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ABSTRACT

Abstract

In recent years, a nhumber of reports have focused on the use of polyesters
in drug delivery due to their intrinsic biocompatibility and biodegradability.
In this thesis, aliphatic polyesters were synthesized by polycondensation
reaction and ring opening polymerization reactions. The properties of the
polymers and drug delivery potential of the resultant materials were

evaluated.

In the polycondensation reactions, a series of aliphatic polyesters of similar
molecular weight were synthesized by reacting 1,10-decanediol with
different ratios of succinic acid/phenylsuccinic acid and the effects of phenyl
group side-chain substitution on polymer properties was investigated. A
solvent-free melt polycondensation method using scandium (III) triflate as
catalyst at an industrially relevant temperature (120 °C) was used. As the
phenyl content increased, the polymers changed from semicrystalline to
amorphous in state. The loading capability of polymers was checked by
formulating nanoparticles containing coumarin 6 as a fluorescent dye
analogue of active drugs. A polymer with a 70/30 ratio of succinic acid and
phenylsuccinic acid showed the highest dye loading among the set of
materials synthesised. This polymer was found to be degradable over time
under selected experimental conditions. Amphiphilic block co-polymers from

the Pluronic™ class were used to stabilize, in PBS, nanoparticles formed
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from these polyesters by nanoprecipitation routes. The metabolic activity,
cell membrane integrity and lysosomal functions of C3A cells dosed with the
polymers were determined to observe the cytocompatibility of the highest
dye-loaded nanoparticles. Activity relative to undosed C3A cells was retained
at more than 80% in the all of the assays. Imaging of Pluronic coated and
uncoated nanoparticles in C3A cells suggested that both types of the
nanoparticles were endocytosed in the early stage of the study (within 10
min). The internalization of nanoparticles was increased progressively over
the study time. These results indicated the possible utility of the selected

polymers in diagnostic and delivery applications.

Ring opening polymerization (ROP) reactions were used for the synthesis of
a diblock (mPEG-b-PeDL) and a triblock (PeDL-b-PEG-b-PeDL) copolymer
from a seven membered e-decalactone (e-DL) monomer obtained from
renewable sources. A diblock (mMPEG-b-PeDL) copolymer was compared with
structurally similar mPEG-b-PCL copolymer synthesized via ROP of e-
caprolactone (e-CL) monomer, which can be considered as a non-renewable
monomer. A six membered 0-decalactone (0-DL) was also used for the
synthesis of a diblock copolymer (mPEG-b-PODL) to compare the reaction
kinetics and properties of the copolymers. The copolymers were prepared via
bulk polymerisation using 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) as a
metal-free catalyst to replace the conventionally used stannous octoate

[Sn(Oct)2]. A higher polymerization efficiency was achived with TBD
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compared to Sn(Oct), catalyst. However, a notable difference in the reaction
temperature required for €-DL and &-DL polymerization was observed. The
comparison with a structural analogue, i.e. e-CL, demonstrated that the e-DL
polymerization was inhibited due to the presence of the alkyl chain of €-DL
monomer. However, a higher reaction time (12 h for TBD and 24 h for
Sn(Oct),) in CROP of e-DL was addressed by using microwave based ring

opening polymerization (MROP) reaction.

The MROP was adopted as a ‘green’ and cheap heating method alternative to
conventional heating (CROP) for the synthesis of mPEG-b-PeDL diblock
copolymers using TBD as a catalyst. All the reactions were conducted in
bulk. The MROP was designed based on the dielectric properties of all the
reacting materials, as it was found that e-DL monomers showed good
absorption of MW radiation (tand>0.5). Accordingly, MROP resulted in a
higher rate of e-DL polymerization compared to CROP but comparison of the
synthesis of MPEG-b-PCL copolymer by MROP indicated that the presence of
the alkyl chain in e-DL monomer significantly reduced the rate of

polymerization.

The synthesized mPEG-b-PeDL copolymer was investigated as a potential
drug delivery vehicle for solubilization and controlled delivery of
indomethacin. The indomethacin loading and release from mMPEG-b-PeDL
micelles (amorphous core) was compared against well-established mPEG-b-

PCL micelles (semicrystalline core). The drug-polymer compatibility was also
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determined through a predictive computational approach to access the drug
solubilisation (or drug loading) into hydrated micelles. The micelles were
prepared by solvent evaporation method and characterized for size,
morphology, indomethacin (IND) loading and release. Both of the micelle
formulations showed a uniform distribution of spherical micelles with size
<60 nm. However, a significantly higher size of empty mPEG-b- PeDL micelle
was observed compared to mPEG-b-PCL micelles. A higher compatibility of
the drug was predicted with PCL core as determined by modified Flory-
Huggins interaction parameters (ysp) using the Hanson solubility parameter
(HSP) approach. The compatibility of the drug was determined for both of
the segments (hydrophilic and hydrophobic) of the copolymers and found to
be in the order of ysp (PeDL)> ysp (MPEG)> ysp, (PCL). The predictions
suggested that more IND should encapsulate within the micelles with PCL
core compared to PDL core, but the IND loading experiments revealed an
overall higher loading in PeDL core (6.55 wt%) compared to PCL core (5.39
wt%) (P < 0.05, unpaired student’s t-test). However, consideration of the
IND loading per unit volume of the micelles revealed that the PCL cored
micelles was able to load 1.5 times more compared to the PeDL cored
micelles. This result illustrated the higher compatibility of the IND with PCL
core in accordance with the solubility parameter calculations. These data
also suggested that the overall higher IND loading in PeDL core was

attributable to the amorphous nature of the core which increased the core
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volume by 1.81 times compared to the PCL core. Drug release studies
showed the sustained release pattern from both of the micelle systems
although the semicrystalline PCL core (80% drug release in 110 h) was able
to release the drug for a longer period compared to PeDL core (80% drug
release in 72 h). Cell viability tests demonstrated the cytocompatibility of
the mPEG-b-PeDL polymer. The micelles were internalized effectively in the

early stages of the study and progressively increased with time.

The results of the present thesis suggested that novel aliphatic polyester can
be good candidates for the drug delivery applications and further studies can

explore the possible applications of these polymers in the biomedical field.
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1.1 Introduction

Most of the polymeric systems used today for drug delivery applications are
based on biodegradable and biocompatible materials. These materials
include polyesters, polyanhydrides, polyethers, polyamides, polyorthoesters
and polyurethanes. Polyesters can be considered as the first family of
synthetic condensation polymers. They usually vary in the physical state
ranging from amorphous material to fibers and liquid crystals depending on
the groups attached to the ester group.! Among the various categories,
aliphatic polyesters are one of the most important classes of biodegradable
polymer because they possess good biocompatibility and tunable
biodegradability. Additionally, the possibility to use renewable monomers for
polyester synthesis has enhanced interest in these materials in recent
years.”> There are different types of polyesters which include linear,
branched, hyper-branched as well as dendritic, as well as polyester (block)
copolymers which have enabled the application of these materials in
biomedical fields (Figure 1-1). Polyesters have been used in products such
as sutures, bone screws, pins, stents, and plates for fracture®, as artificial
skin, tissue engineering scaffolds® and drug delivery systems.> Polyesters
already used for biomedical applications include poly(lactic acid) (PLA), poly
(lactic-co-glycolic acid) (PLGA) and poly(e-caprolactone) (PCL). These

polymers are derived from monomers like lactide (LA), glycolide (GA), €-
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caprolactone (e-CL), B-butyrolactone (B-BL) and 1,5-dioxepan-2-one

(DX0).°

P
%
u,
B
B c ;E{%
L O R

D

Figure 1-1 Types of polyester polymers (A) linear diblock, (B) linear triblock, (C) branched,
(D) multiblock block and (E) dendritic polyester

However, many of the above polyesters are semicrystalline and hydrophobic
in nature, and also show nonlinear biodegradation profiles which can limit
certain drug delivery applications. For tissue engineering, three-dimensional
scaffolds are needed to help cells grow and differentiate and polymer
matrices are required that are soft and flexible enough to imitate the
mechanical properties of the surrounding tissues. Hence, polyesters with a
range of improved properties are needed. One example is to incorporate
unsaturated bonds in polyester side chains or main chains to allow cross-
linking and thus forming elastomers with higher moduli for tissue
engineering applications.” Similarly, additional functional groups in the

polymer main chain or appended as side groups may enhance drug polymer
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interactions to improve drug loading. For instance, Yang et al. described the
synthesis of acid functionalized copolymers with mPEG as a hydrophilic block
for the delivery of doxorubicin (DOX). They showed a higher drug loading
due to the strong interaction of amine group of the drug with the acid groups
of the polymer.® Therefore, many research groups are working on the
insertion of different functionalities into polyester chains to modify their
physicochemical properties, for example: phenyl groups, carboxylic acid®,
hydroxyl?, acrylate!® and alkyne® were successfully incorporated into
polyester chains. The introduction of phenyl groups can influence the
degradability, crystallinity, and polarity of polyesters. For example, Witt et
al. suggested an improvement in mechanical properties of polymers by
incorporating aromatic units into the polyester backbone. However, the
biodegradability decreased due to higher crystallinity as aromatic content
increased.!! The incorporation of aromatic units as a side group in the
polyester backbone was achieved by copolymerization of mendalic acid with
poly(butylene succinate) and poly(ethylene adipate). The increase in the
phenyl group caused a decrease in crystallinity hence the biodegradability
was increased.!? These properties are important factors to design controlled

drug delivery systems for bioactive molecules.!3 14

The incorporation of renewable monomers and selection of suitable synthetic
methods (e.g. conventional or microwave heating) can greatly reduce the
environmental costs of the final material. Several lactone rings have been
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used in the synthesis of copolymers by ring opening polymerization utilising
MPEG initiators. This method is less time and energy consuming compared
to polycondensation reactions which have been more commonly used in the
past for polyester synthesis. However, many lactone monomers are currently
obtained from non-renewable sources. Glavas et al. used e-decalactone,
which is regarded as a renewable monomer, for the synthesis of the
copolymer on mPEG2K. The micelles were compared with the structurally
similar e-caprolactone based copolymer (mPEG-b-PCL) to determine the
difference in the core properties of the prepared micelles.!® In preceding
work, Bansal et al. used O0-decalactone as a renewable material for
copolymer synthesis (mMPEG-b-PODL) and Amphotericin B encapsulation and
release. The results were compared against e-caprolactone based copolymer
(mPEG-b-PCL). The mPEG-b-PdDL copolymer with pendant alkyl chains
significantly enhanced the loading of the drug compared to a mPEG-b-PCL
copolymer with no alkyl chains.!®> These data show that the core properties
of polyester drug carriers can be changed by including aromatic units or

alkyl chains or attachment of diverse functionalities in the polymers.

1.2 Synthesis of Polymers

1.2.1 Polycondensation
Condensation polymerization involves the reaction of a difunctional monomer
of AB type (e.g. hydroxyacid) or reaction of AA (e.g. diacid, diacid chloride

or diesters) with BB (e.g. diol) difunctional monomers.! The reaction of
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diacids with diols produces water as byproduct while the reaction of diols
with diacid chlorides produces HCl as a byproduct. Due to the formation of
small byproducts, these reactions are called polycondensation. It also

involved ester interchange of diols and diesters as outlined in the figure 1-2.

R OH R
T T/ TT
O O Jn

o} 0 O 0 ]
R
HO/ \OH " )L )k 0 Jk )k R L~
HO Rj OH - Ri o o

- o) o) r o 0 7
+ “HCl
v o )L )k JL )k R L~
Cl R] Cl - R; o o

R (@] o e 0] 7
-R,0H
HO/ \OH + )k )‘k —_— JL )k R
/
R;0 R; OR, A ki o o

n

Figure 1-2 Preparation of polyesters by stepwise polycondensation method. Reproduced
from reference’

Carothers work!® on polycondensation relates the degree of polymerization

to the extent of reaction:

)?n:]-/ (l'p)

Where:
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)?,,= Degree of polymerization.
p= Extent of reaction (or conversion to polymer)

Such type of reactions includes a number of drawbacks; (1)
Polycondensation involves the formation of by-products like water which
must be eliminated during the reaction to drive the reaction toward higher
conversion; (2) Higher conversion (>98-99%) is essential to get the higher
molecular weight of the polyester; (3) A correct stoichiometric balance of
monomers is a major factor in the reaction to get higher conversion which
although can readily be achieved with purified hydroxylacid but difficult to
get with diacids and diols monomers and (4) Long reaction time and higher
temperature (>200-250 °C) with reduced pressure is usually required for
the synthesis of polyesters for commercial use which may lead to side
reactions. Therefore, several groups are attempting to overcome the
shortcomings of polycondensation to synthesize polyester with desired

physicochemical properties.

