can be then be completely solubilised with Bipyridyl ligands derivatives with long
alkyl groups, such as dNbipy, in which the groups are at the 4,4 carbon positions.'™
However, ATRP can be achieved despite the catalyst being relatively insoluble in the
polymerisation medium as the catalyst is not attached to the growing chain. Somewhat higher

poly-dispersities are observed in heterogeneous copper-based ATRP as a consequence of the

lower concentration of the Cu (IT) complex in the polymer phase.

ATRP has been successfully performed in bulk, organic solvents, aqueous solution, and
mini-emulsion by homogenous or heterogeneous reactions.'” Solution polymerisation is
slower when using the same quantities of reactants comparing to bulk polymerisation. The
solvents used are usually non-polar, but some polar solvents have been used. However, with
polar solvents chain transfer is possible depending on the transfer constant. A drawback may
be solvent interaction with the catalyst complex or with the halogen ligand or even

displacement of spectator ligands.

ATRP polymerisation is also oxygen sensitive, although ATRP will tolerate a small
amount of oxygen because the oxygen will be scavenged by the catalyst which is normally
designed to be present in excess of the propagating radicals. Oxidation of the catalyst,
however, reduces the effective concentration of the metal complex which acts as the
deactivator, and may reduce the rate of polymerisation. The presence of a small amount of
water and other polar compounds such as alcohols has little effect upon copper-based

ATRP."° Amine and phosphine ligands in copper-based ATRP can inhibit polymerisation,
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possibly by saturation of the coordination sphere of the copper(I) complex or by formation of

copper(I) complexes not responsive to atom transfer.

It is observed in ATRP that the rate of polymerisation increases with temperature due to
an increase in the rate constant for propagation and also the halogen atom transfer
equilibrium constant. The activation energy for propagation is significantly higher than for
termination for radical combination and for disproportionation. Therefore at higher
temperatures the ratio kp compared to k; will be higher and will result in greater control of

polymerisation control.

In recent years, deactivation-enhanced ATRP method have been developed and used for
the polymerisation of multifunctional vinyl monomers resulting in soluble hyperbranched

polymers rather than crosslinked gels.!'>!"’

(see further discussions in section 1.2.4). The
control over the polymerisation is attributed to the slow growth of polymer chains in the
presence of a high concentration of Cu (II) species, thus avoiding cross linking between
chains and so delaying the onset of gelling. In-situ deactivation enhanced ATRP is further
adopted for the preparation of hyperbranched polymers, in which instead of a Cu'" species, a
Cu®* species is used to form Cu (I) in situ using a reducing agent L-ascorbic acid. The
reduced form of copper is generated and functions as the catalyst in the ATRP process by
being itself oxidised by the shuttling halogen radical which is released when a polymer

radical is generated. and available to moderate the activation/deactivation equilibrium of

ATRP." (See Figure 25).

Pn-Cl + cu'ClL — Pn"  + Cu'Cly/L
Kde

Figure 25: De-activation enhanced ATRP '’

1.2.2.2.3 Reversible Addition Fragmentation Chain Transfer (RAFT)

Radical polymerisations with a living character offer benefits compared to conventional
free radical methods.”® Apart from ATRP another method for achieving a living radical
polymerisation is by the process of Reversible Addition-Fragmentation chain transfer
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(RAFT).104’118’102’ 9 The RAFT method utilizes dithio compounds as chain transfer agents
which in their dormant state are responsible for the reversible trapping of most of the polymer
radicals, thus reducing the possibility for bimolecular termination to take place (Figure 27).
For a dithio compound to be an effective RAFT agent, the rate of addition and the rate of
fragmentation must be fast when compared to the rate of propagation and also the ejected
radical must be capable of reinitiating a polymerisation. These requirements ensure the rapid
uptake of the RAFT agent and the fast equilibration of both the dormant and the active
species while ensuring the continuation of the chain building process. The general structure

of the dithio compounds is given Figure 26.

S S
Y\R

Z

Figure 26: RAFT agent where Z is an aryl, alkyl, SR’, OR’, NR;’, and R is a homolytic

leaving group.

The RAFT agent modifies the rate of the polymerisation because both the monomer and
the growing chains can combine with the RAFT agerit. The RAFT complex can then

fragment in two ways giving back radical species.
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Figure 27: The RAFT process. M is monomer; R’ is a radical that can initiate

polymerisation; Pr’, Pm’, and Px' are polymer growing chains. 4

The RAFT polymerisation has a number of advantages. The RAFT agent is simply added
to a free radical polymerisation in which an initiator and monomers are present perhaps with
a suitable solvent. Chain growth commences at the onset of the polymerisation and continues
until the monomer is exhausted. Termination reactions are minimised as the effective
concentration of radical species is reduced by their capture by the chain transfer agent. The
polymerisation is thus classified as controlled/living with the molecular weights increasing

linearly with conversion. The Molecular weight is given by'*’

Mn(calc) 2 mM([M]O - [M]t)/[ln]o (Eq-4)

[M]o - [M];is the reduction in the monomer concentration at the end of time (t) and my; is

the molecular weight of the monomer.[I] is the initiator concentration.
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Narrow molecular weight distributions (polydispersities) are attained and complex

molecular architectures are possible such as star or block structures.

The RAFT reaction can be undertaken in a range of solvents including protic solvents
such as water and alcohols.'*" Thus, this technique might be more suitable in mildly acidic

conditions which might be toxic to ATRP catalysts.

1.2.2.2.4 Nitroxide Mediated Radical Polymerisation (NMP)

The NMP of styrene was first published by Georges in 1993 using benzoyl peroxide as
the initiator mediated by the stable free radical TEMPO (2,2,6,6-tetramethyl-1-piperidynyl-
N-oxy).'" 195 Control in NMP is achieved with dynamic equilibration between dormant

alkoxyamines and actively propagating radicals (Figure 28).

NMP involves a reversible termination mechanism between the growing propagating
polymer radical species and nitroxide, acting as an activation/deactivation control agent
which results in a polymer-alkoxyamine as the predominant species which represents a
dormant state. The nitroxide and the propagating radical are regenerated by homolytic
cleavage induced by an increase in temperature to establish equilibrium between the dormant
and the active species... The activation—deactivation equilibrium K=kg/k,, where K is the
equilibrium constant, and the persistent radical effect, determines the kinetics of the
polymerisation.'?

This system is basically a radical polymerisation with a thermal initiator, such as benzoyl
peroxide (BPO) or 2,2-azobisisobutyronitrile (AIBN) in conjunction with 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO)

The [nitroxide]y/[initiator]y ratio determines the polymerisation kinetics as the amount of
excess free nitroxide after initiation step shifts the activation—deactivation towards the
dormant species, reducing the polymerisation rate. Thermal initiators are difficult to use
accurately as their efficiency to produce primary radicals by thermal decomposition is

difficult to assess due to factors such as the cage effect and any induced decomposition. The
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initiating group may cause many of the primary radicals to undergo rearrangement reactions

leading to poorly reproducible kinetics in the polymerisation kinetics. '*

Alternatively, a uni-molecular initiator (an alkoxyamine initiator) can be used that
decomposes into both the nitroxide and the initiating radical.'*> On dissociation this leads to
a 1:1 release of initiating radical and nitroxide. Uni-molecular initiators lead to better control

over molecular weight and MMDs than bimolecular initiating systems. See Figure 28 below.

Ri
R; R-R * O-N
R_O_N\ R2
Rs y\ /
Y, kg Y . Ri
o <= RvH.G-C + O-N
R~H,C-C-O-N gt \
+2 R2 KC Y2 R2

Figure 28: Nitroxide-mediated polymerisation showing activation—deactivation
equilibrium. (a) Bi-component initiating system and (b) Mono-component initiating

system.105

1.2.2.3 Ring Opening Polymerisation

Ring Opening Polymerisation (ROP) is well studied and widely used for the preparation
of biodegradable polymers, for example polyesters and polyamide.”” '** Some ROP can be
considered as a chain polymerisation (addition of monomer to a growing chain end), but
many reactions are more complicated, therefore, ROP is regarded as the third polymerisation
method alongside with chain growth and step-growth polymerisations. In most ROP, the
driving force is the ring strain and associated steric considerations. Biodegradable PEG-co-

PLA copolymers have been prepared by ROP of lactide in the presence of PEG"® ( see further

41



discussions on this type of polymers in section 1.2.3 and 1.2.5). The mechanism for the ring
opening of lactones can be anionic, cationic and coordination-insertion.'”" Anionic ROP is
the nucleophilic attack of the growing chain end on a heterocyclic monomer molecule (see
Figure 29). The B route is the more common as the negative charge on the oxygen is more

stabilised by the carbonyl carbon.

Figure 29: Anionic Ring Opening polymerisation of Lactones 122

1.2.3 Poly(ethylene glycol) (PEG) based Polymers

Poly (ethylene glycol) (PEG) is a hydrophilic polymer consisting of repeating ethylene
oxide units terminated by alcohol functional groups. The structural formula is: HO-CH, —
(CH,-O-CH)n-CH»-OH. The polar but uncharged character gives rise to its hydrophilic
properties. Also, PEG is a very flexible molecule providing an uneven, neutrally-charged
surface prevents binding with proteins and confers its properties of minimal protein fouling

125 126

when immobilized chemically ™ or physically ©°, low toxicity, and negative immune

response'”’ and biocompatibility'?®. PEG is also an inhibitor of bacterial and animal cell

. 129
adhesion.

PEG is a versatile component for various co-polymers and can be used to tailor the
physical and chemical properties of the co-polymer by changing chain length and structural
geometries e.g. branched, star, or comb. A co-polymer of PEG is the tri-block copolymer
poly(lactic acid)—poly(ethylene glycol)—poly(lactic acid) (PLA-PEG-PLA)."** This is a
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relatively novel material and was thought to offer some advantages over the poly(lactic-

glycolic acid) co-polymer previously studied.

PLA-PEG-PLA is more hydrophilic than the PLGA co-polymer. It was found that the
release of the cancer drug paclitaxel from PLGA micro/nano-spheres was extremely slow as
both the drug and PLGA are highly hydrophobic.'*' The continuous release of the drug for
one week to one month was required for effective treatment of the cancer. It was realized that
incorporation of a hydrophilic domain such as poly(ethylene glycol) (PEG) into the
hydrophobic poly(lactic acid) (PLA) chain, should greatly improve the drug release.

Biodegradation of PEG polymers in vivo can occur by a combination of mechanisms.
Linkages in the polymer may hydrolyze either enzymatically or otherwise.In both cases the
forming oligomeric degradation products may be water soluble, the products are excreted or
metabolised. Water insoluble oligomers can be engulfed by phagocytosis whereupon they are
further degraded within peroxisomes and other membrane-bound lysosomes. If the polymer is
hydrophobic, degradation will occur at the surface of the material. If the polymer is
hydrophilic and water has permeated the bulk of the material due to swelling, then
degradation throughout the bulk of the material will occur. Biodegradable polymers have
been much used in medicine for structural support e.g. sutures, etc. and for the controlled

2,1
release of drugs'*>'*?

PEG is approved by the FDA for several medical applications and is a commonly used as

synthetic hydrogel polymer for tissue engineering. PEG can be made photocrosslinkable by

modification of each end of the polymer with either methacrylates or acrylates'* ' 136,

Hydrogels are formed when the modified PEG is mixed with an appropriate photoinitiator

and crosslinked using UV radiation.*>137

Thermally induced reversible hydrogels have been synthesised from block copolymers of

PEG and poly(lactic acid) (PLLA) . PEG hydrogels have been synthesised from block

copolymers containing hydrolytically labile poly(lactic acid) (PLA)'®

135,136

and hydrolysable

sequences of oligopeptides.

PEG based hyperbranched polymers have been synthesized by deactivation enhanced
ATRP method % "7 3% (124 for more detail). These water soluble polymers have
demonstrated thermal responsive and photocrosslinkable properties and have great potential

to be used as the injectable hydrogels for tissue engineering and drug delivery applications.
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1.2.4 Hyperbranched Polymers

Hyperbranched polymers are synthetic tree-like macromolecules. They are a subset of

branching macromolecules called dendritic polymers.'*® *!

These are polymers with a
densely branched structure and a profusion of end groups. Dendritic polymers include
dendrimers which have regular branched star-like topology and include the hyperbranched
polymers which have imperfectly branched irregular structure.'* Both dendrimer and
hyperbranched molecules are composed of repeating units originating at a central core.
Functionality at the core is the means by which covalent bonding facilitates the connections

through to the periphery at the surface of the molecule.

Through bonding to the core, linear units of monomers or chains are attached and these
arms are terminated with functional groups. Larger molecules can be synthesised by adding
extra layers of linear units to the terminal functional. If units are attached in a strictly regular
fashion, a dendrimer results. However, the absence of regular addition of monomers, gives

rise to a hyperbranched polymer structure.

A major physical property of hyperbranched polymers is their different viscosity

compared to their analogue linear molecules.'*!

This is a consequence of their architecture.
Hyperbranched macromolecules in solution are characterised by a maximum intrinsic
viscosity depending on their molecular weight as conformation changes to a compact
globular structure. The relation between maximum intrinsic viscosity and molecular weight is
still not clear. It is observed that for linear polymers, there is a linear dependence of melt
viscosity increases to a critical molar mass when the viscosity dramatically increases as a
result of entanglement of polymer chains. However, this critical viscosity increase is not
found in dendrimers or hyperbranched polymers indicating that little entanglement of the
branched chains occurs.'* X-ray and small-angle neutron scattering techniques reveal that

dendrimers have highly spherical conformations; hyperbranched polymers however, have a

more irregular globular structure.

Dendrimers and hyperbranched polymers have potential applications ranging from drug

delivery through to nano-building blocks. Dendrimers can only be prepared through multi-
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step syntheses, while hyperbranched polymers, with their less well-defined structure, are

more easily synthesised.'*!

The addition of a small amount of a multifunctional vinyl monomer as a branching agent
to a mix of monomers can lead to the production of a cross-linked network.'*!'> #* 1t ig
possible to control this conventional free radical polymerisation by using a chain transfer
agent (a thio), as in a RAFT polymerisation, thus delaying the gelation.'* However, these
methods cannot control the molecular weight and branching structure because of their non-
living character. As discussed in section 1.2.2, in living radical polymerisations, chain

transfer and termination are suppressed by the low propagating radical concentration.

It is possible that the preparation of highly branched polymer architectures can be
achieved through a reversible activation/deactivation controlled polymerisation using
multifunctional vinyl monomers.'' !> Thus, in ATRP, the addition of Cu(ll) species to the
system slows down propagation by keeping the concentration of the polymer radical species
and thus reducing the probability of chain termination. This approach was first demonstrated
in the polymerisation of highly branched poly(divinylbenzene) (poly(DVB)) and
poly(ethylene glycol dimethacrylate) (poly(EGDMA)) both with a surplus of functionalities
such as vinyl and halogen groups.'*® This approach is designed to allow only a slow growth
of each independent hyperbranched molecule that minimises cross-linking between each
independent growing polymer chain.'"® Using a stategy of reversible activation (Figure 29) it
is possible to control the competition between chain growth and the reversible chain
termination. As the polymers grow, branching is introduced by means of the multifunctional
vinyl monomer and crosslinking is prevented, leading to the formation of a hyperbranched

polymer. Figure 30 outlines the basic concept:
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Figure 30: Strategy for Reversible Activation (or Deactivation) Controlled

Hyperbranched Polymerisation Process'

(A) is the multifunctional vinyl monomer and is used with an initiator (I* + X) where I*
is the radical which initiates the polymerisation of the vinyl monomer to produce a multi-
vinyl polymer chain (C). The catalyst activates/deactivates the vinyl polymer species (C) to
achieve equilibrium between active and dormant chains (D). The active species (C) can
propagate either by linear chain growth with the addition of monomer residues to the chain,
or can form a branched structure by attachment of multi-vinyl macro-monomer onto chain
(C) and thereby form the growing chain. In either case equilibrium between the active and
dormant species allows for a slow, controlled growth to minimise rapid cross-linking between
the molecules.''> The result is efficient suppression of crosslinking. Linear polymer chains,
with a low degree of branching, are the probable outcome at low monomer conversion.
However, highly branched structures are likely to be formed at higher monomer conversion
due to the increased concentration of multi-vinyl macromonomers as the reaction proceeds.
To avoid the production of insoluble gels, the overall conversion of monomer to polymer is

reported to be about 60% of the monomer feed.'"?
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In the ATRP synthesis of hyperbranched Poly(DVB), the rate of polymerisation of the

divinyl monomer is first order for the concentration of monomer, initiator, and the Cu(I)

complex, and inversely proportional for the Cu(II) concentration (Figure 31)."% 14

Ka
P-Ci + cCulciL —==— P, + CuiCiL
Kde

Figure 31: Illustration of kinetics of Activation and de-activation in ATRP

Therefore, to control the polymerisation rate, the feed ratio of Cu(I)/Cu(II) should be
adjusted. Thus, increasing the concentration of Cu(Il) relative to Cu(I) directs the equilibrium
towards the deactivated state with the consequence that fewer monomer units add on to the
active centre resulting in slower growth of the polymer chain.

For homo-polymerisation of divinylbenzene (DVB) in toluene, the absence of Cu(Il)
species leads to more rapid polymerisation due to the lack of deactivation and the system
quickly results in insoluble gels. Under standard ATRP conditions, the polymerisation
progresses are initially comparable to the deactivation enhanced method. At low conversions
the conventional ATRP reaction results in hyperbranched polymers. As the reaction proceeds
and yields above 20-25% are attained, gelling results and makes sampling impossible. The
addition of Cu(Il) increases the deactivation, reducing the polymerisation rate and increasing

the yield of soluble hyperbranched polymer.'"