Takasu et al. described the one-step chemoselective polycondensation of
several diols and dicarboxylic acids having pendent hydroxyl groups under
mild conditions, using rare-earth trifluoromethanesulfonates. They showed
that under mild conditions (Temperature <100 °C), the secondary alcohols of
diacids (Tartaric acid and Malic acid) did not react hence polyesters with
pendent hydroxyl groups were formed which were further modified by

glycosidation using glucose pentaacetate as the glycosyl donor (Figure 1-
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3).1” A series of polyester copolymers based on poly (butylene succinate)
and poly (ethylene glycol) were synthesised by polycondensation. The
authors found that increasing the PEG content decreased the melting
temperature (Tn), crystallization temperature (7.), and crystallinity (yc) of

these copolyesters.!®

(o) R,
OH
HO Conventional Method
Ry, O > Cross-Linking or Gelation
SA: Ry=H, Ry=H bulk
MA: R1=OH, R2=H °
TA: Ry=OH, R,=0OH e
+
Room-Temperature secondary primary
HO Polycondensation Technique "W 4aona — << nucleophilicity << 5100l
(0] R, R3
n=1,4,7,9
Rs=H, OH oulk o\/ﬁ\/o
3 60-80 °C ! s "
Sc(OTf), :

Linear Polyesters Having Hydroxyl Groups

R1, Ry, R3=OH orH

Figure 1-3 Chemoselective polycondensation of diols and diacids under mild condition.
Reproduced from reference '/

Tang et al. described the synthesis and characterisation of elastic aliphatic
polyesters from sebacic acid, glycol, and glycerol achieved in two step
procedures. The prepolymers were formed in the first step by reaction of the
sebacic acid with a glycol and then crosslinked with glycerol to obtain the
desired elastic polymeric material.’® Takasu et al. investigated the effect of
strong Bronsted acids, bis(perfluoroalkanesulfonyl)imide and

perfluoroalkanesulfonic acid on dehydration polycondensation of diacids and
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diols. They found that these acids had higher reactivity than p-
toluenesulfonic acid or rare-earth catalysts at 60 °C. The used
bis(nonafluorobutanesulfonyl)imide (Nf;NH) was sublimed to recycle the
catalyst.?° Surfactant-combined Bronsted and Lewis acids were used for
emulsion polycondensations of 1,9-nonanediol (1,9-ND) and dodecanedioic
acid (DDA) at 80 °C. The hexamethylene diisocyanate was used as a chain
extender.?! Fischer esterification is one of the most common routes for the
formation of polyesters. In this route, a carboxylic acid reacts with alcohol in
the presence of Lewis or Bronsted acid to give esters (releasing a molecule
of water).?? Figure 1-4 shows the mechanism of acid catalyzed Fischer

esterification reaction of diacid and diol.

: N H 0
0: \\O: \\O H/ ~
J = I —
R OH R OH R T on H

Ho -
He . 0
T‘O)" -0 Proton Transfer /I< _H
.. _H o,
g Q - . '
Jo — /Q »! o
R "c|) H
R tetrahedral
intermediate
H,0
.FRI
2 o
H
. H [a] ]
“'\:‘0; R\\+ /H
/‘l\ + - + I‘O
R OR' R oF H

Figure 1-4 Mechanism of acid catalyzed Fischer esterification reaction of diacid and diol.
Reproduced from reference??
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1.2.2 Ring Opening Polymerization (ROP)

The ROP offers a nhumber of advantages over polycondensation to produce
polyesters. The low reaction temperature and time, the absence of by-
products and better control over the molecular weight are the main
advantages.?®> ?* The ROP involves the opening of cyclic monomers (e.g.
lactones, lactides, and glycolide) from an initiator (nucleophile) to produce a
primary chain molecule (1% mer) with the reactive functional chain end,
which reacts with next available cyclic monomer to open it generating a
second reactive chain end and this process continues until all monomers are
consumed.?® Anionic, cationic and coordinative insertions have been reported
as mechanisms involved in ROP.** However, a higher molecular weight
polymers are mostly achieved by anionic and coordinative insertion

mechanisms.®

Anionic Mechanism

This reaction involves the nucleophilic attack of a negatively charged initiator
on the carbonyl carbon to break acyl-oxygen bond (acyl-oxygen scission) to
form an alkoxide ion as the propagating species. However, in 4-membered
rings such as B-butyrolactone, either alkyl or acyl-oxygen cleavage has also
been reported giving a carboxylate or alkoxide respectively (Figure 1-5).°
The initiators used for anionic mechanisms include alkali metals, alkali metal

oXxides, etc.
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var M*

Ry M + )L /
k/\/ \ R1VR\“/O'M*
R = (CH,)n

o

Figure 1-5 Ring opening polymerization of lactone ring by anionic mechanism. Reproduced
from reference®

Coordination-Insertion Mechanism of ROP

This reaction has been used most extensively for the preparation of aliphatic
polyesters with well-defined architecture. It involves the use of aluminum or
tin alkoxides and carboxylates with vacant “d” orbitals as coordination
initiators. It proceeds via two mechanisms depends on which organometallic
species are used. Some organometallics activate the monomer by forming a
electron pair donor-acceptor complex with the carbonyl group. The
polymerization then precedes by the attack of any nucleophile, e.g., water or
alcohol added in the reaction.”®* However, this mechanism has been

questioned in recent literature (Figure 1-6)

O
o™ A

0
M Nu o)
Ol:f M )/‘/ %u__m Nu__‘H \_}Nu
Jn noT M) Jn o Fa

Figure 1-6 Organometallic (M) catalyzed ring opening polymerization of lactones in the
presence of nucleophiles (Nu). Reproduced from reference®*
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Another mechanism proposed to occur when metal alkoxides are used as
initiator, is ‘insertion-coordination’ mechanism. Metal carboxylates are
weaker nucleophiles, therefore, behave more like a catalyst when compared
to metal alkoxides which can be considered to act as an initiator. Therefore,
a co-initiator (hydrogen compound, e.g., alcohols) is needed along with
metal carboxylates to convert catalyst into active initiator.® 2* Tin(II) bis-(2-
ethylhexanoate) [metal carboxylate] also known as tin octoate or octanoate
[Sn(Oct),] is one of the most popular catalyst/initiator reagents for ROP. It
has been accepted as a food additive by the US Food and Drug Agency
(FDA). According to the mechanism, Sn(Oct), is converted into a tin alkoxide
in the presence of alcohol to form an actual initiator for ROP (Step A and B in
Figure 1-7).283° The presence of water in the reaction can deactivate the
actual initiator (Step C). The metal in the actual initiator is suggested to
coordinate with the carbonyl group of the monomer to cleave the acyl-
oxygen bond followed by insertion in the metal alkoxide bond. The
coordination of metal with exocyclic oxygen further polarizes the carbonyl
carbon-oxygen bond, making this carbon more susceptible to nucleophilic

attack (Step D in Figure 1-7).%% 2628
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0,0 A OH
A S +# ROH Z—*= Oa=S$n—OR +
0 0 A 0

1
3
By OH
B Oct—S$n—OR + ROH =—= RO—S1—OR +
1 2 0
3
o
C Ot—S$n—OR + HO0  —= RO-S1—OH + ROH
C. p
RO-..¢n_OR RO D 0
0/ - ,@ — R \‘!/\/\/\O—Sn—()ﬂ
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Ly E _0
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Figure 1-7 Ring opening polymerization in presence of stannous octoate (A) and (B)
stannous octoate initiator (C) Deactivation of catalyst by water (D) coordination insertion of
monomer into stannous alkoxide and (E) chain transfer to unreacted alcohol. Reproduced
from reference.?

1.2.3 Microwave based Synthesis of Polyesters

The synthesis of polyester can be improved by the use of Microwave as a
energy source for the polycondensation and ring opening polymerization
reactions. Microwave is a form electromagnetic radiation (EMR) with a
frequency range of 0.3 to 300 GHz. It has been used widely for heating of
the materials for industrial and domestic purposes at a frequency of 2.45
GHz (correspond to microwave wavelength of 12.25 cm). The microwave-

based synthesis is considered as an environmentally benign method where it
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offers several advantages over conventional synthesis. Some of them
includes instantaneous and rapid bulk heating, selective and direct heating,
temperature homogeneity etc.>! This advantages lead to reduce the reaction
time from h to min, improves the reproducibility, increase the yield and
reduce the side reactions.®? Therefore, many research groups are focusing
on microwave based synthesis an effective alternative energy source. These
advantages triggered an exponential increase in publications in the last two
decades.?*3* The energy of photon (0.0016 eV) at 2.45 GHz frequency is
lower than the Brownian motion energy and the energy required to break a
bond and hence it cannot induce any chemical reactions.?® The microwave
heating of the material is based on the ability of a material to absorb
microwave radiation and convert it into heat. This phenomenon is known as
“microwave dielectric heating”. The irradiation of a sample with microwave
causes the molecules to try to align itself with the applied electromagnetic
field to cause the molecular friction, rotation and collision to loose energy in
the form of heat.®> 3® Hence, the heating of reaction mixture strongly

depends on the dielectric properties of material used.

1.2.3.1 Microwave Assistant Polycondensation

Velmathi et al. synthesised poly(butylenesuccinate) (PBS) by an eco-friendly
direct polyesterification of a dicarboxylic acid and a diol using distannoxane
catalyst under microwave irradiation (Figure 1-8). The method was

compared against a conventional heating polycondensation, in which a
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polymer of M,, 1.02X10* was produced in 5 h at 200 °C. In contrast, the
microwave-based method produced a polymer with M,, of 1.03X10* (at 200
°C) in 20 min. The short reaction time at atmospheric pressure, freedom of
solvent for the synthesis makes this method ecomonical compared to

conventional methods of polyesters synthesis.>’

O oH catalyst,200C o
o /”\/\H/OH + HO TN microwave, N, o~ n

0]
0 Poly (butylene succinate) (PBS)

Figure 1-8 Microwave based synthesis of poly(butylene succinate) polymer. Reproduced
from reference.?’

The direct polycondensation of LA (renewable monomer) to PLA in
microwave-based method has been studied by Nagahata et al. Industrially,
PLA is produced by ROP of L-lactide (a cyclic dimer of lactic acid (LA) which
itself is formed by conventional polycondensation of LA to form oligo(lactic
acid) followed by cyclization depolymerization to produce lactides. This
method is time and energy consuming and expensive. The authors showed a
higher acceleration of polymerization rate in microwave based synthesis
compared to the conventional polycondensation reaction using a binary
catalyst of SnCl,/p-TsOH. The microwave-based reaction under reduced
pressure (30 mmHg) produced PLA with M,, of 16000 within 30 min (figure
1-9).3® A large-scale polycondensation of LA was studied by Nakamura et al.
using microwaves as an energy source in a batch reactor. The microwave

method was able to produce PLA with molecular weights exceeding 10,000 in
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5 h. The authors also showed that scaling up the reaction saved energy per

mole of the substrate in polycondensation reaction.?®

corn ‘ CH C—O
sugarcane | > HO—CH—COOH
fermentation

lactic acid high molecular weight PLA
T ring-opening
polycondensation PRGN
° process 200 - 250 °C
gOO8 h?50 C o ~48hr
CH
CH3 cyclization =
depolymerization
CH C— - >
m  ~260°C O
CHj
oligo(lactic acid)
Mw ~ 2,000 0]
lactide

Figure 1-9 Polycondensation of lactic acid by Microwave and conventional methods.
Reproduced from reference.®

Nakamura et al. also studied the dielectric properties of the reacting material
(lactic acid, oligo(lactic acid) and water) used for the polycondensation of
the lactic acid. They showed a decrease in the dielectric properties as the
reaction progressed. The calculated penetration depths also suggested the
deep penetration of the microwaves in the reaction system.*°

The polycondensation of sebacic acids and w-amino alcohols was studied by
Borriello et al. They compared the conventional and microwave irradiation
based polycondensation reaction for poly(amide-ester)s synthesis and found

that the microwave-based method showed a higher reaction rate and yield
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while retaining physical-chemical properties, compared to the conventional

polycondensation reaction.*!

1.2.3.2 Microwave Assistant Ring Opening Polycondensation
(MROP)

Albert and co-workers studied the ROP of e-caprolactone (e-CL) under
microwave irradiation using titanium tetrabutylate as a catalyst in 1996.
They compared the results of microwave ROP against conventional ROP for
conversion and reaction kinetics using different monomer:catalyst molar
ratios at 180 °C. They showed a similar M, with no significant difference in
the conversion rate, hence did not indicate any advantages of microwave-
based method over conventional ROP.*?

The ROP of g-caprolactam and e-caprolactone using microwave irradiation
was studied by Fang et al. The PCL was produced using stannous octoate as
a catalyst at the forward power of about 70-100W for 2 h. The author
suggested a higher yield and shorter processing time in microwave made it a

promising method than the conventional method of synthesis.*?

The non-thermal microwave effect of the stannous octoate-catalyzed ROP of
e-CL was investigated by Li et al. They used different microwave power
levels of 400, 500, 600, 700 and 800 W, and corresponding polymerization
mixture equilibrium temperatures of 165, 180, 197, 213 and 228 °C for
polymerization of e-CL. The microwave-based results were compared against

the conventional heating method. The Arrhenius’s Law was followed by the
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conventional method. Hence, the polymerization was considered to follow
purely by thermal effect. On the other hand, Arrhenius’s Law was not
followed by microwave heating. The reaction rate constant (k,) increased
anomalously, and an abrupt variation appeared for 500 W (180 °C)** as
shown in figure 1-10.

FCH
10 R'=0.975

MH

T v T v T v T
120 150 180 210 240

Polymerization Temperature / °C

Figure 1-10 Reaction rate constant (kp) determination for microwave and conventional
(FCH) method. Reproduced from reference.**

Liu et al. grafted polycaprolactone chains on chitosan molecules to improve
the properties of the resultant copolymer using microwaves as the heating
source in ROP. The microwave-based method achieved a very high grafting
percentage, particularly when the power output was >450 W in comparison

to the conventional method.*’

A significant improvement in the ROP of e-caprolactone (e-CL) was achieved
by the microwave method without any metal catalyst using benzoic acid and

chlorinated acetic acid as initiators. The microwave irradiation of £-CL and
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benzoic acid (25/1 molar ratio) produced PCL with M, = 4.48 X 10* g/mol
and low D of 1.6 at 680 W for 240 min. On the other hand, conventional
method achieved M,, of 1.21 X 10% g/mol with high D of 4.2 at 210 °C for
240 min.*®

The ROP of &-CL has been performed in large scale using an industrial
microwave reactor (6000 W) in the presence of stannous octanoate
(Sn(Oct),) (Monomer:Catalyst = 1000) as a catalyst. The reaction proceeded
smoothly to give My, up to 1.22 X 10° g/mol within 40 min with over 93%
yield at different microwave powers (850, 1700, and 2550 W).*’

ROP of e-CL was performed at constant microwave powers of 170, 340, 510,
and 680 W at a frequency of 2.45 GHz using a microwave oven in the
temperature range from 80 to 210 °C. PCL with M,, of 1.24 X 10> g/mol was
obtained within 30 min at 680 W when 0.1% (mol/mol) stannous octanoate
was used as a catalyst. The use of zinc powder (1% w/w) catalyst enabled
PCL of My of 9.23 X 10* g/mol to be produced after microwave irradiation at

680 W for 270 min.*®

Microwave-assisted ROP of €-CL has been carried out in an ionic liquid 1-
butyl-3- methylimidazolium tetrafluoroborate, (30 wt%) using zinc oxide as
a catalyst. An enhanced polymerization rate in the presence of ionic liquid
was reported (M,, of 2.85 X 10% g/mol was obtained at 85 W for 30 min).
Increasing the ionic liquid concentration resulted in higher microwave

absorptivity of the medium at two different microwave power levels (85 W
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and 170W), resulting in an increase in the reaction temperature and hence

the M,, of the resulted polymer (Figure 1-11).%°

SN i
0P Microwave [ NN~ > ‘[/ U\A/\/Iq\
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Figure 1-11 MROP of &-CL catalyzed by zinc oxide in the presence of ionic liquid.
Reproduced from reference *°

The microwave-based ring opening polymerization was used for the
synthesis of Poly(L-lactide)-block-poly(ethylene glycol)-block-poly(L-lactide)
(PLLA-PEG-PLLA). The results demonstrate the higher conversion of L-lactide
(92.4%) from PEG2000 to give a number-average molar mass of 2.82 X 10*
g/mol when irradiated for 3 min at 100 °C. The feed ratio of L-lactide/PEG
was suggested to have a strong influence on L-lactide conversions. The
higher ratio was found to enhance the copolymer molar masses. The results
also suggested a faster copolymerization when compared to the conventional

synthesis (Figure 1-12).>°

e T HO-PEG-OH/SnOct, 0 0
> H%OHCC}—O-PEG-O—%CCHO}—H
Microwave irradiation m I m

|
0 0 CH, H,C CH,

Figure 1-12 Synthesis of PLLA-PEG-PLLA triblock copolymer by MROP. Reproduced from
reference *°
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The controlled synthesis of diblock copolymer of L-lactide initiated on MPEG
under microwave based ROP was studied by Zhang et al. The polymerization
took 20 min at 100 °C to produce polymers with number-average molar
mass ranging from 7.33 X 10° to 1.18 X 10°> g/mol while the lactides
conversion were in the range of 65.1 to 97.3 %. The authors also showed a
strong influence of L-lactide/PEG ratio used in the synthesis. The higher ratio
produced polymer with higher molecular weight. The longer PLLA segment in
copolymer was suggested to improve the thermal stability of the copolymer

(Figure 1-13).°!

Microwave irradiation
3 H,

H.C O~ 0 . 0
’ CH,0O-PEG-OH/SnOct, Il
» CH,0{CH,CH,03—{CCHO):H
0" o~ CH é

Figure 1-13 Synthesis of mPEG-PLLA diblock copolymers by MROP. Reproduced from
reference !

Yu et al. synthesised PCI-PEG-PCI triblock co-polymers with a number-
average molar mass (M,) over 2.0 X 10* g/mol using MROP. They controlled
the Mn and composition of the copolymer by varying the molar mass of PEG.
The synthesised copolymer showed a sustained release pattern for
ibuprofen.®? Trathnigg and co-workers reported the synthesis of PCL-b-PEG-
b-PCL triblock copolymers on difunctional PEG (PEG 200 and PEG 300) using
MROP method. The reaction was conducted in bulk varying the ratio of
PEG:PCL using stannous octoate as a catalyst at 140 °C for 30 min. The

copolymers showed a higher content of triblock in the product compared to
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commercial products as determined by liquid chromatography and MALDI-
TOF-MS.>3 The synthesis and characterisation of mPEG-b-PCl and mPEG-b-
PLL [methoxy-poly(ethylene glycol)-block-poly(L-lactide)] diblock
copolymers were described by Karagoz and Dincer. The copolymers were
prepared in the presence of stannous octoate [Sn(Oct),] as a catalyst by
MROP and compared with conventional ROP. The short reaction time with
small B suggested a higher efficiency of the microwave method compared to
conventional heating.>® The poly(3-hydroxyalkanoate)-b-poly(D,L-lactide)
(PHA-b-PLA) diblock copolymers were synthesised by MROP of D, L-lactide
(LA) on mono-hydroxylated PHA-based macroinitiators. The authors
investigated the effect of irradiation time, monomer/initiator ratio and
temperature on LA polymerization. The kinetic investigation revealed the

living/controlled characteristics of MROP of LA (Figure 1-14).>®
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R=CHj (0.88), CoHs (0.12): PHBHV
R=CHs (0.91), C3Hy (0.08): PHBHHx
R=CgHy1 (0.85), C3H7 (0.15): PHOHHx

Figure 1-14 Synthesis of PHA-b-PLA diblock copolymer by MROP. Reproduced from
reference.>

1.3 Polymeric Micelles in Drug Delivery

The synthetic block copolymers (as described above) have numerous

applications in the biomedical field particularly in drug delivery. Block
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copolymers have emerged as efficient drug delivery vehicles as they can
spontaneously self-assemble in solution to form micelles. The block
copolymer also allows a better administration, transportation and site-
specific localization of the therapeutic drug at the site of action. In an
aqueous solution, the hydrophobic block forms the core of the micelles
stabilized by an outer corona or hydrophilic shell formed by hydrophilic
block.”® The hydrophobic core is known to act as a reservoir to solubilize
hydrophobic moiety in the micelles. In the last few years, hundreds of
research groups have contributed in this area.'* > >7>° In most of the work,
micelles of block copolymers were made by synthesizing different
hydrophobic blocks on a hydrophilic PEG chain. Some of the examples of the
hydrophobic  blocks includes poly(aspartic acid), poly(B-benzyl-L-
aspartate)(PBLA), PCL, Poly(gamma-benzyl-L-glutamte), poly(D,L-lactic
acid) (PDLLA), poly(L-lysine), Poly(propylene oxide)(PPO), polyspermine etc.
The different hydrophobic blocks impart different properties in the micelles
and hence are effective for some specific drugs than other drugs. For
instance, p-carotene was found to be more suitable for PLGA [Poly(lactic-co-
glycolic acid)] block compared to PS (Polystyrene), PLA and PCL blocks of
copolymers.®® Therefore, one copolymer cannot be used for delivery of all
hydrophobic drugs. The drug-polymer (core) compatibility plays an

important role to enhance drug encapsulation in the micelles.
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1.3.1 Micelles Preparation Procedures

1.3.1.1 Direct Dissolution

The direct dissolution involves the addition of copolymer directly into the
water which leads to the micellization. The encapsulation can be achieved by
transferring the drug stock solution (in acetone) to an empty vial followed by
evaporation in which copolymer micelle solution is added. For instance, the
formation of pyrene or DPH loaded PEO-b-PPO-b-PEO copolymeric micelles
by direct dissolution method.®* In some cases, an elevated temperature can

be used to promote micellization in water.

1.3.1.2 Oil-in-Water Emulsion Method

The method involves the dissolution of polymer and drug in a water
immiscible organic solvent followed by a fast addition of water. The mixture
is then emulsified by sonication/stirring to form an oil-in-water emulsion.
The copolymers, in the disperse droplets containing drug, self-associate such
that the hydrophobic portion remains in the oil phase whereas the
hydrophilic portion extends into the water phase. The subsequent stage
requires the removal of organic solvent by evaporation and results in the
formation of drug loaded micelles.’” 62 The organic solvent used for the
method most commonly includes ethyl acetate®, dicloromethane® and

chloroform.®®
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1.3.1.3 Dialysis Method

This method is mainly used when the copolymer is not very soluble in water.
The method requires the dissolution of the polymer and drug in a water
miscible organic solvent (such as ethanol,®® acetone,®’ tetrahydrofuran,®®
dimethyl sulfoxide,®® or N, N-dimethyl formamide).®® The obtained solution is
then dialyzed against water and the slow replacement of organic solvent
results in association of hydrophobic portions of the polymer chains along
with the hydrophobic drug to form micelles.'* ®® It has been suggested that
the addition of water (at a slow rate) into the organic phase before dialysis
yields reproducible micelles with narrow size distribution.* The choice of the
solvent and rate of addition of water determines the size, size distribution,
morphology, and yield of the micelles. La et al. studied the effect of solvents
(DMSO and DMAc) on PEO-b-PBLA micelles size, distribution, and yield. The
authors suggested a higher yield and narrow size distribution of micelles
when DMAc was used as an organic solvent compared to DMSO .”° The free
drug (unencapsulated drug) can be removed during the dialysis process.
Hence, no additional method is needed for purification of the formulation.
The use of non-chlorinated solvents makes this approach superior over oil-

in-water emulsion method.

1.3.1.4 Solution Casting Method

This method requires the dissolution of the block copolymer and drug in a

suitable volatile organic solvent. This is followed by the evaporation of the
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solvent to leave a polymer-drug film. Hot water is then added to the film
with stirring which causes the polymer to self-assemble in the presence of
the drug. The hydrophobic interaction between drug and polymers during
the process leads to the formation of drug loaded micelles.®® 7! This method
is mainly used for copolymers with high hydrophilic to hydrophobic ratio to

achieve complete reconstitution.”’

1.3.1.5 Nanoprecipitation Method

The nanoprecipitation method involves the dissolution of the block
copolymer and drug in a water-miscible volatile organic solvent. This is
followed by the dropwise addition of the organic phase into water under
stirring. The solvent diffusion in water with simultaneous evaporation drives
the self-assembly of the copolymer to produce drug loaded polymeric

micelles.>” 72

The obstructions in the self-assembly due to mass-transfer
limitations can be overcome by sonication/stirring or both. Different solvents
can be used for nanoprecipitation methods, although acetone is preferred
due to its higher water miscibility and low vapor pressure which makes it

easier to remove from formulations.®3 73

Process parameters can
significantly affect the loading capability of polymers assembled by
nanoprecipitation. For instance, increasing the hydrophobic block length
(hydrophobic ratio) or decreasing the organic to aqueous phase ratio

resulted in higher cyclosporine (CyA) loading in mPEG-PCL copolymeric

micelles.”* The co-solvent method was also compared with O/W emulsion
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method at the same concentration of drug (Amiodarone) and polymer
(mPEG-b-PCL). A higher loading and encapsulation was found with co-
solvent method. This indicates that the preparation method also affects the

loading capability of the micelles.®®

1.3.1.6 Flash Nanoprecipitation Method

This method requires a rapid mixing of the organic solvent stream (contain
drug and polymer) and antisolvent stream in a common mixer chamber (in
the order of millisecond) to obtain a homogeneous supersaturation
conditions to precipitate the copolymer to form micelles/nanoparticles

(Figure 1-15). 7>78
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Figure 1-15 Micelles preparation by flash nanoprecipitation method using impinging jets
mixer (CIJM) and the multi-inlet vortex mixer (MIVM). Reproduced from reference’’
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The physical property of the nanoparticles (size, distribution, morphology)
can be changed by tuning the kinetics of micromixing (flow rates and mixer
geometry).”® The mixers developed for the flash nanoprecipitation process
include the confined impinging jets mixer (CIJM)’®> and the multi-inlet vortex
mixer (MIVM). 7% 8% The method is simple, continuous, and scalable while at
the same time high yield, high drug loading and controlled size can also be

obtained.”?