PEG has been used as a multifunctional vinyl monomer (branching agent) in the form of
ethylene glycol dimethacrylate and in an amount of up to 30% molar feed ratio obtaining a
hyperbranched copolymer without causing macro-gelation.'*''*!17 In these reports, water
soluble hyperbranched copolymers PEGMEMA-co-PPGMA-HB-EGDMA with thermal-
responsive and photo-crosslinkable properties have been successfully achieved via
controlled/living radical polymerisation techniques, including one-pot deactivation enhanced
ATRP "'®!* (Figure 31) and in-situ RAFT (Figure 32).1¢ These hyperbranched copolymers
have the lower critical solution temperatures (LCST) ranging from 20 to 44 °C and high
levels of branching (30-50 mol %) and vinyl functionality (5-25 mol %). The photo-
crosslinking property of the materials has been investigated using UV curing system attached
to the rheometer which is used to evaluate their mechanical properties such as the storage

modulus which measures elasticity. Cytotoxicity assessments (Live/Dead staining and the
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Alamar Blue assay) for these hyperbranched copolymers using mouse C2C12 myoblast cell
line and mouse stem cells confirmed their cytocompatibility in vitro. Novel ‘smart” dendritic
multifunctional polymers in combination with a ECM biopolymer (Hyaluronic acid) as in-
situ formed hydrogel systems via ‘Click chemistry’ was also developed.””'*” The injectable

and in situ crosslinking hybrid hydrogel system offers great promise as a new class of hybrid

biomaterials for tissue engineering.
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Figure 32: Synthesis of thermoresponsive and photocrosslinkable hyperbranched
polymers by deactivation enhanced ATRP of monovinyl monomers (PEGMEMA and
PPGMA) and multivinyl monomer (EGDMA)'"¢
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Figure 33: Synthesis of thermoresponsive and photocrosslinkable hyperbranched
polymers by in-situ RAFT of monovinyl monomers (PEGMEMA and PPGMA) and

multivinyl monomer (EGDMA)"#¢

In the work of Dong et.al.''” an situ a one-step deactivation enhanced ATRP (DE-ATRP)
approach (Figure 34) was used to prepare hyperbranched polymers using the monomers
poly(ethylene glycol) methyl ether methacrylate-co-2-(2-methoxyethoxy) ethyl methacrylate-
co-ethylene glycol dimethacrylate (PEGMEMA-MEO,MA-EGDMA). Adjusting the length
of the PEG chain allows allowed to control hydrophilicity and the Lower Critical Solution
Temperature LCST value to near body temperature. The PEG based structure was also

considered to be nontoxic, non-immunogenic and bio-compatible.'**'*
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Figure 34: Possible Mechanism for the AGET process in ATRP

1.2.5 Biodegradable Polymers

Recent years have seen the development of a new generation of synthetic biodegradable
polymers and derivatives of natural polymers specifically for biomedical use. Particularly the
need for bio-degradable matrixes with the advent of biomedical advances in gene therapy,

controlled drug delivery, regenerative medicine and tissue engineering has spurred this

endeavor.'’

A biomaterial is generally defined as a material used to interface with biological tissues to
evaluate, treat, augment or replace any tissue, organ or function of the body. An essential
property of the biomaterial is biocompatibility, in which the material is able to elicit the
natural host response when used in a specific situation. The response of a tissue to an implant
depends on many factors including the biological/ chemical properties of the material and the

implant shape and structure."’

The material should not cause a toxic or inflammatory response when implanted. The
degradation rate of the material should synchronise with the healing and regeneration of the
tissue. The mechanical properties of the material should be compatible with the healing and

regeneration requirements.

The degradation products should not be toxic and ideally be metabolized and cleared by
the body. Polymer degradation, in which polymer linkages can be broken, can occur either in
a passive manner by hydrolysis or actively by enzymatic action.'” Enzymatic action
generally applies only for naturally occurring polymers such as polysaccharides, proteins'>>

and poly(B-hydroxy acids). For most biodegradable polymers, especially synthetic polymers,
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hydrolysis is the most important type of degradation. There are several factors that influence
the rate of hydrolysis including: the kind of chemical bond, the pH, composition of the
copolymer and swelling character are important. Chemical and physical changes result from

the degradation of biodegradable polymers such as crystallization of oligomers'**

and
monomers'>> or pH changes. The rate of degradation is affected by the feedback effect of
some of these factors. Parameters for monitoring degradation include molecular weight and
loss of mechanical strength. These though are related, not necessarily kinetically the same,
e.g. the complete degradation of poly(L-lactic acid) (PLA) can take more time than the loss

of tensile streng’th.156

Poly(o-hydroxy esters) such as poly-(dl-lactic acid) (PLA) and poly(glycolic acid) (PGA)
are biodegradable polymers, that degrade into naturally occurring substances.””’ Other
materials that possess hydrolysable bonds along the polymer backbone have been developed

and include poly(anhydrides)158

and poly- (orthophosphoesters)lsg whose degradation is
further controlled using unsaturated macromeric material for cross-linking the polymers. For
biodegradable hydrogel applications, linear PEG-PLA diacrylates have be prepared and
crosslinked by UV polymerisations."® ' The biodegradability of the photocrosslinked
hydrogels from linear PEG-PLA diacrylates can be tailored by the composition, thus
crosslinking density of the hydrogels. To our knowledge, the hyperbranched PEG and PLA
based biodegradable polymers have not been successfully prepared by facile Controlled
* Radical Polymerisation (CRP) approaches. Based on the previous success in the development
of hyperbranched photocrosslinkable polymers via CRP of PEGMEA, PPGMA and
EGDMA!"'® 7. 145 1465 further advance is to introduce biodegradability to this
hyperbranched polymeric system. This biodegradable hyperbranched polymer can be used as

an injectable material for tissue engineering applications.

One of the approaches to introduce biodegradability to the hydrogels is to use
biodegradable branching agent in instead of EGDMA. Therefore, a series of Pp LA-co-PEG-
co-Pp LA co-polymers were prepared by ROP and acrylation at each end gave the required
functionality for their use as branching/.crosslinking agents The PEG-PLA Macromers
synthesised were designed to be nontoxic and soluble in water. There is the requirement for it
to be photo-polymerizable, when in direct contact with tissues, by irradiation with long-wave

ultraviolet/visible light to form biodegradable hydrogels. The degradation profile of these
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hydrogels should be fine-tuned by a suitable choice of components for the Macromer

synthesis.

For the purpose of the project macromers were designed to have three structural domains,
a water-soluble central polymer domain with hydrolytically degradable polymer extensions at
each end and terminated with photo-polymerizable groups.

On crosslinking, by means of polymerizable end groups, degradation should then occur
though scission of the chain at the site of the two hydrolytic extensions. Poly(ethylene glycol)
(PEG) was chosen for the central domain as it was water soluble with a known

biocompatibility and available hydroxyl functional groups which are useful for esterification.

PEG is expelled quite easily from the body and does not evoke an immune reaction. The
hydrolytic domains were composed of poly(lactic acid) (PLA) which on degradation give
products which are found as metabolites and can be naturally be processed by the body.'® The
mole fraction of the hydrophobic PLA domain relative to that of the hydrophilic central
domain was designed to be small enough that the central water-soluble PEG domain was the
dominant feature. The polymerisable terminals were vinyl groups as they photo-polymerize

very easily with ultra-violet light when used with a suitable initiator.

The PEG due to its hydrophilic nature when used as a component of Macromers has the
potential to be used to synthesise hydrogels. The rate of degradation and physical properties

of these hydrogels can be customised by choosing appropriate components and the synthetic

procedure for the macromer.

When crosslinked by means of the polymerisable end groups, it potentially should

degrade when one chain is broken at each of the two extensions.

1.2.6 Stimuli Responsive Polymers

Stimuli-responsive polymers are responsive to small changes in physical or chemical
conditions with relatively large changes in phase or other properties.'®’ Many stimuli
including pH and temperature can initiate this behaviour. Stimuli responsive polymers are

also referred to as smart, intelligent and environmentally-sensitive polymers. Numerous
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biomedical uses have been proposed for such polymers, particularly in aqueous conditions
and they may be chemically or physically cross-linked and used as hydrogels. These
responsive polymers can be used with a variety of biomolecules including proteins, nucleic
acids and small molecules e.g., steroids, when these substances then effectively become

entrapped within the collapsed matrix of the polymer.

Poly(N-isopropyl acrylamide), (PNIPAAm) is a stimuli responsive polymer that has been
well studied and has been found to be thermally sensitive.'® PNIPAAm is subject to a sharp
phase change and precipitates from aqueous solution when warmed to a critical temperature,
the Lower Critical Solution Temperature (LCST), which is approx. 32 °C in water. The
reverse will occur when the temperature is reduced, with the precipitate re-dissolving,
although the kinetics on reversal can vary depending the composition of the particular
polymer system. The transition kinetics of hydrogels depends on their structure. On heating

above the LCST, the hydrogels shrink rapidly compared to conventionally crosslinked
PNIPAAm hydro gels.'®

Stimuli responsive polymers may be sensitive to more than one stimulus.'® The co-
polymer of NIPAAm with acrylic acid is responsive to pH in addition to temperature.
Biodegradable aliphatic polyesters, e.g. PLA, PLGA, and poly(caprolactone) (PCL), have
been co-polymerised with hydrophilic (PEG) segments to produce thermo-sensitive, AB type,
di-block or ABA tri-block copolymers.'®*'®® These thermo-sensitive copolymers are free
flowing sol phase at room temperature and gel at physiological temperature. They have,
therefore, the potential to be used as injectable hydrogels in drug delivery and for cell

therapy.