1.3.1.7 Salting Out Method

The method also involves the dissolution of the drug and copolymer in the
water miscible organic phase (e.g. acetone) followed by the addition of
concentrated aqueous electrolyte solution (up to 60 wt% salt).8! The high
concentration of salt prevents the mixing of acetone with water. The
resultant mixture is then emulsified by stirring or by sonication to make fine
droplets of the organic phase in water. The rapid addition of large volume of
water forces acetone to diffuse into the water resulting in the precipitation of
copolymer in the form of micelles.®*®3 A stabilizer such as polyvinyl alcohol
(PVA) can also be added during the method to produce stable

nanoparticles.®*

1.3.1.8 Freeze-Drying Method

This method involves the use of tert-butanol as a solvent to solubilize the
polymer and drug. The resultant solution is mixed with water and freeze

dried. The reconstitution freeze dried solid with water makes the micelles
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again. The freeze-drying provides the higher stability of the micelles, and the
method can be used for large-scale production. However, the limited
availability of freeze-dryable organic solvent prevents the method for regular
use. Also, the insolubility of PEO in tert-butanol prevents the use of this
method for block copolymers containing PEO chains. The method has been
successfully adopted for paclitaxel loading in poly(N-vinylpyrrolidone)-b-
poly(D,L lactide) (PVP-b-PDLLA) copolymer.5° 8®

1.3.2 Factors Affecting Drug Loading

The micellar core of the amphiphilic block copolymers serves as a reservoir
for most of the hydrophobic drug molecules. The drug loading efficiency of
drug entrapment in micelles depend on several factors. These include drug-
core compatibility, type of hydrophobic block, hydrophobic block length, core
crystallinity, polymer concentration, solute concentration, solute properties
and method of preparation. A higher drug loading content (ratio of drug
encapsulated to total amount of micelles) permits the use of lower amount
of polymer for delivery of the desired dose, hence, can reduce the side
effects associated with polymers. On the other hand, drug loading efficiency
(ratio of drug encapsulated to total amount of drug used) is an important
term to evaluate the overall process cost and effectiveness of the micelle

preparation methods.5!
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1.3.2.1 Drug-Micellar Core Compatibility

The drug-micellar core compatibility is one of the major factors which
influence the drug encapsulation and drug loading capacity. A good
compatibility can be expected if drug and hydrophobic block exhibit
structural similarity and similar polarity. Therefore, different functional
groups have been incorporated into block co-polymers to increase favorable
interactions with drugs (e. g. amphotericin B>, cisplatin®” and DOX%® &%) to
improve the drug loading, stability and release property. The drug-micellar
core compatibility can be calculated by a term denoted as the Flory-Huggins

interaction parameter given by:

Where Xsp = Interaction parameter of solubilizate (drug) and core forming
block (polymer hydrophobic block); &s = Solubility parameter of solubilizate
(drug); 9, = Solubility parameter of the polymer (core block); Vs = Molar
volume of solubilizate (drug); R = Gas constant and T temperature in Kelvin.
Lower the value of Xsp. indicates the higher compatibility between drug and
micelle core. In the same way, compatibility will be highest when solubility

parameters of drug and polymer become equal (8s=90y).

The phenomenon of drug-polymer compatibility is complex. However, a good
approximation can be obtained via the Flory-Huggins interaction parameter.

For instance, the Flory-Huggins interaction parameter between a drug
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(cucurbitacin I (Cut) and selected different polymers were determined by
Lavasanifer et al. They used PCL, poly(a-benzylcarboxylate-g-caprolactone)
(PBCL) and poly(a-cholesterylcarboxylate-e-caprolactone) (PChCL) as the
hydrophobic blocks in copolymers to determine the compatibility with the
cucurbitacin I. The structural similarity of this drug with the PChCL core
compared to the PCL and PBCL cores resulted in higher compatibility which

was consistent with the Flory-Huggins interaction parameter value.®°

1.3.2.2 Effect of Core Block Length

Increasing the hydrophobic length of the copolymer can influence various
factors affecting drug loading. This includes drug partition coefficient, micelle
size, core hydrophobicity, critical micelles concentration (CMC), aggregation
number of micelles and a total number of micelles in the formulation. All
these parameters are correlated, hence, should be considered during
formulation to achieve higher encapsulation efficiency. Micelles with a longer
hydrophobic block can lead to an increase in a solvent (water)-micelle core
partition coefficient of the hydrophobic drugs. This can result in a higher
drug loading content in the micelles. A possible explanation might be related
to the higher hydrophobicity of the core which can reduce the CMC of
micelles, thus, also increasing the stability of the micelles. The longer
hydrophobic blocks (thus the hydrophobicity) also increase the aggregation
number (number of block copolymer molecules required to form micelles).

Hence, larger size micelles with higher accessible volume can be produced.
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However, this can also reduce the total number of micelles in the
formulation. The larger hydrophobic volume can act as a reservoir to
encapsulate a higher level of drug within the micelle core. For instance,
amiodarone (a class III antiarrhythmic agent used for various types of
cardiac dysrhythmias), formulations with PEG5K-PCL5K, PEG5K-PCL13K, and
PEG5K-PCL24K were prepared and evaluated for size and drug contents.
Increasing the hydrophobic block length resulted in increasing the size and
drug loading the micelles.®® The same group also synthesised PEG5K-PCL5K,
PEG5K-PCL13K, PEG5K-PCL24.5K copolymers and used these for the
preparation of curcumin loaded micelles. The authors suggested the highest
encapsulation efficiency in PEG5K-PCL24.5K micelles.’® The opposite trend
can be obtained by reducing the hydrophobic block length or increasing the
hydrophilic block length. This not only increases the CMC of the micelles
(thus reduces the stability) but also reduces the micelles size and core

volume. This can lead to a reduced loading capability of the copolymer.®?

1.3.2.3 Micelle Core Crystallinity

The amorphous content and crystallinity of the hydrophobic block can affect
the physical state of the micelles core. This factor mainly depends on the the
glass transition temperature (T4) of the hydrophobic block at physiological
conditions (37 °C). Micelles with higher amorphous content possess fluid like
cores where the hydrophobic chains can easily move hence displaying higher

volumes which can encapsulate a higher amount of drug. On the other hand,
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crystalline polymers (hydrophobic block) possess solid like cores where
polymeric chains are ‘frozen’ hence displaying smaller volumes for the drug
to be encapsulated. However, the presence of drug may decrease the
crystallinity of the core. For semicrystalline polymers (for example PCL), the
crystallinity of the core increases with increasing molecular weight of the
hydrophobic chain which can have an adverse impact on the drug loading
capability. Glavas et al. synthesised copolymers (of same molecular weight)
with semicrystalline (mPEG-PCL) or amorphous (mPEG-PeDL) hydrophobic
blocks. The author reported a higher critical micelle concentration (CMC) of
micelles having amorphous cores compared to those with semicrystalline
cores. The sizes of the micelles with amorphous cores were shown to be
increased by enhancing the hydrophobic:hydrophilic ratio of the copolymer.
An opposite trend in size was observed for the micelles with semicrystalline
cores!®. In a previous publication, Bansal et al. reported a higher
amphotericin B loading in mPEG-b-PDL (amorphous core) micelles compared

to mMPEG-b-PCL (semicrystalline core) micelles.'®

In another paper, a
copolymer of poly (2-hydroxyethyl aspartamide) was prepared and used for
the loading of the anticancer drug methotrexate. The authors modified the
core by varying the degree of substitution of octadecyl (C18) side chains in
the hydrophobic block. They suggested a higher volume of the core by

increasing hydrophobic block length which should increase the loading

capability. However, increasing substitution also increased the core
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crystallinity, which resulted in less accessible volume for the drug to

encapsulate in the micelles.®?

1.3.2.4 Effect of Polymer and Drug Concentration

The maximum drug loading capacity can be achieved by optimization of
polymer concentration for a specific polymer-drug system. At the maximum
loading point, micelle cores are suggested to be completely saturated with
the drug. Increasing the polymer concentration above the maximum
capacity (or saturation point) may lead to precipitation of the drug and thus,
can decrease the loading capability of a polymer.'* 8 This depends on the
interaction of the drug and hydrophobic block where stronger interaction
enables saturation of core at low polymer concentration. For instance,
naphthalene loading in less hydrophobic Pluronic copolymer micelles was
found to be dependent on the polymer concentrations. However, increasing
the hydrophobicity of the copolymer resulted in less sensitivity of
naphthalene to copolymer concentration. At the highest hydrophobic
content, the naphthalene loading became independent of copolymer
concentration.’*°® In another study, increasing the hydrophobic molecule
(drug) concentration was suggested to enhance the aggregation of the
copolymer in water and at the same time, reducing the CMC of the micelles
(thus increasing the stability) and increasing the solubilization capacity.®?
The polymer/drug ratio also affects the drug loading capability. For instance,

decreasing the polymer:drug ratio increased the drug loading capability of
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the mPEG-b-PCL copolymer. In this case, the drug displayed an excellent
compatibility with the polymer.®® In the case of low compatibility, it can be
suggested that the polymer:drug ratio should be increased to obtain
sufficient drug loading in the micelles.

1.3.3 Drug Release from Micelles

Micelles have been used for solubilization (or loading) of many hydrophobic
drugs. However, it is equally important to release the drug when desired in a
controlled manner. Micelles are thermodynamic aggregates of block
copolymers hence the stability of micelles is an important aspect which can
affect the release of encapsulated drug molecules. Micelles with low stability
can break up into unimers upon dilution after intravenous injection resulting
in burst release characteristics. For stable micelles, drug release is mainly
controlled by the rate of diffusion of the drug from micelles core to external
media. The rate of diffusion is influenced by the drug-micelle core interaction
where favorable interaction not only enhances the drug loading but also
prevents the drug release from the micelle core. Therefore, it is important to
maintain a balance between the loading and release characteristics required
for specific drug delivery applications. A higher release rate of indomethacin
from PEO-b-poly(B-benzyl-L-aspartate) (PEG —-PBLA) micelles was suggested
by increasing the pH of the release media which caused ionization of
carboxyl groups of the drug hence reducing the hydrophobic interaction with

the core.”® In the same way, doxorubicin has been suggested to release at a
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faster rate in acidic media (pH 5) compared to normal physiological
conditions (pH 7.4). The possible reason might be the ionization of the
amino group in doxorubucin due to re-protonation in acidic media which not
only reduces the hydrophobic interaction with the micelle core but also
increases the drug solubility in the agueous media. This type of the system
is particularly important for anticancer drug delivery where drug should be
retained inside the micelles in blood (pH 7.4) but released once the micelles
reach at the cancer site (low pH condition).®® The length of the hydrophobic
block not only increases the interaction with the drug but also enhances the
size of the micelles. Both of these factors are known to reduce the release
rate of the drug. For instance, Shuai et al. reported an increase in the size of
micelles by increasing the hydrophobic block length in PEG-b-PCL copolymer.
The micelles with longer PCL chain were reported to reduce the doxorubicin
release rate. The authors also investigated the effect of pH (pH 7.4 and pH
5) on doxorubicin release. A faster release was observed in acidic media
whereas, at physiological pH, a sustained release was observed for a longer

period.®’

The physical state of the micelle core at physiological pH can influence the
release rate. The micelles with amorphous cores can release faster as
compared to a crystalline core. Pyrene release occurred slowly from the
polystyrene cores (T4q~100 °C) which are glassy at room temperature

compared to poly(tert-butyl acrylate) core (Tg~42 °C).%8 The location of the
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drug molecules in the micelles also influences the release characteristics of
the micelles. The drug can be present either in the corona, core-corona
interface or deep inside the core of the micelles. The localization of drug
molecules depends on the interaction of the drug with the copolymers. A
drug with higher hydrophilic characteristics can stay either in the core-
corona interface or at the corona itself. On the other hand, more
hydrophobic molecules usually stay in the core. Drugs can easily come out in
the release media from the corona or core-corona interface, and these drug
distributions mostly account for the burst release observed from polymer
micelles. The drug molecules present in the core have to cross the core
barrier before reaching the core-corona interface, hence taking a longer time
to release. The drug molecules present at the periphery of the core need to
cross a smaller distance than the drug molecules present deep inside the
core. Therefore, drug release occurs at a faster rate when present in
periphery compared to drug present deep inside the core.’® The diffusion
rate of the drug from the core also depends on the molecular volume of the
drug. Drugs with a larger molecular volume diffuse at a slower rate than
those with a smaller volume hence are released at a slower rate. Drugs
present at core-corona interface or corona diffuse at rates less strongly

dependent on the molecular drug volume.®®
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1.3.4 Stability of Micelles