However, a problem arises when injecting the hydrogels into deep sites within the body
as the sol—gel transition of these thermo-sensitive copolymers means that premature gelation

can occur inside the micro catheter used to deliver the hydrogel.'?’

On raising the temperature of a solution of PNIPAAm in water, it is observed that the
phase separation is endothermic and is thermodynamically spontaneous. As the Lower
Critical Solution Temperature (LCST) occurs as the temperature is raised, with a resulting
precipitation, this must mean that the free energy drop must be the result of an entropy

168

gain.  If, on the other hand, a solution of polyacrylamide is heated no phase separation is

observed. Thus, the phase separation of PNIPAAm must be accompanied by an entropy gain
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due to the presence of the isopropyl groups of PNIPAAm. The entropy gain can only be the
result of the release of water molecules bound to the isopropyl groups which are relatively
hydrophobic and which themselves aggregate together at the LCST. The reversal back to the
hydrated state, when the temperature is lowered, is found to be slower than the forward
reaction causing the original collapse. This is because the individual groups within the
hydrophobic domains have to be rehydrated, and this is opposed thermodynamically by the
reduction in entropy of the water molecules. The overall rehydration on cooling, below the
LCST, is a consequence of the small positive exothermic change on hydration accompanied

with an entropy increase due to the expansion of the polymer chains.'®

Thermally-responsive polymers can be synthesised by linking hydrophilic polymers (e.g.
poly(ethylene glycol) with hydrophobic oligomers (e.g. poly[lactic-co-glycolic acid]). The
thermal response given by such a tri-block polymer is thermodynamically similar to
PNIPAAm, i e, the release of hydrophobically bonded water from the PLGA domains which
then aggregate.

1.3 Hypothesis and Aims of my Ph.D. Project

1.3.1Hypothesis and vision:

The topology and composition of polymers are key factors to be considered when
designing the structure of polymers with desired properties. For tissue engineering and drug
delivery applications, biodegradable hydrogels hold great promise as either a depot system or
a nanostructure material to support cell growth and deliver therapeutic drugs. The
biodegradable, mechanical and drug release properties of the hydrogels are important for
such applications and can be tailored by tuning the topology (linear and hyperbranched) and
composition of precursor polymers. Biodegradable and crosslinkable polymers can be
prepared by living/controlling polymerisations such as ROP and CRP using selected

monomers under suitable conditions.
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The water soluble hyperbranched copolymers PEGMEMA-co-PPGMA-HB-EGDMA,
with thermal-responsive and photo-crosslinkable properties, have been successfully achieved
via controlled/living radical polymerisation techniques, including one-pot deactivation
enhanced atom transfer radical polymerisation (ATRP) and (in-situ) reversible addition-
fragmentation chain transfer polymerisation (RAFT). The use of biodegradable macromers as
the branching agent can introduce biodegradability into this hyperbranched polymer system.
This new design will lead to a new injectable, biodegradable hyperbranched system for

potential use in tissue engineering and drug delivery applications.

Aims and tasks:

1. Synthesis and characterisation of multifunctional macromers, based on PEG and PLA,
using ROP, including investigations on finding the optimum reaction conditions.

2. Synthesis and Characterisation of hyperbranched polymers from macromers prepared
in the previous task, using living/controlled radical polymerisations, including kinetics
studies.

3. Preparation and property evaluations of hydrogels from linear macromers and
hyperbranched polymers synthesized in task 1 and task 2. Tailor swelling, release and
biodegradable properties of hydrogels by changing the compositions and topology of the

precursor polymers.
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Chapter 2: Experimental and Methodologies

2.1 Introduction

This chapter describes all the experimental procedures in the preparation and
characterisation of precursor linear and hyperbranched macromers as well as hydrogels. The
hydrogels resulted from crosslinking of linear and hyperbranched PEG-PLA copolymers in
which the monomer (PEGMEMA) was used as a hydrophilic co-monomer. The branching
agent consisted of a central PEG domain with terminal lactoyl residues designed to confer
biodegradability to the structure. To give this co-polymer the potential for free radical
polymerisation, terminal vinyl groups were added to yield resulting Macromer branching

agent.

The first stage in the preparation of macromers involves the Ring Opening Polymerisation
polyethylene glycol (PEG) and lactide (LA). The co-polymer was then further functionalized
with vinyl groups at the terminal ends of the molecule. The Macromer was synthesized with a
view to incorporate particular design features in the linear molecule. These include a central
hydrophilic domain composed of PEG. The water soluble nature of the PEG content was
conducive to it’s the potential to form hydrogels. The hydrolytically labile extensions,
composed of lactoyl residues (poly(a-hydroxy acid)) forming poly(lactic acid) (PLA)

domains, are known to be biodegradable.

The end capping of the PEG-lactoyl co-polymers with vinyl groups provides the means
whereby the resultant Macromers can be polymerised using UV radiation when accompanied

with a suitable initiator.

Co-polymerisation of the Macromer as the branching agent with the monomer
PEGMEMA was accomplished using the techniques of Free Racal polymerisation (FRP),
Atom Transfer Radical polymerisation (ATRP) and Reversible Addition Fragmentation chain
Transfer (RAFT). The resulting hydrophilic hyperbranched co-polymers can be converted
into hydrogels by physically or chemically crosslinking methods, such as by changing

temperature, photo-polymerisation or Michael Addition reaction
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2.2 Materials

The special chemicals used in this project are listed below. General laboratory chemicals
and solvents used in this work were purchased from Aldrich and used as received.
Poly(ethylene glycol) (PEG) (average molecular weight (M;) = 1000) was obtained from
Polysciences Inc., DL-lactide, (3,6-dimethyl-1,4-dioxane-2,5-dione, stannous 2-
ethylhexanoate, triethylamine and acryoyl chloride, poly(ethylene glycol) methyl ether
methylacrylate (PEGMEMA, M,, = 475) (containing inhibitors 100 ppm MEHQ and 200 ppm
BHT) and ascorbic acid were obtained from Aldrich and used as received. The initiator used
for the ATRP was Ethyl a-bromoisobutyrate (97%) was purchased from Fluka. The initiators
used for the free radical polymerisations were 1, 1° azobis(cyanocyclohexane carbonitrile),
4,4 azobis (4-cyano valeric acid), 2,2"-azobis (2-methylpropio nitrate) and 2-hydrox-4"-(2-
hydoxy-ethoxy)-2-methyl-propriophenone were also purchased from Aldrich. The free
radical initiators were used as received. Copper(Il) chloride (CuCly), 1,1,4,7,7,-pentamethyl
diethylenetriamine (PMDTA, 99+%), bipyridine, lithium bromide and DMSO-d6 was
purchased from Aldrich and used without further purification.

2.3 Synthesis and Polymerisation Procedures

2.3.1 Schlenk Line

The Schlenk line is useful for manipulating air sensitive compounds particularly during
polymer synthesis. It consists of a dual manifold with several ports (Figure 34). One manifold
is connected to a source of an inert gas such as nitrogen while the other is connected to a
vacuum pump. The inert gas line is connected to an oil bubbler while solvent vapours and
gaseous reaction products are prevented from entering the vacuum pump through the use of a
liquid nitrogen cold trap. Special two-way stopcocks on taps allow vacuum or inert gas to be
selected without the need for transferring the sample to a separate line. Schlenk lines are also
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useful as they often have many ports and lines, and it is possible for several reactions to be

run simultaneously.
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Figure 35: Schematic representation of a Schlenk line

The Schlenk line was used throughout this project for the preparation of PEG-co-PLA
copolymers, acrylation of copolymers to synthesize macromers, homo- and co-
polymerisations of macromers to prepare hyperbranched polymers via free radical
polymerisations (including FRP, ATRP and RAFT) (See the detailed synthesis and

polymerisation procedures in the following sections).

2.3.2 Synthesis and Purification of Poly(ethylene glycol)-co-poly(D,L-Lactide)
Polymers (PpLLA-co-PEG-co-PpLLA)

The first stage in the preparation of the Macromer involves the co-polymerisation of

poly(ethylene glycol) (PEG) and DL-lactide via ROP.
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PEG and its moieties, as part of a co-polymer, are hydrophilic. The molecular weight of
the PEG was chosen as 1,000 Daltons in this project, which is a value sufficiently large
enough to allow it to confer net hydrophilic behaviour when co-polymerised with
hydrophobic lactoyl terminal domains. The resultant co-polymer thus has the potential to
form hydrogels, by virtue of its hydrophilic PEG domain, in the presence of water.

The compositions of the copolymer can be varied by changing the lactoyl content thus
changing the physical and biodegradable properties of the co-polymer and of the Macromers

formed from them.

The preparation of the Macromer was attempted in two steps. The first step in the
synthesis was the co-polymerisation of PEG and D,L-lactide via ROP. This co-polymer was
subsequently acrylated using acryloyl chloride in order to add vinyl functionality to the

resulting Macromer. The scheme of the reaction is given below (Scheme 1).

Synthesis of Macromer

HOMOanH
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PEG
110 °C, 24 Hrs O o
+ — HO o H
m n m
e 0
‘g‘ PEG copolyLACTOYL copolymer

0 Triethyl-amine
(0] Acryloyl chloride
DL lactide
O (0]
O O /
/ $(U\ 0 af\/ %})\ o al]\/
m n m
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Scheme 1: Synthesis of PppLLA-co-PEG-co-Pp LA diacrylate Macromers
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It is very important to eliminate any water present from the reaction mixture to prevent

hydrolysis of the product.

Azeotropic distillation in benzene was initially attempted but was discontinued as
generally best laboritory practice recommends that the carcinogenic benzene should be

avoided.

Alternatively, it was dried by azeotropic distillation under vacuum with toluene. It was
found, however, that a more convenient method involved drying the PEG by heating at
150°C under a stream of dry nitrogen gas for 3 hours while stirring at 400 rpm. DL-lactide
was dried in a similar fashion but by means of adding it to the dried melt of the PEG. Upon
addition to the reaction vessel, the lactide, along with the PEG, was heated at 150°C for 30
minutes, under a stream of nitrogen gas whilst stirring at 400rpm. The D,L-lactide has a

melting point of 116-119°C.'™

In another method to remove water present in the D,L-lactide recrystalisation from ethyl
acetate was performed immediatelybefore use. Recrystallization is a purification technique in
which both impurities and the compound are dissolved in an appropriate solvent and either
the desired compound or impurities can be crystallised out of solution, leaving behind the
other. The D,L-lactide was dissolved to give a saturated solution at 60°C in ethyl acetate or
alternatively 70°C in toluene. On cooling the D,L-lactide precipitated out of solution and

stored in a desiccator.

A typical procedure for the synthesis of the co-polymer is as follows. For the preparation
of the Macromer 1KL3 a total of 30 g (30 mmol) of PEG was placed in a two necked flask
and heated under a stream of nitrogen at 150°C for 3 hours with constant stirring to which
was then added 12.97g (90mmol) of D,L-lactide and heating further continued for another 30
minutes under nitrogen. The stannous 2-ethylhexanoate (194uL (0.6mM)) was transferred to
the reaction flask using an Eppendorf pipette. To prevent access of oxygen and moisture the
reaction vessel was maintained under a counter flow of nitrogen and the temperature reduced
to 130°C. The reaction was allowed to proceed for 22 hours. The reaction was terminated by

turning off the heat and allowing to cool.

As the stannous 2-ethylhexanoate is a viscous liquid, a stock solution was prepared to
enable accurate delivery of the correct amount into the reaction vessel. A mass of 0.02425 g

was weighed into a volumetric flask and dissolved in 10mL of toluene of HPLC grade. Thus
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a volume of 1ml. when withdrawn using an Eppendorf pippette will deliver a mass of
2.425mg. (0.6mM). This quantity is carefully added to the reaction flask which is maintained

under a flow of nitrogen.

The resulting co-polymer was then dissolved in dichloromethane, precipitated in
anhydrous ether, then dried in a vacuum oven at room temperature. The PEG with its a, o-
dihydroxy end groups acted as a ring opening reagent to initiate the polymerisation of the
D,L-lactide.'”" Other co-polymers were prepared by varying the ratio of dl-lactide to PEG
(see Table 2 in Chapter 3)

Extraction of the co-polymer from the reaction melt was attempted by completely
dissolving the mixture in ice cold water (5-8°C), the solution was then heated to 80°C and
this caused the co-polymer to precipitate out as a white solid leaving in solution the water
soluble PEG and any unreacted monomers. The co-polymer was isolated by removing the

supernatant liquid and drying under vacuum at room temperature.

Another method employed in co-polymer preparation involved a one pot two step
procedure in which the co-polymer is synthesised as an intermediate in the first step and
without extraction is used in the second step where it is acrylated.'” The first part of the

method follows the same procedure as given above for the preparation of the co-polymer.

2.3.3 Synthesis of Poly(ethylene glycol)-co-poly(D,L-Lactide) Diacrylate
Macromers (PpLLA-co-PEG-co-Pp.LA diacrylate)

The above PEG-co-polylactoyl co-polymers with their o, o-dihydroxy end groups were
end capped with acrylate moieties to introduce vinyl functionality into the co-polymer and

thus form polymerisable macromers (Table 3 in Chapter 3). A typical synthesis is as follows.

A total of 12 g (8.38mmol) of co-polymer was dissolved in 100 mL of dichloromethane in
a 250 ml two necked round bottomed reaction flask and cooled in an ice bath to 0°C.
Triethylamine (2.8 mL, 20.11 mmol) was added to the mixture under constant stirring.

Acryloyl chloride (3.39 mL, 41.90 mmol) of was then slowly added to minimise any local
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evolution of heat during the exothermic reaction. The reaction was maintained at 0°C for
several hours and then allowed to continue at room temperature for another 12 hours.The
mixture was then filtered to remove the white precipitate of the salt triethylamine
hydrochloride and the macromer precipitated out of solution pouring slowly into large excess
of anhydrous diethyl ether. It was then redissolved in dichloromethane and re-precipitated out

of a large excess of dry hexane and dried under vacuum at room temperature.

An alterative method involves the one pot two stage procedure outlined above in which
the co-polymer is formed as an intermediate. Thus, without separating out the co-polymer

from the reaction mixture the second step involves acrylation to yield the Macromer.

2.3.4 Synthesis of Biodegradable Hyperbranched Polymers from PpLLA-co-
PEG-co-Pp LA Diacrylate Macromers

The Macromer synthesised above (see section 2.3.3.) has, by virtue of its vinyl
functionality, the potential to polymerise with itself as in a homo-polymerisation or can be

polymerised with other monomers where it functions as a branching agent.

2.3.4.1 Free Radical Polymerisation (FRP)

Hyperbranched polymers were prepared by homo-polymerisation of Macromer and co-
polymerisation of Macromer and PEGMEMA via conventional free radical polymerisation
(Table 5 in Chapter 3). Typically for the homo-polymerisation of 1KL10, 1.64 g (0.714
mmol) of macromer was dissolved in 2 mL of DMF to which was then added 0.004g of the
initiator 1, 1° Azobis(cyanocyclohexane carbonitrile). The mixture was purged with nitrogen
for 15 minutes to remove any dissolved oxygen which inhibit the reaction. The mixture is
then heated to 65°C and GPC samples taken at suitable intervals. For the co-polymerisation
of the Macromer and PEGMEMA, within the total monomer concentration the molar ratio of
Macromer to PEGMEMA was varied). Samples were withdrawn at suitable intervals for GPC

analysis.
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2.3.4.2 Atom Transfer Radical Polymerisation (ATRP) and Deactivation enhanced
Atom Transfer Radical Polymerisation (de-ATRP)

Hyperbranched polymers were also prepared by homo-polymerisation of Macromer and
co-polymerisation of Macromer / PEGMEMA via ATRP and de-ATRP (Table 6 and Table 7
in Chapter 3). For the homo-polymerisation of the Macromer a conventional ATRP
polymerisation was undertaken. The Macromer 1KL10 (Myw = 2513) was dissolved in of
butanone and the catalyst copper (I)) chloride was used with the initiator ethyl a-
bromoisobutyrate. For the co-polymerisation of Macromer 1KL10 (Mw = 2513) and
PEGMEMA by de-ATRP the method generally involves varying the molar ratio of Macromer
to PEGMEMA. The quantity of initiator used is in the proportion of 1% of the total monomer
concentration. Total monomers were taken to be 1 equivalent (equiv.). The molar ratio of
Macromer to PEGMEMA is in the proportion of 1: 9. The initiator (I) ethyl a-
bromoisobutyrate is used in a concentration of 1% i.e. [I]: [Monomer]=1 : 100. L-ascorbic
acid (FW 176.12) and the catalyst copper (II) chloride were used in a molar ratio of 1 to five
i.e. [LAA]: [Cu Clp] = 20%. The initiator (I), the catalyst copper[II] chloride and the ligand
PMDTA were used in the molar ratios of 1 to 0.25 to 0.25 i.e. [I]:[C]:[L]=1:0.25:0.25. The
reaction was maintained at a temperature of 50°C and samples were taken under a nitrogen
atmosphere. The heterogeneous conditions result from the low solubility of Macromer in

THF and butanone and the reaction was observed to be slow.

A stock solution of ascorbic acid was made in water. Initiator was also made up as a stock

solution.