The stability is an important aspect of the micelles system to be used as a
drug delivery vehicle. A micelle is said to be thermodynamically stable when
the concentration of the copolymer lies above CMC. The CMC is a
concentration above which the copolymeric chains come together to form
thermodynamic aggregates called micelles. Hence, CMC represents the
concentration above which the single chains and micelles both coexist in the
aqueous solution. The low CMC value shows the high stability of the micelles
compared to high CMC of copolymer micelles.’* Some factors influence the
value of CMC like nature of hydrophobic block, length of the hydrophobic
block, presence of solubilizate. Although, the type and length of hydrophobic
block are one of the most important factors which influences the CMC most
significantly. For instance, increasing the PCL chain length in mPEG-b-PCL
copolymers (using a constant hydrophilic chain) increased the
physicochemical stability by reducing the CMC, dissociation/aggregation and
hydrolytic degradation of the micelles.’® In the same study, author modified
the copolymer by attaching benzyl carboxylate (mPEG-b-PBCL), or free
carboxyl (mPEG-b-PCCL) on the backbone of PCL chain. The pendent benzyl
carboxylate (aromatic) groups decreased the CMC considerably probably by
enhancing the hydrophobic interactions. However, these micelles showed a
higher adsorption of serum protein. On the other hand, the presence of a

more hydrophilic free carboxyl group substituted on the PCL chain led to the
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increase in the CMC while at the same time adsorbing less serum protein
compared to the mPEG-b-PCL copolymer.®® The other factor which influences
the micelles stability includes the T4 of the hydrophobic block. Micelles with
high T4 disassemble slowly compared to those with Tg.14 The stability of the
micelles may also be increased by incorporation of hydrophobic compounds
in the micelles core which can enhance the hydrophobic interactions. For
instance, Yokoyama et at studied the physical entrapment and chemical
conjugation of Adriamycin (ADR) in poly(ethylene glycol)-poly(aspartic acid)
(PEG-P(Asp)) micelles. They showed an enhanced stability of micelles by
physical/chemical entrapment of drug in micelles probably due to increase
the hydrophobic interactions within the core.® A long circulation time is a
prerequisite condition for a delivery system to improved tissue accumulation
and delivery of drug at the site of action. Nanoscale (10 - 200 nm in
diameter) micelles are less susceptible to uptake by reticuloendothelial
system (RES) system and also bypass the filtration of inter-endothelial cells
in the spleen.!® Particle sizes below 100 nm also help in extravasations of
micelles at tumor sites. The presence of a hydrophilic surface (e.g. PEG) in
micelles prevents the adsorption of plasma proteins (opsonin) by providing
steric hindrance at the core-corona interface.'°? 192 Hence, the micelles can
more easily escape the RES uptake. Despite the small size, the micelles are
sufficiently large to avoid renal excretion which ultimately enhance the

circulation time. There are several factors which control the size of the
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micelles. However, the length of the hydrophobic block and physical state of
the core (crystallinity) appears to have a profound effect on the micelles
size.!* For instance, increasing the PCL chain lengths in mPEG-b-PCL
copolymer enhances the size of the micelles.’® On the other hand, the size of
the micelles was found to be increased by increasing the hydrophobic ratio
of mMPEG-b-PeDL (amorphous core) copolymer while for mPEG-b-PCL
(semicrystalline core), the size was decreased by increasing the hydrophobic
ratio.!> The small size of certain micelles (<100nm) also facilitates their
extravasation from the leaky site of capillaries e.g. tumor and inflammation.
The other advantages of small size include enhancing uptake by the cells,
ease of administration and sterilization by filtration.%3

1.3.5 Pharmaceutical Applications

The applications of the polymeric micelles are mainly concentrated in the
areas of drug solubilization, controlled drug release, and drug targeting. The
ability to solubilize hydrophobic drugs (e.g. mainly anticancer drugs) is a key
challenge in the field of drug delivery. The currently used solubilizing agents
mostly consist of small molecular weight surfactant molecules to solubilize
hydrophobic drugs. However, upon dilution in blood, they can easily break
up to give a burst release in the body. Also, many current solubilizing agents
are not inert in nature and possess side effects. For instance, the use of
Cremophor EL for solubilization of paclitaxel (PTX) can result in

neurotoxicity, hyperlipidemia and hypersensitivity reactions. Drugs such as
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amiodarone and amphotericin B are usually solubilized by Tween 80 and
sodium deoxycholate respectively. Both of these solubilizers are suggested
to have hemolytic toxicity.>” Therefore, polymeric micelles can be used as an
alternative to solubilizing agents to solubilize different hydrophobic agents.%®
74, 97, 104-108

Solubilization is particularly important for chemotherapy as most current
anticancer drugs are hydrophobic in nature hence requires solubilization in
aqueous media (to make them administrable in the body). The application of
the PEO-b-PDLLA micelles was reported to enhance the paclitaxel (PTX) and
doxorubicin (DOX) solubility up to 5000 and 12000 times respectively,1°% 110
The use of micelles not only enhances the solubility but also prevents the
degradation by improving the stability of the drugs.®? ' 112 For instance,
camptothecin loaded N-phthaloylchitosan-grafter PEG methyl ether (PLC-g-
MPEG) micelles were reported to prevent the hydrolysis of the lactone group

(active form) of the drug.'!?

Apart from the solubilization, controlling the
release is an important characteristic for the controlled drug delivery system.
The micelles system not only solubilizes the drug but also sustain the
release. For instance, amphotericin was not only solubilized in polyethylene
glycol-b-poly(ddecalactone) (mPEG-b-PDL) micelles but also provide
sustained release for the extended period of time.'**

Polymeric micelles provide numerous potential advantages for drug

targeting, particularly to cancer sites. Most cancer therapeutics need carrier
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systems to deliver the drug at the target site at a controlled rate while at the
same time preventing the drug release in non-target sites to maximize
therapeutic benefits. Micellar systems can be designed to exploit the
opportunities provided by certain cancer physiologies which include the EPR
effect, high interstitial pressure, low pH condition, over expressed receptors,
angiogenesis etc. However, these opportunities can be utilized only if the
micelle remains intact in the circulation for sufficiently long duration of time
so that the system can target to the cancer site. The smaller size and
surface hydrophilicity of micelles makes them less susceptible to RES system
uptake hence an increased half-life of drug can be achieved.'!! Additionally,

t115

the enhanced permeability and retention (EPR) effec (due to leaky

vasculature at cancer site) allows the passive targeting of the micelles in the

tumor site.!16 117

PTX loaded PEG-poly(aspartic acid) micelles, where 50%
carboxy groups were modified by 4-phenyl-1-butanol, showed a higher
paclitaxel loading (23% w/w approx) and high tumor uptake efficiency due
to the EPR effect. The product is under phase III clinical trial in breast cancer
patients.18 119

The selectivity of the drug targeting can be enhanced by attaching target-
specific ligands on the surface of the micelles. The attachment of the ligand
not only improves the selectivity but also enhances the intracellular uptake

of the micelles which consequently improves the intracellular drug

delivery.!*! 120 At the target site, a micelle tagged with a ligand may interact
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with the specific receptor present in tumor cells and cause the micelle to be
internalized by receptor-mediated endocytosis.%? 111 120122 A hymber of
ligand molecules such as specific antibodies, peptides, proteins,
carbohydrates, small organic molecules and aptamers have been extensively
reported in the literature for ligand-mediated targeting.%? 111, 120, 123-128 pqp
example, a PEG-PLA copolymer was conjugated with a APRPG (Ala-Pro-Arg-
Pro-Gly) peptide at the PEG end to target a,Bs integrin receptors which are
often over-expressed during angiogenesis. The micelles were encapsulated
with angiogenesis inhibitor (TNP-470). Inhibition of proliferation, migration,
and tube formation was observed by drug-loaded micelles in human
umbilical vein endothelial cells (HUVECs).'?® PEG-PLA nanoparticles were
also conjugated with the CLT-1 peptide for targeting fibronectin (FN)
overexpressed in the tumor. The micelles were loaded with paclitaxel. The
drug loaded targeted micelles efficiently penetrated glioma cells to deliver
the drug and extended the median survival time of the mice.*°

Folate receptors are known to be over-expressed in many tumors
particularly in breast and ovarian cancer. A folate-modified poly (2-ethyl-2-
oxazoline)-b-poly (e-caprolactone) (FA-PEOz-PCL) block copolymer loaded
with doxorubicin (DOX) was synthesised for cellular uptake study. The
formulation was tested in folate receptor positive (FR+) Human Hela
cervical carcinoma cell lines (HelLa), folate receptor negative (FR-) human

A549 lung adenocarcinoma cell lines; human KB nasopharyngeal epidermal
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carcinoma cell lines (KB) and Multidrug-Resistant human breast cancer MCF-
7/ADR cell lines. The folate conjugated micelles (FA4) showed an enhanced
cellular uptake in FR+ cell lines compared to non-folate micelles. Also, the
addition of free folate along with the folate-conjugated micelles (FA4)
showed a decreased uptake suggesting that the internalization was mainly

1 In

driven by the folate receptor-mediated endocytosis mechanism.!?
another study, transferrin (protein) was conjugated with mPEG-b-PLA
copolymer. The micelles of the copolymer loaded with paclitaxel were tested
for uptake on SGC-7901 (gastric carcinoma), SKOV-3 (ovarian carcinoma),
and MCF-7 (breast carcinoma) cell lines. A higher uptake of transferrin
conjugated micelles was observed with MCF-7 and SGC-7901 cell lines
possess higher level of transferrin receptors. A lower difference in uptake
was observed in SKOV-3 cell line as it expressed a lower level of
transferrin.!3?

1.4 Aim and Objectives

The aim of this PhD project was to develop a novel polyester based delivery

system to address specific drug delivery problems as discussed earlier.

Based on the aim, the objectives of the work are:

» Synthesis of polyesters via polycondensation reactions with different
aromatic side-chain contents to understand the effect on polymer
properties. The addition of phenyl groups in the polymer was

anticipated to enhance the hydrophobic interactions between aromatic
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ring based drugs and the polymer to increase the loading capability.
The polymer selected for highest loading capability was proposed to be
utilized for stability, degradability, cytocompability and cell uptake
capability studies.

Synthesis of polyester copolymers from ROP reactions using renewable
decalactone monomer to reduce the dependency on fossil feedstocks.
The ROP route was selected as a comparator against polycondensation
reactions. The metal-based catalyst normally used was proposed to be
replaced with a more efficient organocatalyst (TBD) which can easily
be separated from the desired copolymer product for subsequent re-
use.

Synthesis of polyester copolymers based on dielectric properties of the
starting materials using microwave-based ring opening polymerization
(MROP) for comparison with conventional ROP methods. Microwave
irradiation was adopted as a clean, ‘green’ and cheap heating method.
The utilization of polyester based micelles as a drug delivery vehicle
for hydrophobic drugs and comparison with the structurally similar
well-established Polycaprolactone (PCL) based micelle system.
Indomethacin (IND) was utilized as model hydrophobic molecules for
drug loading and release study. The novel formulation was also utilized

for stability, degradability, cytocompatibility, and cell uptake studies.
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2.1 Materials

General Chemicals

All chemicals were purchased from Sigma-Aldrich unless specifically stated.
A list of chemicals with their purity given by manufacturer has been

described below.

Succinic acid (299.0%), phenylsuccinic acid (98%), 1,10-decanediol (98%),
scandium(III) triflate (99%), Pluronic (F-68), e-decalactone (e-DL)
(299%), d-decalactone (86-DL) (=98%), e-caprolactone (e-CL) (97%), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) (98%), poly(ethylene glycol)
monomethyl ether (mPEG) (M,-5000), benzoic acid (=99.5%), pyrene
(299%), indomethacin (IND) (=99%), coumarin 6 (299.5%), 1 mM sodium
pyruvate, 1% non- essential amino acids, phosphate buffer solution, CFDA-
AM, Neutral Red, acetic acid, 95% ethanol, ammonium chloride, Triton-
X100, DAPI, H,0,, HBSS, low melting point agarose, agarose , lysis buffer
base, dimethyl sulfoxide (DMSO), HEPES, potassium chloride,
Ethylenediaminetetraacetic acid [EDTA], Bovine Serum Albumin, sodium

hydroxide, Tris base and GelRed were purchased from Sigma-Aldrich.

Cell culture reagents including MEM medium, foetal calf serum (FCS),
2 mM L-glutamine, 100 U/ml penicillin/streptomycin, phenol red free MEM

medium, 10 x trypsin (2.5%) and 0.4% v/v Trypan Blue were purchased
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from Gibco, Invitrogen. The human hepatocyte cell line C3A was purchased

from ATCC, Manassas, VA, USA.