Typically the method required monomers to be dissolved in solvent in the ratio of
monomers to solvent of 1 to 2. The Macromer 1KL7 (My = 2231) 4.48g (0.0632 mmol) was
dissolved in 2.5mL of butanone in a two necked round bottom flask. Copper chloride (0.0025
equiv.) and ethyl o-bromoisobutyrate (0.01 equiv.) were added and oxygen removed by
bubbling with nitrogen for 20 minutes. The reaction was commenced with the addition of 1
mL L-ascorbic acid and then stirred at 400 rpm at 50°C. GPC samples were periodically
withdrawn. The reaction was terminated upon opening the flask with the exposure of oxygen

to the catalyst in the mixture.
63



2.3.4.3 Reversible Addition Fragmentation Chain Transfer (RAFT)

s
QMgBr ., s=c=s _3h >__®
e

phenylmagnesium bromide carbon disulfide

Fw=76.14 dithiobenzoate
Fw=181.31 w= "
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2-cyanoprop-2-yl dithiobenzoate Bis(thiobenzoyl) Disulfide

Fw=221.34 Fw=306.49

Scheme 2: Scheme for the synthesis of RAFT agent

2-cyanoprop-2-yl dithiobenzoate was used as the RAFT agent in the copolymerisation of
Macromer and PEGMEMA for the preparation of hyperbranched polymers (Table 8 in

Chapter 3). This RAFT agent was synthesised in house according to published method
(Scheme 2).'7

Briefly, 100 ml (100mmol) phenylmagnesium bromide were dissolved in THF contained
in a 250 ml flask, to make a 1M strength solution to which was then added carbon disulfide
(8.36 ml, 139 mmol) in a drop wise manner. The solution was stirred for further 3 hours

under an inert nitrogen atmosphere and the solvent then removed under vacuum.

The resulting deep red viscous liquid was dissolved in a diluted potassium carbonate
solution (ca. 8g in 200 ml), filtered and washed with ethyl ether (2 X100 ml), and then poured

into a round-bottom flask equipped with a magnetic stirrer. The aqueous bottom phase was

the collected.

An aqueous solution of iodine 1 N (30 ml, 10 mmol) was then added drop wise, the
solution started to change color from dark red to pink as the disulfide precipitated. To

eliminate the excess iodine a few crystals of sodium sulfite were added, and the disulfide was
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extracted with methylene chloride and dried using sodium sulfate, filtered and evaporated,
and then left to dry in the vacuum oven. The crude product was used for the subsequent
reaction without any further purification. A crystalline red solid was obtained (yield 90%)

which was the Bis(thiobenzoyl) Disulfide.

A solution of Bis(thiobenzoyl) Disulfide (0.429 g, 1.4 mmol) and the azo compound
(AIBN) (0.266 g, 1.62 mmol) in ethyl acetate (120 mL) were degassed in a 250 ml round-
bottom flask equipped with condenser and magnetic stirring and then refluxed in a nitrogen
atmosphere for 16 hours with monitoring by TLC. The solvent was removed. Flash

chromatography was used to purify the product using an eluent of hexane/ethyl ether 9:1.

For the RAFT co-polymerisation of Macromer 1KL11 (Mw = 2639) and PEGMEMA
(FW 475), typically the molar ratio of Macromer to PEGMEMA is in the ratio of 1 to 9. The
initiator (I) used is 1, 1° Azobis (cyanocyclohexane carbonitrile) and is used in the molar ratio
of 1% i.e. [I]: [Monomer] =1: 100. The RAFT agent, 2-cyanoprop-2-yl dithiobenzoate, was in
the molar ratio of 1%. The temperature of the reaction was maintained at 50°C and samples
were taken under a nitrogen atmosphere. The heterogeneous reaction conditions were
apparent. The method required monomers to be dissolved in solvent i.e. butanone in the ratio

of monomers: solvent = 1:2. Total monomers comprise 1 equivalent (equiv.).

Typically, the Macromer 1KL11 (My = 2639) 5g (1.894 mmol) was dissolved in 2.5mL
of THF in a two necked round bottom flask, 46.18 mg of 1, 1° Azobis(cyanocyclohexane
carbonitrile) and 41.83 mg of RAFT agent were added and oxygen removed by bubbling with
nitrogen for 20 minutes. The reaction commenced and then stirred at 400 rpm at 50°C. GPC
samples were periodically withdrawn. The reaction was terminated upon opening the flask

with the exposure of oxygen to the catalyst in the mixture.
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2.3.5 Preparation of Hydrogels

Biodegradable hydrogels were prepared using linear Pp; LA-co-PEG-co-Ppr LA diacrylate
macromer in the presence and absence of PEGMEMA via photocrosslinking and Michael

addition crosslinking methods.

2.3.5.1 Photocrosslinking Method

A 1% (w/v) stock solution of the photoinitiator Irgacure 2959 (2-Hydrox-4’-(2-hydoxy-
ethoxy)-2-methyl-propriophenone) was prepared as follows. A round bottomed flask was
taken to which was added 0.1004 g of the photo-initiator and then thoroughly dissolved in 10
mL of de-ionised water. Nitrogen was bubbled into the solution to remove any dissolved
oxygen. The solution was sealed to remain airtight during storage until required. Macromer
1KL3 was used on its own by dissolving in the Irgacure stock solution to yield a 54% and a
30% solution. ImL of each was placed in a small glass vial to a depth of 1 mm and exposed
overnight to UV light of strength 2.3mW/cm?” at room temperature. Photo-polymerisation of
the macromer 1KLL11 and PEGMEMA was undertaken using Irgacure 2959 as the initiator.
The ratio of Macromer to the monomer PEGMEMA was varied as shown in Table 10 in

Chapter 3.

2.3.5.2 Michael Addition Method

A chemically cross-linked hydrogel system was developed from the PEG lactoyl based
Macromer via Michael-addition reaction between multi acrylate functionality, and also that of
the vinyl group containing PEGMEMA, with thiol functional cross-linker of pentaerythritol
tetrakis (QT) (3-mercaptopropionate) (Table 12 in Chapter 3). Hydrogels can also be
prepared from hyperbranched polymers synthesized in section 2.3.4 because they afford
multiacrylate functional groups. A typical synthesis involves the addition of 0.5 g (0.019
mmol) of Macromer (My = 2693.43) to vial containing 500 uL of phosphate buffered de-
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ionised water (pH 7.4). To this was added 171.6 pL of QT in a stoichiometric molar ratio of
vinyl group to thiol of 1 : 1. The base Triethylamine (TEA) 42.13 pL was then added and the
vial and contents incubated at 37°C for 2 hours. Upon completion of the reaction a
transparent gel was seen to have formed. Further studies were undertaken to achieve co-
polymerisation with the monomer PEGMEMA, adjusting the ratio of Macromer to
PEGMEMA.

2.3.6 Dialysis

Dialysis was used for the purification of the polymerisation products. This technique uses
semi-permeable membrane tubing made from cellulose. The tubing contains the reaction
mixture which is immersed in the solvent of choice. For the water soluble mixtures used in
the following experiments water is used to immerse the tubing. The membrane allows the
passage of small molecules from a high concentration to low concentration across the
membrane as a result of diffusion. In water, osmosis occurs causing water to pass through a
semi-permeable layer to reach equilibrium. The dialysis tubing will only allow molecules to
pass through a semi-permeable membrane if the molecule is small enough to fit through the
membrane or a membrane's pore. Larger molecules are unable to pass though the pores and

are retained in the tubing.

The polymer reaction mixture is placed into the semi-permeable dialysis tubing and is
sealed with plastic clips and then placed in a large container of water. The water will cross
the semi-permeable membrane into a hypertonic solution (a solution that has a higher solute

concentration than the solution it is referenced to) in an attempt to reach equilibrium (Figure
34).

The tubing used was a Spectra/Por® Regenerated cellulose membrane. It does not carry a
fixed charge and does not absorb most solutes. It is hydrophilic, being capable of spontaneous
wetting with very good wet strength. It is extremely chemically resistant and suitable for
aqueous and organic media. Spectra/Por® grade 1 was selected as it has a Molecular Weight

Cut Off point (MWCO) of 3500 Daltons.
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The general dialysis procedure is as follows. The tubing was cut to allow for extra tubing
length (about 10% of total sample volume) for a small head space. This will ensure that the
tube will float and not be caught up in the rotating stirrer bar. The tubing and the stirrer bar

are placed in a large beaker which was previously filled with water.

Typically, dialysis was run overnight. During dialysis the entire dialysate volume is
changed for fresh dialysate solution. The solution is changed after the first hour, then 4, 10

and 24 hours later.

Finally, polymer materials were freeze-dried and fully characterised.
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Figure 36: Illustration of the Principle of Dialysis

2.4 Methods of Characterisation and Analysis

2.4.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance Spectroscopy (NMR) is the pre-eminent technique for

determining structure including that of polymers.'”*

Many isotopes possess a characteristic
nuclear spin (I), for 'H and C this is equal to 1/2. Interaction with an external magnetic
field (By), gives rise to two spin states, +1/2 and -1/2. The lower energy +1/2 state is aligned

with the field, but the higher energy -1/2 spin state is aligned against the external field with
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the energy difference being very small and dependent on the strength of the external field.
Strong magnetic fields are therefore necessary for NMR spectroscopy. Commonly, this small
energy difference is usually quoted as a frequency in units of MHz (10° Hz), and range from
20 to 900 MHz or higher. Irradiation of a sample with radio waves of specified frequency
delivers energy corresponding exactly to the energy separation of the two spin states and will
cause those nuclei in the +1/2 state to flip to the higher -1/2 spin state. On relaxation the
higher energy state degenerates to the lower state and energy is emitted as electromagnetic

radiation and it is this which is detected and analysed.