Poly(ethylene glycol) monomethyl ether (M,-5000), €-DL, 0-DL and e-
CL were dehydrated by azeotropic distillation using anhydrous toluene. All
other materials were used as received unless otherwise stated. All other
solvents were purchased from Fischer Scientific UK. The deuterated solvents

for NMR spectroscopy were purchased from Sigma-Aldrich.

2.2 Instruments and Methods

2.2.1Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy analysis was performed using
a Cary 630 FTIR spectrophotometer. For all analyses, a background
spectrum was collected before placing the sample of interest on a clean
crystal present in the sample holder. The collected sample spectrum was

analysed using MicroLab software.

2.2.2 Nuclear Magnetic Resonance (NMR)

Bruker NMR spectrometers operating at 400 MHz (*H) and 101 MHz (}3C)
were used to perform nuclear magnetic resonance (NMR) analysis in
deuterated solvents. Chemical shifts were recorded in ppm and MestReNova
6.0.2 copyright©2009 software was used for analyzing the spectra.
Residual solvent peaks were used as an internal standard (CDCls: 0y 7.26, ¢

77.16, DMSO-de: On 2.50, &c 39.52).
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2.2.3Size Exclusive Chromatography (SEC)

Size exclusive chromatography (SEC) was used to determine number-
average molar mass (M,), weight average molar mass (My) and mass
distribution (polydispersity, D, Mw/M;). A Polymer Laboratories GPC 50
instrument fitted with a differential refractive index detector was used for
chromatography. A Polymer Labs PLgel guard column (50 x 7.5 mm, 8 pm)
and a pair of PLgel Mixed-D columns (300 x 7.5 mm, 8 um) were also
present in the instrument. HPLC grade CHCIs was used as an eluent at 1 mL
min™! flow rate. Column calibration was performed using narrow molar mass
distribution polystyrene standards. Polymer Labs Cirrus 3.0 software was

used for data analysis.

2.2.4 Differential Scanning Colorimeter (DSC)

Melting temperature (Tm) and glass transition temperature (Tg) of the
polymers were determined using a TA-Q2000 DSC (TA Instruments) under
nitrogen atmosphere. The sample (5-10 mg) was weighed into @ Tzero DSC
pan. A Tz DSC lid was placed on the top and then sealed with a T,ero press
(TA Instruments) using a Black T,.r, lower die and a flat upper die. Typically,
the samples were exposed to two cooling-heating cycles from -90 to 150 °C

at a rate of 10 °C/min. The results of the second cycle were reported.

2.2.5 Dynamic Light Scattering (DLS) and Zeta Potential
Dynamic light scattering (DLS) was used for measuring the size and size

distribution of nanoparticles/micelles samples. DLS measures the intensity
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fluctuations of scattered light caused by Brownian motion of the
nanoparticles, which can be converted into a measure of particle size using

the Stokes-Einstein relationship.

The z-average diameter and the Polydispersity Index (PDI) of nanoparticles
were determined by DLS using a NanoZS instrument (Malvern, UK) at 25 °C
using 633 nm (4 mW) wavelength laser. The scattered light was detected at
an angle of 173° and analysis was performed using zetasizer software

version 7.03.

NanoZS instrument (Malvern, UK) was used for measuring zeta Potential via
a Laser Doppler Micro-electrophoresis technique. An electric field was applied
to the formulation containing particles, which caused a movement of
particles at a certain velocity. The velocity was measured by phase analysis
light scattering to give electrophoretic mobility. This electrophoretic mobility
value was used for the calculation of zeta potential and zeta potential
distribution. Data analysis was performed using zetasizer software version
7.03. The mean values were reported which obtained from three

measurements.

2.2.6 Transmission Electron Microscopy (TEM)
The size and morphology of the nanoparticles and micelles were determined
using Transmission Electron Microscopy (TEM). The samples were imaged

using an FEI Tecnai G2 electron microscope. A droplet of
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nanoparticle/micelles solution (10 pL) containing 0.1 mg/mL of the polymer
was placed on the copper grid and allowed to dry in air. Samples were then

imaged without staining at 100 KV and analysed using TIA imaging software.

2.2.7 Fluorescence Spectroscopy

A Cary Eclipse Fluorescence spectrophotometer (Varian) was used to record
the fluorescence spectra. The excitation and emission slit widths were set at
5 nm. The intensities were measured against appropriate blank at room

temperature.

2.2.8 Ultraviolet-Visible Spectroscopy (UV/Visible)

A Beckman Coulter DU 800 UV spectrophotometer was used for
measurements of the samples using a capped quartz cuvettes. The samples
(700 pL) were measured using appropriate dilution against the blank at

room temperature (RT).

2.2.9 CEM Discover Microwave Reactor

The reactions under microwave irradiation were performed in a CEM
Discover Microwave Reactor. Reactions were controlled under a preset
program of the CEM reactor computer. All the reactions were performed

under nitrogen atmosphere.

2.3 Critical Micelle Concentration (CMC) Determination

Pyrene was used as a fluorescent probe for determination of CMC values of

amphiphilic block copolymers by pyrene 1:3 peak ratio method.' 2 The
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fluorescence spectra of pyrene show five different peaks. The intensities of
these peaks are dependent on the surrounding environment (i.e. polarity)
experienced by the pyrene molecule (Figure 2-1). When the pyrene
molecules move from the polar to non-polar regions, the peak intensity at
373 nm (I;) reduces while that of the third peak (Is) at 384 nm increases.
When micelles start to form in an experimental solution, they provide a
hydrophobic environment for pyrene. Consequently, the pyrene molecules
move from water (polar phase) to micelle cores (nonpolar phase) which lead

to a decrease in the intensity of peak 1 or the ratio of peak 1st to 3rd.

Briefly, pyrene was dissolved in acetone to make a stock solution. A pre-
calculated quantity of pyrene in a solution of known concentration ( 6x107’
M) was transferred into vials. It was followed by evaporation of acetone
under a slow stream of nitrogen. Different concentrations of micelles
solutions (0.001 to 50 pg/mL) were added to each vial and agitated
overnight in the dark to equilibrate. The fluorescence spectra of samples
were then recorded in the range of 350 to 420 nm at an excitation
wavelength of 335 nm. The pyrene 1:3 ratio was then calculated using
intensities of emitted light at 373 nm (I;) and 384 nm (I3). The pyrene 1:3
ratio was plotted against the concentration of polymer used (log scale) to
determine CMC. All measurements were performed in triplicate at room

temperature and mean value was reported.
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A 100- —— Pyrenein Water

1
80 —— Pyrene in hexane
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I I I I I
360 380 400 420 440
Wavelength (nm)

B 1000
800+
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I - I I I
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Figure 2-1 Fluorescence spectra of pyrene in (A) different polarity solvents (water and
hexane) (B) in presence of block copolymer with different concentrations in water

2.4 Drug Content and Encapsulation Efficiency

Drug content weight percent (DC wt%) and percent encapsulation efficiency

(EE %) in the samples were calculated using the formula below:

DC (Wt%) = Amount of drug loaded X100
Amount of polymer used
EE % = Amount of drug loaded X100

Amount of drug used
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3.1 Introduction

In recent times, drug delivery systems have been modified in a number of
ways to improve controlled release of active moieties at disease sites.
Polymeric systems have many potential advantages to control the release of
drugs and hence are extensively used in emerging drug delivery
technologies.' Out of the various types of polymers, polyesters are
considered as one of the most important classes because of their intrinsic
biocompatibility.* > The ester bonds in the polymeric backbone of polyesters
can be tuned to be hydrolytically labile to base or acid, and also to provide
an opportunity for hydrolytic enzymes to cleave polymers into smaller, more
easily cleared, fragments.® ’ Therefore, polyesters have become a material
of choice for various biomedical applications including drug delivery % 811
and tissue engineering.'*!® The commonly used polyesters for biomedical
applications include poly (lactic acid) (PLA), poly (lactic-co-glycolic acid)
(PLGA) and poly (e-caprolactone) (PCL). However, they have limitations of
use, for instance, the release of excessive acid upon degradation®’ for PLGA
or long degradation time!? for PCL polymers. Non-linear biodegradability and
release profiles also limit their use in certain drug delivery applications.
Furthermore, the brittle and rigid nature of the above polyesters limits their
use as tissue engineering scaffolds when a soft and flexible matrix with

similar mechanical properties of the surrounding tissues is required.!®

Hence, there is a need to develop novel polyesters with enhanced properties.
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A careful selection of the monomers in the synthesis of polyesters can
address the issues of crystallinity, hydrophobicity, degradability, loading
capability and biocompatibility.!® The introduction of aromatic rings in
polyesters can change physical properties like crystallinity.?® However, the
position of the aromatic ring (within the polymer backbone or as a side
group appended to the backbone) in the polyester can markedly affect the
characteristics of the polymers. For instance, Witt et al. studied the
incorporation of aromatic units into the polyester main chain where they
suggested an improvement in mechanical properties. However, the
biodegradability decreased due to higher crystallinity as the aromatic
content increased.?! In another study poly(butylene succinate) and poly-
(ethylene adipate) were copolymerised with mendalic acid to evaluate the
effect of aromatic content on thermal and mechanical properties of
polymers. It was observed that increasing the phenyl content in polymers as
side chain decreased the melting temperature and crystallinity but increased
the glass transition temperature. The biodegradability was increased with
higher content of phenyl side chain at the same time as a decrease in
crystallinity.?® These two studies suggested two important factors (1) phenyl
groups within the polyester backbone cause higher crystallinity hence slower
biodegradability, whereas (2) phenyl groups as side chains on polyester
backbones cause decreases in crystallinity and hence higher

biodegradability. These two properties are important to design controlled
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drug delivery systems for bioactive molecules. Therefore, we hypothesized
that the introduction of phenyl group as side chain will change the properties
of the polymers (mainly hydrophobicity and crystallinity) and hence will
affect the drug loading capability of the polymer. Thus, the first part of this
study deals with the synthesis, characterisation, and evaluation of properties
of polyester polymers. It includes the synthesis of polymers containing
different ratios of succinic acid, phenylsuccinic acid and 1, 10-decanediol to
obtain a small polymer library ranging in different phenyl contents as a side
group in the polyester backbone. Hence, the difference in the physical
properties of the synthesised polyesters ranging from crystalline (no phenyl
content) to amorphous material (high phenyl content) was expected. The
second part of the study describes the effect of phenyl content on coumarin
6 dye loading in nanoparticles made by nanoprecipitation methods. The
selected best polymer (regarding size and dye loading) was also used to
make Pluronic F68 (stabilizer) coated nanoparticles. The formulations were
evaluated for dye loading, nanoparticle size, particle stability (in water and
PBS), and polymer stability (with and without Pseudomonas cepacia lipase).
The determination of cytotoxicity and cell uptake study were also conducted
to determine the safety aspects of the nanoparticle to be used for biomedical

applications.
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3.2 Methods

3.2.1Synthesis and Characterisation of Polymers

Poly(decamethylenesuccinate) [PDeMS], Poly(decamethylene

phenylsuccinate) [PDsMPS] and their copolymers Poly(decamethylene
succinate-co-phenylsuccinate) [PDeMS-co-PS] were synthesised by solvent-
free melt polycondensation at 125 °C. The diacid and diol ratio was
maintained at 1:1 in all polycondensation reactions. The concentration of
scandium (III) triflate was 0.05 mol% of diol component for all the
reactions. The polymer name, abbreviation and code along with feed

composition are given in Table 3-1.

Table 3-1 Synthesis of polyester with different feed ratio (mol%) of succinic acid,
phenylsuccinic acid and 1- 10- Decanediol using scandium (III) triflate as catalyst

Feed ratio (mol%)

Polymer? Code Scandium |
.. Phenylsuccinic 1, 10- (I1I) triflate
Succinic acid : .
acid Decanediol
Poly(decamethylene 100 100 0.05
succinate) PO1 (0.61 g, 5.15 0 (0.90 g, 5.15 (1.27 mg,
(PDeMS) mmol) mmol) 2.58 pmol)
70 30 100 0.05
P02 (0.42g,3.60 (0.30g,1.54 (0.90g,5.15 (1.27 mg,
mmol) mmol) mmol) 2.58 pmol)
Poly(decamethylene 50 50 100 0.05
. P03 (0.30 g, 2.57 (0.50g,2.57 (0.90g,5.15 (1.27 mg,
phenylsuccinate)
(PDeMS-co-PS) mmol) mmol) mmol) 2.58 pmol)
30 70 100 0.05
P04 (0.18g,1.54 (0.70g,3.60 (0.90g, 5.15 (1.27 mg,
mmol) mmol) mmol) 2.58 pmol)
Poly(decamethylene 100 100 0.05
- phenylsuccinate) PO5 0 (1g,5.15 (0.90 g, 5.15 (1.27 mg,
(PDeMPS) mmol) mmol) 2.58 pmol)

$21 hin bulk 125 °C under reduced pressure; ~ Scandium (III) triflate was 0.05 mol% of diol

(1, 10- Decanediol).
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3.2.1.1 Synthesis of Poly(decamethylenesuccinate) [PDeMS]
Polymer (PO1)

The synthetic route for the Poly(decamethylenesuccinate) polymer (P01) has

been given in scheme 3-1.