Since all 'H and "*C atoms have the same magnetic moment they might be expected to
give resonance signals at the same frequency values. However, in covalent compounds and
ions, as the electron(s) surrounding these isotopes are charged particles, in the external
magnetic field they will generate a secondary field in opposition to the applied field and this
secondary field shields the nucleus from the external field which therefore must be increased

in order to achieve resonance.

The NMR resonance signal is dependent on both the strength of the applied magnetic
field and the frequency of the radio waves. In any spectrum, it is necessary to assign the
location of an NMR signal relative to a reference signal from a standard compound.
Tetramethylsilane( (CHj3)4Si, TMS) is usually used as it is unreactive and easily removed

from the sample.

Since the separation of NMR signals is dependent on the magnetic field and to correct
their field dependent frequency differences, the difference between the resonance signal from
the sample and that for the reference is divided by the spectrometer frequency. The resulting
number is multiplied by a million giving the Chemical Shift (8) and is measured in parts per

million (ppm.)

All NMR spectra in this project including proton and C NMR were recorded on a
Brucker 500 MHz NMR and was analysed with MestReNova- NovaLite software which was
transferred from Bruker WinNMR software. Samples were first dissolved in a deuterated
solvent, for example Chloroform (CDCI3) or DMSO. A concentration of 50 mg/mL was used
for proton NMR and 'C NMR. To facilitate accurate computation of integration values, all

samples were scanned 304 times, a figure found to produce a smooth baseline. This ensured a
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more even base line i.e. higher signal to noise ratio. Tetramethylsilane (TMS) was used as an

internal standard.

2.4.2 Differential Scanning Calorimetry (DSC)/Thermo Gravimetric Analysis
(TGA)

Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) are
techniques used to study thermal transitions.'™ As a polymer is heated/cooled in a specified
temperature range it may undergo morphological and chemical changes with the
evolution/absorption of heat. The heat flow in the sample will be determined by the specific

heat capacity and the temperature applied.

In DSC/TGA both a sample and a reference substance are placed in separate pans made of
inert material and heated in a stream of nitrogen. Sample sizes of approximately 8 mg were

used.

In TGA, the thermal stability of the polymer sample is primarily determined. The sample
is placed in a sensitive thermo-balance in an inert atmosphere inside a furnace and the
temperature increased. This is called non-isothermal TGA. The thermogram is a record of
weight against temperature. Weight loss may occur as a result of evaporation of any residual
solvent or moisture and with higher temperature decomposition of the polymer may occur.
During a transition e.g. a glass transition (Tg), the temperature of the sample will lag behind
that of the reference if the transition is endothermic or will increase compared to the

reference, if the transition is exothermic.
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Figure 37: Schematic drawing of TGA (a) balance ; (b) sample pan and pan holder ; (¢)

thermocouple ; (d) furnace ; (e) heating element'”

With DSC, the sample and the reference are heated by individual heaters and heat is
supplied to restore the same temperature for both. The reference pan is normally empty and is
positioned alongside the sample pan in the cell head. The instrument is flushed with dry
nitrogen to remove any atmospheric moisture which may otherwise condense and
contaminate the sample. The sample and reference are the cooled to well below any expected

transitions.

As the temperature is increased, any thermal transitions become apparent. In an
exothermic transition e.g. crystallisation, heat is evolved and is absorbed by the sample,
which increases in temperature compared to the reference pan, and is recorded as a peak in
the thermogram. In DSC, the change in the energy input is measured when a temperature
change is detected. The area under the peak is proportional to the energy input and allows for
quantitative measurement of the process provided the instrument has been calibrated.
Calibration involves using a standard with a known enthalpy of melting and a sharply defined

melting point.
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Figure 38: Principle of the Differential Scanning Calorimetry technique. (a) sample

pan; (b) reference pan; (c) thermocouples; (d) cell head; (e) heating elements I

The DSC thermograms were performed on a Universal V3.7A TA instrument the heating

rate 5°C per minute. The temperature range used is 20-200 °C.

24.3 Gel Permeation Chromatography/ Size Exclusion
Chromatography (GPC/SEC)

The characterisation of polymers includes a determination of the molecular weights and
their distribution within the substance as these are factors affecting the properties of a given
polymer.”> '"* The molecular weight of a polymer cannot be stated as one single value but
will have a distribution which will depend on the way the polymer is synthesised. The value
is usually reported as average molecular weight and this can be calculated in a number of
ways but most commonly as Number Average Molecular Weight (Mn). For any synthesis,
the polymer molecules come in different sizes, for instance, the chain lengths for linear
polymers, so the average molecular weight depends on the statistical method used for
averaging. The Number Average Molecular Weight (Mn) is the ordinary arithmetic average
or mean of the molecular weights of individual molecules. It is determined by measuring the
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molecular weight of n polymer molecules, summing the weights, and dividing by n. Mn is a
useful parameter when we wish to consider a property which is sensitive to the number
(concentration) of molecules present i.e. not by the size of any particle. Mn is, for instance,
relevant to colligative properties of solutions such as boiling point elevation, freezing point
depression, and osmotic pressure.94 Mn is not a continuous function, as only discrete values
of the monomer molecular weight (M) are measured, M, being a multiple of the monomer
molecular weight, Mo. However, in condensation reactions, in which by-product small
molecules such as water are lost during the reaction, M,, is the monomer molecular weight

after loss of the by-product of condensation.

Each value of M in the range of numbers with discrete values is labelled Mi. If Ni is the

number of polymers with molecular weight Mi then the total weight of all polymers is

Total Weight = 3,2, NiMi (Eq.5)

and the total number of polymer molecules is

Total Number = Y2, Ni (Eq.6)

the number average molecular weight is

Mn = 22 (Eq.7)
=1

For some properties such as light scattering, rather than the number of polymer molecules
but the size or weight of each polymer molecule is important, a more relevant measure is the
weight average molecular weight. Thus the weight average molecular weight is given by

(o] YA
_ Xi= NiM;

Mw = S N (Eq.8)

The Polydispersity Index (PDI) is the ratio of weight average molecular weight and
number average molecular weight and measures the distribution of molecular weights in the

sample.

Mw
PDI = s (Eq.9)
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As the molecular weight distribution range becomes narrower the PDI tends to unity.
Thus, for a PDI of 1 all the polymer molecule chains are essentially the same length. A PDI
in the range of 1~1.5 denotes a controlled/living polymerisation.m1 PDI values greater than

1.5 are to be found in less controlled polymerisations as free radical polymerisation.

The most common method for measuring molecular weight of polymers is by Gel
Permeation Chromatography (GPC) also known as Size Exclusion Chromatography (SEC)

and a schematic diagram is given to illustrate the component parts (Figure 38).

sample

e
p =

PO, -y

solvent

solvent delivery injector m detector(s)
supply system

mobile phase

Figure 39: Schematic diagram of GPC components.

Figure 40: GPC-50 instrument showing separation columns within the oven.
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GPC is a method based on separation by means of columns filled with porous beads in
which there should be no interaction between the sample and the column packing. This
method can be compared with conventional HPLC in which interactions such as adsorption,

partition, etc. do occur.

The polymer under investigation is dissolved in the same solvent as used as eluent. The
mode of separation is based on the hydrodynamic volume of the material being analysed in
solution. Separation is achieved by using porous mechanically stable highly cross linked gels
as beads packed in a column which by their sieving action can separate the sample into
fractions which reflect their molecular volume. The pores in the packing retain the smaller
molecules which will fit into most of the pores and be retained longer but the larger particles
are not hindered as they will not fit into the smaller pores and pass straight through (Figure
40 illustrates this principle).
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Figure 41: illustration of principle of separation by size exclusion (Courtesy of Dr

Remzi Becer University of Warwick/Agilant technologies)

The concentration required for sample preparation depends on the molecular weight of
the polymer but a concentration of 1mg/ml (w/v) for a polymer of molecular weight of
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approximately 100,000 is typical. The dissolved sample is then introduced via an injection
mechanism into the set of columns which are combined in series which act as a molecular

filtration system.

Individual pore size columns are traditionally used to accommodate the range of
molecular weights being sampled but are now replaced with Polymer Lab’s Mixed gel
columns which are packed with a mixture of individual pore size materials to allow for a
broad range of molecular weights. A range of MIXED gel GPC columns are available

commercially from Agilant Technologies.

Chromatograms were performed on a PL-GPC 50 Plus Integrated GPC/SEC System from
Agilent Technologies.

The detection of solute components within the eluent can be obtained by various means
including UV-VIS absorption, viscosity measurement and light scattering. The most widely
used method is based on refractive index. This project used analysis based on detection by
means of a differential refractometer.'”® This is a concentration sensitive detector measuring
the difference in refractive index between the solvent and that of the sample. The refractive
indices (np) for the solvents used in this project are: chloroform-1.446, THF-1.407, DMF-
1.431, acetone-1.359 and water-1.333. The refractive indices for calibration standards used

are: for PMMA-1.4914 and for polystyrene-1.6.