(0]
HO
Suecini OH_d Scandium (1l) o
uccinic acl triflate O\/\/\/\/\/\ H
Ho\/\/\/\/\/\ ©
OH Poly(decamethylene succinate)
1, 10- Decanediol (PDeMS) [PO1]

Scheme 3-1 Polycondensation of succinic acid and 1, 20-decanediol catalyzed by scandium
(III) triflate

The polymer was synthesised by mixing succinic acid (0.61 g, 5.15 mmol, 1
eq) and 1, 10-decanediol (0.90 g, 5.15 mmol, 1 eq) in the reaction vessel at
80 °C for 30 min under stirring for melting and mixing of the monomers.
Scandium (III) triflate (1.27 mg, 2.58 pymol, 0.05 eq) was added followed by
purging of the reaction mixture with nitrogen. The reaction was continued
for 3 h after increasing the temperature to 125 °C. The pressure was then
reduced to 102 mbar, and the reaction was further continued for 18 h after
which, the reaction was stopped, and the mixture was allowed to cool. The
resultant polymer was purified by dissolving in a small volume of acetone (1
mL) and precipitated in stirred cold methanol for three times. The precipitate
was filtered and dried under vacuum to obtain a white solid powder in 94 %

yield.
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1H NMR (400 MHz, CDCl5) & (ppm) 4.07 (CO-O-CH»(CsH1g)CH>, t, 4.00H),
2.62 (CO-@Z-QZ-CO, S, 4H), 1.61 (CHz-@z(CGle)ﬁz-CHz, m, 4.00H),

1.28 (C2H4(Qsﬂ12)C2H4, m, IZOOH)

13C NMR (101 MHz, CDCl3) & (ppm) 172.53 (CO-CH,-CH»-CO), 65.02 (CO-
0O-CH3), 29.57 (CO-O-CH,-CH3), 29.37 (CO-CH,-CH,-CO), 29.33 (CO-O-
CH,CH,-CH,), 28.73 (CO-0-CH,CH,CH;-CH,), 26.02 (CO-0-CH,CH,CH,CH,-

CHy).

FTIR wavenumber (cm™): 3446 (O-H, stretching), 2920 (C-H, asymmetric
stretching), 2852 (C-H, symmetric stretching), 1722 (C=0, stretching),

1421 (C-H, bending), 1153 (C-0O, stretching).

3.2.1.2 Synthesis of Poly(decamethylene phenylsuccinate)
[PDsMPS] Polymer (PO5)

O O

HO OH Scandium (I) o O ot

triflate
o e O
‘ n
Phenylsuccinic acid + Poly(decamethylene phenylsuccinate)
HO (PDSMPS)[PO05]
~ N NN T

OH

1, 10- Decanediol

Scheme 3-2 Polycondensation of phenylsuccinic acid and 1,10-decanediol catalyzed by
scandium (III) triflate
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The polymer was synthesised by the same procedure as described above
except instead of succinic acid, phenyl succinic acid (1 g, 5.15 mmol, 1leq)
was incorporated as the diacid component reacting with 1, 10- decanediol
(0.90 g, 5.15 mmol, 1 eq) using scandium (III) triflate (1.27 mg, 2.58
Mmol, 0.05 eq) as a catalyst (Scheme 3-2). The resultant polymer was
purified by the precipitating in cold methanol three times followed by drying

under vacuum to obtain a light brown viscous liquid material in 90% yield.

'H NMR (400 MHz, CDCl3) & (ppm) 7.28 (CeHs, ring protons, m, 5H), 4.06
(CO-0-CH»(CgH18)CH> and CO-CH(CgHs), m, 5H), 3.17 (CH(CsHs)-CH>-CO,
m, 1H), 2.68 (CH(CgHs)-CH,-CO, m, 1H), 1.55 (CH3- CH>(CsH12)CH>-CH3, m,

4OOH), 1.26-1.19 (C2H4(Q§ﬂ12)C2H4, m, 1200H)

13C NMR (101 MHz, CDCl3) & (ppm) 173.07 (CO-CH(CgHs)-CH,-CO), 171.69
(CO-CH(CgHs)-CH,-CO), 138.03, 128.86, 127.86, 127.63 (Ring carbon
peaks), 65.00 (CH,-CO-O-CH,), 47.43 (O-CO-CH(CgHs)-CH,-CO-0) , 37.84
(O-CO-CH(CgHs)-CH,-CO-0), 29.49 (CO-0-CH,-CH,), 29.22 (CO-O-CH,CH,-

CH>), 28.57 (CO-0-CH,CH,CH»-CH,), 25.78 (CO-0-CH,CH,CH,CH-CH,).

FTIR wavenumber (cm™): 3452 (O-H, stretching), 2925 (C-H, asymmetric
stretching), 2854 (C-H, symmetric stretching), 1729 (C=0, stretching),
1612 (aromatic C=C stretching), 1455 (C-H, bending), 1159 (C-O,

stretching).
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3.2.1.3 Synthesis of Poly(decamethylene succinate-co-
phenylsuccinate) [PDeMS-co-PS] (P02,P03 and P04)

tr|flate
Succinic acid

Phenylsuccinic acid Phenyl succinic acid-Copolymerized

HO\/\/\/\/\/\OH poly(decamethylene succinate)

1, 10- Decanediol (PDeMS-co-PS)

Scheme 3-3 Polycondensation of succinic acid, phenylsuccinic acid and 1,10-decanediol
catalyzed by scandium (III) triflate

The copolymers were synthesised by reacting succinic acid, phenylsuccinic
acid and 1, 10-decandiol (Scheme 3-3). The feed ratio of succinic acid and
phenylsuccinic acid has been given in table 3-1. The diacids and diol ratio

was maintained at 1:1 in all polycondensation reactions.

As an example, the synthesis of polymer with 70 mol% of succinic acid and
30 mol% of phenylsuccinic acid (P02 polymer) is described here. The
succinic acid (0.42 g, 3.60 mmol), phenylsuccinic acid (0.30 g, 1.54 mmol)
and 1,10-decanediol (0.90 g, 5.15 mmol) were charged in a reaction vessel
and heated to 80 °C for 30 min under stirring for melting and mixing of the
monomers. Scandium (III) triflate (1.27 mg, 2.58 ymol) was then added,
and the reaction was purged with nitrogen followed by increasing the
reaction temperature to 125 °C. After 3 h of reaction, the pressure was
reduced to 102 mbar, and the reaction was continued for 18 h after which

the reaction was stopped and the mixture was allowed to cool. The resultant
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polymer was dissolved in a small volume of acetone and precipitated in
stirred cold methanol for three times. The precipitate was filtered, washed

with methanol and dried under vacuum.

The different feed ratios generated polymers with different physical
properties ranging from off-white solid powders to light brown viscous liquids

with yields from 90-95%.

PDeMS-co-PS (P02)

'H NMR (400 MHz, CDCls) & (ppm) 7.28 (CeHs, ring protons, m, 2.22H), 4.07
(CO-0O-CH»(CgH18)CH> and CO-CH(CgHs), m, 4.23H), 3.19 (CH(CeHs)-CH>-
CO, m, 0.30H and 2.68 (CH(Cg¢Hs)-CH»-CO), m, 0.30H), 2.62 (CO-CH,-CH>-
CO), s, 2.80H), 1.61 (CH2-CH>(CeH12)CH>-CH2, m, 4.00H), 1.28

(C2H4(CeH12)CaH4, m, 12.00H).

13C NMR (101 MHz, CDCl3) & (ppm) 172.95 (CO-CH(CgHs)-CH,-CO), 172.38
(CO-CH,-CH,-CO), 171.57 (CO-CH(CgHs)-CH,-CO), 137.92, 128.74, 127.75,
127.52 (Ring carbon peaks), 64.87 (CH,-CO-O-CH,), 47.32 (0O-CO-
CH(CgHs)-CH,-CO-0), 37.73 (0-CO-CH(CgHs)-CH,-CO-0), 29.43 (CO-0O-CHa-
CH3), 29.22 (CO-CH;-CH,-CO), 29.19 (CO-0-CH,CH,-CH,), 28.59 (CO-O-

CH>CH,CH>-CH;), 25.87 (CO-0-CH,CH>CH,;CH>-CH>).

FTIR wavenumber (cm™): 3450 (O-H, stretching), 2920 (C-H, asymmetric

stretching), 2852 (C-H, symmetric stretching), 1723 (C=0, stretching),
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1609 (aromatic C=C stretching), 1420 (C-H, bending), 1154 (C-O,

stretching).

PDeMS-co-PS (P03)

'H NMR (400 MHz, CDCl3) & (ppm) 7.28 (CsHs, ring protons, m, 2.92H), 4.07
(CO-0O-CH>(CgH18)CH> and CO-CH(CgHs), m, 4.45H), 3.19 (CH(CeHs)-CH>-
CO, m, 0.50H and 2.68 (CH(Cg¢Hs)-CH»-CO), m, 0.50H), 2.62 (CO-CH,-CH>-
CO), s, 2.00H), 1.61 (CH2-CH>(CeH12)CH>-CH2, m, 4.00H), 1.27

(C2H4(CeH12)CoHa, m, 12.05H).

13C NMR (101 MHz, CDCl3) & (ppm) 172.94 (CO-CH(CgHs)-CH,-CO), 172.37
(CO-CH,-CH,-CO), 171.57 (CO-CH(CgHs)-CH,-CO), 137.92, 128.74, 127.74,
127.51 (Ring carbon peaks), 64.86 (CH,-CO-O-CH,), 47.32 (O-CO-
CH(CgHs)-CH,-CO-0), 37.73 (O-CO-CH(CgHs)-CH,-C0O-0), 29.42 (CO-0O-CH,-
CHy), 29.21 (CO-CH,-CH,-CO), 29.19 (CO-0O-CH,CH,-CH;), 28.58 (CO-O-

CH>CH,CH5-CH>), 25.87 (CO-0-CH»CH>CH>CH>-CH>).

FTIR wavenumber (cm™): 3453 (O-H, stretching), 2925 (C-H, asymmetric
stretching), 2854 (C-H, symmetric stretching), 1731 (C=0, stretching),
1605 (aromatic C=C stretching), 1423 (C-H, bending), 1159 (C-O,

stretching).

PDeMS-co-PS (P04)
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'H NMR (400 MHz, CDCl3) & (ppm) 7.28 (CeHs, ring protons, m, 4.15H), 4.06
(CO-0O-CH>(CgH18)CH> and CO-CH(CgHs), m, 4.29H), 3.19 (CH(CeHs)-CH>-
CO, m, 0.70H and 2.68 (CH(Cg¢Hs)-CH»-CO), m, 0.70H), 2.61 (CO-CH,-CH>-
CO), s, 1.30H), 1.55 (CH2-CH>(CeH12)CH>-CH,, m, 4.00H), 1.26-1.20

(C2H4(CeH12)CoHa, m, 12.00H).

13C NMR (101 MHz, CDCl3) & (ppm) 172.97 (CO-CH(CgHs)-CH,-CO), 172.40
(CO-CH,-CH,-CO), 171.59 (CO-CH(CgHs)-CH,-CO), 137.92, 128.75, 127.75,
127.53 (Ring carbon peaks), 64.90 (CH,-CO-O-CH,), 47.32 (O-CO-
CH(CgHs)-CH,-C0O-0), 37.74 (0-CO-CH(CgHs)-CH,-CO-0), 29.39 (CO-0O-CH,-
CH>), 29.22 (CO-CH,-CH»-CO), 29.20 (CO-0-CH,CH,-CH,), 28.56 (CO-O-

CH>CH,CH>-CH>), 25.84 (CO-0-CH,CH>CH,CH>-CH>).

FTIR wavenumber (cm™): 3447 (O-H, stretching), 2925 (C-H, asymmetric
stretching), 2854 (C-H, symmetric stretching), 1731 (C=0, stretching),
1608 (aromatic C=C stretching), 1428 (C-H, bending), 1159 (C-O,

stretching).

3.2.2 Empty and Dye-Loaded Nanoparticle Formulations

Nanoparticles of synthesised polymers were prepared by nanoprecipitation
methods with some modification.?? Briefly, polymer (20 mg) was dissolved in
5 mL of organic solvent (acetone) to make a homogeneous organic phase.
The organic phase was added drop-wise into 10 mL of HPLC grade water

under stirring (1000 rpm) and stirred for 4 h at room temperature. Syringe
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pump was used to control the dropping rate (0.5 mL/min). The formulation
was then left overnight (open vial) to ensure the complete removal of
organic solvent. The nanoparticle solution was then passed through a
membrane syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA)
to obtain a clear formulation. The size and zeta potential of the formulations
were measured after appropriate dilutions.