The project used PEG (M,,. 1000) as a component of the co-polymer making up a large
fraction of the material and thus conferring a considerable hydrophilic character to the co-
polymer. The refractive index (RI) of the PEG is 1.4580 which contrasts with THF of 1.4072,
resulting in the greatest RI difference and, therefore, provides greater detection of the PEG

based material.

The columns used were two PLgel MIXED-C columns with dimensions 300 x 7.5 mm
packed with particle size Spm and linear calibration range M, 690 to 1.9x10° g/mol approx.
and a PLgel guard column 50x7.5 mm with particles packing Spm. The solvent used was

THEF at a temperature of 40°C and the rate of flow was 1.0 ml/minute.

GPC calculates the molecular weight of an unknown sample with reference to a set of

polymer standards with narrow molecular weights in the form of a calibration curve (Figure
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41) which relates the known molecular weight with its retention time (Table 1) under the

particular conditions that apply for the given instrument.

Table 1: Typical calibration data for the GPC measurement (PMMA standards in THF
solvent at 40°C at rate of 1.0 ml/minute)

Peaks Retention Time Mp Log Mp Percentage
(minutes) (Daltons) error
1 11.06 1944000 6.29 1.46
2 11.80 790000 5.90 -11.42
3 12.37 467400 5.67 -3.26
4 12.92 271400 5.43 0.75
5 13.53 144000 5.16 2.73
6 14.08 79250 4.90 1.36
7 14.87 35300 4.55 3.50
8 15.83 13300 4.12 8.10
9 16.43 7100 3.85 8.89
10 17.62 1960 3.29 5.90
11 18.17 1020 3.01 -0.92
12 18.37 690 2.84 -20.69
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Figure 42: A typical calibration curve for GPC measurement.
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2.4.4 Fourier Transform Infra-Red Spectroscopy (FTIR)

The Infra-Red (IR) region of the electromagnetic spectrum covers the range from 700 nm
to 1 mm. In IR spectroscopy, wavelength is measured in wavenumbers which have the units
cm™, i.e. the wavenumber is the reciprocal of the wavelength in centimetres. IR radiation,
unlike the higher energy UV, cannot induce electronic transitions, and on absorption can only
cause transitions in compounds with small energy differences between the possible
vibrational and rotational states. For a molecule to be IR active and absorb the radiation, upon
vibration or rotation a change in the dipole moment of the molecule must result. The
oscillating electrical and magnetic field of the radiation interacts with the fluctuating dipole
moment of the molecule. If the IR frequency resonates with the vibrational frequency of the
molecule then the radiation will be absorbed resulting in a change in the amplitude of

molecular vibration.

Rotational transitions are quantized and in gases give rise to line spectra upon IR
absorption. These lines broaden in solids and liquids giving rise to a continuum as a result of

molecular collisions and are not very useful.

The positions of atoms in a molecule are not rigid and are subject to a number of different
kinds of vibrations mainly stretching and bending. Stretching is the change in the inter-atomic
distance along bond axis. Bending is the change in angle between two bonds of which there

are four kinds i.e. Rocking, Scissoring, Wagging and Twisting.

Thus, for a two-atom system, at a first approximation, can be considered to obey Hook’s
law and so the frequency of vibration will be proportional to the strength of the bond and
inversely proportional to the masses of the atoms. In consequence, different bonds of the
different groups within a molecule will vibrate at different frequencies and affords a means of

identifying many organic function groups by their IR absorption properties.

FTIR is an abbreviation for Fourier Transform Infra-Red, a modern version of dispersive
infrared spectroscopy. In infrared spectroscopy, infra-red(IR) radiation is passed through a
sample which absorbs some of it whilst the remainder is passed through (transmitted). The
detector records the resulting spectrum of the molecular absorption and transmission, creating

a unique molecular fingerprint of the sample.
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Infrared spectroscopy is useful as it can identify unknown materials and it can determine

the quality or consistency of a sample and the amount of components in a mixture.

The basic layout of the instrument is given in the schematic below (Figure 42)

Infrared Source  Sample Dispersive Detector

Element

/\
AN

Figure 43: Schematic illustration of principle of IR

Transform Infra-Red Spectroscopy (FTIR) spectra were recorded on a PerkinElmer

spectrum 100 using a scan range of 450 to 4000 em™.

Samples of the various substances (co-polymers, Macromers and hyperbranched
polymers) were prepared in chloroform by taking a small measure (20 mg approximately) in
a small glass vial and adding a small quantity of chloroform (1 mL approximately).The
solution was applied to a sodium chloride disc with a dropper and evenly spread out by
covering with another disc and then applying pressure thus squeezing the discs together. The
solvent readily evaporates and any IR signals due to -C-H absorptions due to the residual
solvent present are subtracted as they are not functional groups of interest in this experiment.

The sample was scanned 3 times.

For preparing samples of solids, KBr disks have the advantage of no overlapping signals
from the matrix (KBr) although the disadvantage is that it may take practice to prepare good
quality disks. The concentration of the sample in the KBr matrix should be in the range of
0.2% - 1%. The disk is much thicker than a liquid film, hence requiring a lower concentration

of the sample (Beer's Law). If the concentration is too high this can cause difficulties in
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obtaining clear pellets which can cause the IR beam to be absorbed completely, or scattered

which results in very noisy spectra.

To prepare a sample for FTIR a small quantity (Iess than 300 mg) of dry IR-grade KBr
was placed in an agate mortar. The amount of KBr was sufficient to cover an area of about 20
square millimeters to a depth of 1 millimeter. The KBr was ground in the mortar until there
was no evidence of crystallinity. A normal lab mortar will introduce contamination into the
pellet; therefore an agate mortar was used. A very small quantity of sample (about 1 to 2 mg)
and representing approximately 1 to 2% sample was added to the KBr .The mixture was
ground until it was uniformly distributed throughout the KBr. Ensure the press body and
anvils are thoroughly dry... Care should be taken not to scratch the polished anvil surfaces.
The sample/KBr pellet is placed between the anvils of the dye and pressure applied by means
of wrenches to the bolt style anvils simultaneously while compressed air is removed under

vacuui.

Apply pressure for about 1 minute, then remove bolts to eject disc which is then placed in

a holder in the path of the IR beam. The sample is also scanned 3 times.

2.4.5 High Pressure Liquid Chromatography (HPLC)

HPLC is, in principle, a form of column chromatography using high pressure of up to 400
atmospheres rather than gravity to force eluent through the column. The packing material of
the column consists of very much smaller particles than found in column chromatography
giving a greater surface area on which interactions between stationary and mobile phases can

occur. The components of the mixture can therefore be better separated.

There are two major kinds of HPLC.

In Normal-phase HPLC, which is not commonly used, the column is packed with very
small silica particles and a non-polar solvent e.g. hexane, is used. A typical column has
dimensions giving an internal diameter of 4.6 mm (sometimes even less) and a linear length

of 150 - 250 mm. Polar components in the mixture, on passing through the column, will be
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attracted for longer time on the polar silica than the non-polar compounds and will, therefore,

pass more slowly through the column.

In Reversed-phase HPLC, the most commonly used form of HPLC, the column size is the
same, but the packing is of a silica derivative which is non-polar made by attaching
hydrocarbon chains to the silica surface. A polar eluent e.g. a mixture of water and methanol
is used. Here, the polar solvent and the polar molecules in the mixture will attract each other
strongly. On the other hand, the attraction between the non-polar stationary phase and the
polar molecules in the solution will be minimal. Polar molecules in the solution will
therefore, spend most of their time retained in the solvent. Non-polar compounds in solution
will tend to be attracted to the silica, with its hydrocarbon groups, due to van der Waals
binding. The non-polar molecules are less soluble in the polar solvent as hydrogen bonds
have to be broken when they come in between the water and methanol molecules. These
molecules, therefore, as they spend less time in the polar solvent and their passage will be
slower through the column. Thus, the polar molecules that will travel through the column

more quickly.
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Figure 44: A flow scheme for HPLC

An advantage of HPLC is that the process including the injection can be fully automated.

For any given compound, the retention time (RT) will depend on the pressure used as this
81



will affect the flow rate. The RT is also dependent on the material used for the stationary
phase and its particle size and also on the solvent and the temperature of the column. This
means that run conditions should to be carefully controlled if retention times are to be used as
a means of identifying compounds. The detector commonly used is based on ultra-violet
absorption. The sample under test must be UV active and must be distinguishable from the
solvent. Methanol, for example, absorbs below 205 nm, and water absorbs below 190 nm.
For a methanol-water mixture used as the solvent, a wavelength longer than 205 nm should

be used.

When the detector is showing a peak, some of what is passing through the detector at that
time can be diverted to a mass spectrometer. There it will give a fragmentation pattern which
can be compared against a computer database of known patterns. That means that the identity

of a huge range of compounds can be found without having to know their retention times.

2.4.7 UV/vis Spectroscopy

Ultraviolet-Visible Absorption Spectroscopy (UV/vis) refers to spectroscopy using