Coumarin 6 dye-loaded nanoparticles were prepared by a similar method as
with blank nanoparticles by adding dye in the organic phase along with
polymer. Briefly, coumarin 6 (1 mg) was dissolved along with the polymer
(20 mg) in acetone (5 mL) and added at a fixed rate (0.5 mL/min) into the
HPLC grade water (10 mL). After 4 h of stirring, the formulations were
stored overnight (open vials) to allow the traces of acetone to evaporate.
The process was performed in the dark to prevent the degradation of light
sensitive coumarin 6 dye (vials covered by aluminum foil). The precipitated
polymer and dye were removed by filtration through a membrane filter (pore
size: 220 nm). Coumarin 6 loaded nanoparticles were passed through PD10
Desalting Column (Sephadex G-25 Medium, GE Healthcare Life Sciences) to
separate the unencapsulated dye from the formulations. Purified
nanoparticle solution was used for further characterisation. The drug content
was determined after freeze drying a part of nanoparticle solution. The
poloxamer (Pluronic F68) coating was achieved by the same method, i.e.

where poloxamer (Pluronic F68) was dissolved in an aqueous medium
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(0.2%w/v) to make dye loaded and empty nanoparticles. A pictorial

presentation of the process is shown in figure 3-1.

Polymer + Dye HPLC
in acetone Water
(with/without
Infuse pluronic)

1. Nanosuspension
2. Filter

Nanoparticles

Freeze dried

Loading apd Size and o
encapsulations Zeta potential Morphology

Spectrophotometer DLS TEM

Figure 3-1 Pictorial representation of preparation and characterisation of nanoparticles

3.2.3 Characterisation of Nanoparticle Formulations

The nanoparticles samples (50 ug/mL) in HPLC grade water were analyzed
using a Malvern NanoZS instrument for size and polydispersity
measurements. Surface zeta potential was measured in HEPES 10 mM buffer
(pH 7.4) using Malvern NanoZS instrument. The surface morphology and
size were confirmed by TEM analysis performed on TEM grids without
staining. Chapter 2 reports the full experimental procedures for these

methods.
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3.2.4 Degradation Study of P02 Polymeric Nanoparticle

The degradation profile was assessed for the empty P02 nanoparticle
formulation in HPLC water (pH 7.4) and nanoparticle formulation (in HPLC
water) with Pseudomonas cepacia lipase (0.2 mg mL™). The nanoparticle
formulations were incubated at 37 °C. One vial from each set was collected
at a predetermined time (30 days) and freeze-dried. The freeze-dried
samples were then dissolved in chloroform, filtered, and analyzed by GPC to

determine the change in molecular weight.

3.2.5C3A Cell Culture

C3A human hepatocellular carcinoma cells were cultured in MEM medium
supplemented with 10% heat-inactivated foetal calf serum (FCS), 2 mM L-
glutamine, 100 U/mL penicillin/streptomycin, 1 mM sodium pyruvate and
1% on-essential amino acids (termed MEM complete medium) and incubated

at 37 °C and 5% CO,.

3.2.6 Cell Viability Assessment

The cytotoxicity of the coumarin 6 labelled uncoated and Pluronic F68 coated
P02 nanoparticles was determined by a fluorescence-based 3 in 1 assay.?
This approach allows the simultaneous assessment of cell viability using the
Alamar Blue (for metabolic activity), CFDA-AM (for cell membrane integrity)
and Neutral Red (for lysosomal function) assays. C3A cells were seeded at a

concentration of 1.56 x10° cells/cm? into a 96 well plate and incubated at 37

°C and 5% CO; for 24 h. Cells were then exposed to MEM complete medium
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(control), 1% triton X100 (positive control) or nanoparticles at
concentrations of 4.68, 9.37, 18.75, 37.50, 75, 150 and 300 pg mL™ (100
uL/well) and incubated at 37 °C 5% CO, for 24 h. Nanoparticles were
prepared via dilution in complete MEM medium and gently vortexed prior to
cell exposure. After 24 h the supernatants were removed (and stored at -80
°C) and the cells were washed twice with phosphate buffered saline (PBS). A
solution of both 1.25% v/v Alamar Blue (TREK Lab Services) and 4 uM
CFDA-AM was prepared in phenol red free MEM medium and added to cells
(100 uL) before incubating the cells in the dark at 37 °C and 5% CO» for 1 h.
Fluorescence was measured on a SpectraMax M5 Microplate Reader
(Molecular Devices) at an excitation/emission of 532/590 nm for Alamar
Blue and an excitation/emission of 485/535 nm for CFDA-AM. Next, for the
Neutral Red uptake assay, cells were washed twice using PBS, and Neutral
Red (33 pg mL™Y) prepared in phenol red free MEM medium was added (100
ML) to cells, which were then incubated in the dark at 37 °C and 5 % CO, for
1 h. Following incubation, cells were washed 3 times with PBS and then
acidified (1% acetic acid) 50% EtOH (in water) (100 pL). Cells were then
incubated in the dark at room temperature for 20 minute (with shaking).
Fluorescence was measured in a SpectraMax M5 Microplate Reader at an
excitation/emission of 532/645 nm. All experiments were repeated on

different days, on at least 3 separate occasions and data reported as mean
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% viability (compared to the control) +/- standard error mean. GraphPad
Prism 6 was used to analyze the statistical significance of the data.

3.2.7 Cell Uptake Study

3.2.7.1 Confocal Microscopy

C3A cells were seeded (6.58 x10* cells/cm?) on 12 mm glass cover slips at
37 °C and 5% CO; in 24 well plates (Falcon) for 24 h. Cells were then
exposed to Pluronic F68 coated and uncoated P02 nanoparticles at a sub
lethal concentration (100 pg/mL) or MEM complete medium (control) for 10,
60, 240 and 1440 minutes at 37 °C and 5% CO,. Following exposure, cells
were washed twice with PBS and fixed in 3% formaldehyde (in PBS, 250 pL)
for 30 minutes in the dark at room temperature. Subsequently, the plates
were washed twice with PBS and incubated with 50 mM ammonium chloride
(250 pL) for 10 minutes in the dark, at room temperature. Cells were then
washed twice with PBS before permeabilizing with 0.1% Triton-X100 (250
ML) for 20 minutes at room temperature. The cells were washed twice with
PBS and then exposed to primary antibody monoclonal anti a tubulin mouse
ascites fluid clone DM1A (1:200 in PBS, Molecular Probes, 250 pL) for 1 h at
room temperature. Cells were then washed twice with PBS and incubated
with secondary antibody Rhodamine Red goat anti mouse IgG (1:100 in PBS,
Molecular Probes, 250 uL) for 1 h at room temperature. The cells were then
washed twice in PBS and incubated for 5 minutes in the dark with 1 yg mL™

DAPI (250 pL) at room temperature to stain the nucleus. Finally, cells were
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washed twice with PBS and coverslips were mounted onto glass slides with
Vector shield (Vector —H1000) and edges sealed with varnish. Cells were
imaged using a Zeiss LSM880 confocal microscope using the Zen program

for data analyses.

3.2.7.2 Quantification of Cell Uptake Study

C3A cells were seeded into 96 well plates at a concentration of 1.56 x10°
cells/cm? and incubated for 24 h. Cells were exposed to uncoated and coated
P02 nanoparticles (4.68-300 ug mL™') or MEM complete medium (control) in
duplicate for 10, 60, 240 and 1440 minutes at 37 °C and 5% CO,. Following
treatment cell supernatants were removed and cells were washed twice
using PBS and 0.4% v/v Trypan Blue (50 pL) was added for 10 minutes at
room temperature. Cells were washed twice using PBS and then lysed with
0.2% Triton X100 in the dark at room temperature for 20 minutes.
Fluorescence was measured using a SpectraMax M5 Microplate Reader at an
excitation/emission of 488/550 nm. All experiments were repeated on at
least 3 separate occasions.

A standard curve of fluorescence for each NP (4.68-300 pg mL') was
generated to enable uptake to be quantified which was expressed as the

percentage (%) of applied dose.
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3.3 Results

3.3.1Synthesis and Characterisation of Polymers

The synthesis of polyesters by one pot polycondensation took place in
two steps. In the first step, diacid monomers slowly dissolved in
melted diol monomer in a solvent free reaction. The reaction was then
continued for 3 h after the addition of scandium triflate (which
catalysed the reaction) and produced a light brown viscous material. In
the second stage of reaction, a highly viscous brown material was
produced after the reduction of pressure for 18 h. The colour intensity
of the material was reduced after the purification of the materials with
methanol. The colour and the physical state of the materials were
dependent on the composition of the polymer. The polymer from
succinic acid/decanediol gave white solid polymer while the polymer
prepared with phenylsuccinic acid/decanediol gave a light brown
viscous material. Combining the succinic acid and phenylsuccinic acid
in reactions produced polymers ranging from solid to viscous materials
according to phenyl content. The yields of the polymers were in the
range of 90-95%. The polymers were characterised by GPC, 'H NMR,
13C NMR and 'H-'H NMR spectroscopy. The characterisation data of the

synthesis and polymers are given in table 3-2.
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Table 3-2. Polymer code, composition (mol% of diacid) and molecular weight (g/mol) of
polyesters

Feed Product Molecular Weight
Polymer ratio (mol%) ratio (mol%)" (gmol™) Yield
o,

Code SA PSA SA  PSA M, M, sppr (%)
P-01 100 0 100 0 1.15X10* 4.22X10* 3.7 94
P-02 70 30 70 30 1.15X10* 3.76 X 10* 2.9 93
P-03 50 50 50 50 1.01X10* 3.42X10* 3.4 92
P-04 30 70 30 70 1.10 X 10* 3.44 X 10* 3.1 91
P-05 0 100 0 100 1.16 X10* 3.76 X10* 3.2 90

*Product ratio determined by 'H NMR spectroscopy; SA: Succinic acid, PSA:
Phenylsuccinic acid; ' Number average molecular weight (M,) by GPC; ? Weight
average molecular weight (M,) by GPC and > Polydispersity index (PDI = M,/M,)
determined by GPC.

The polymers with similar molecular weight were selected for
comparative study. The polymers showed number molecular weight
(Mn) ranges from 1.01 X 10* to 1.16 X 10* gmol™* determined by GPC.
The polydispersities of the polymers were nearly the same for all the
polymers and hence the polymers were considered suitable for the
comparative studies. The composition of the polyesters was
determined by 'H NMR spectroscopy. The methylene proton adjacent
to the hydroxyl of 1, 10- decanediol resonated at 83.40 ppm [Peak A*,
Figure 3-2 (6)], but upon reaction of hydroxyl group with carboxyl
acid, it got shifted to lower field [Peak A, Figure 3-2 (1 to 5) 04.10
ppm) and hence the integration of these peaks were used to determine
the amount of reacted and unreacted diol in the polymer sample. The
incorporation of succinic acid and phenyl succinic acid was determined
by checking methylene protons of diacids before and after reaction.

These protons (before reaction) are usually resonate at high field
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[Figure 3-2 Peaks D* (7) D1* and D2* (8)] in the monomer while
resonate at lower field in the polymer [Figure 3-2 Peaks D, D1 and D2
(1 to 5)]. All other peaks of the corresponding products are well
identified. The 'H NMR showed that all monomers have been
incorporated into the polymeric chain (Figure 3-2).

The peak positions and the interaction between different protons of
polyesters with and without phenylsuccinic acid (P-01 and P-05) were also
confirmed by 'H-*H COSY NMR spectroscopy. Some of the peaks were found
to be overlapped with others, for instance, proton peaks at position A and E
in P-05 polymer (Figure 3-3). The success of the synthesis was also
supported by *C NMR where all the expected peaks are well identified and
showed in figure 3-4. A carbonyl resonance in the PO1 polymer, containing
succinic acid, appeared at 172.53 ppm. On the other hand, two carbonyl
peaks of PO5 polymer, containing phenylsuccinic acid, appeared at 172.07
and 171.69 ppm. The polymers made by mixing both of the diacids showed
all the three distinct peaks with different intensities. The methylene groups
of diol units in the polymers containing phenylsuccinic acids were splited due

to the presence of phenyl groups.

Figure 3-5 shows the FTIR spectrum of the polymers in the 500-4000 cm™*

region. The formation of polymer generated a number of ester groups within
the polymer chains which gave a strong band for carbonyl stretching mode

around 1727 cm™1.
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Figure 3-2 Comparative 'H NMR spectra of monomers and synthesised polyesters with
different phenyl contents (1) POl polymer (2) P02 polymer (3) P03 polymer (4) P04
polymer (5) PO5 polymer (6) 1, 10-Decanediol (7) Succinic acid (8) Phenylsuccinic acid.
*Chloroform residue, **Methanol residue, *** Water residue, ****DMSO residue.
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Figure 3-3 Comparative 'H-'H COSY NMR spectra of (A) Polymer with no phenyl contents

(PO1) and (B) Polymer with highest phenyl content (PO5)
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Figure 3-4 Comparative 3C NMR spectra of synthesised polyesters with different phenyl
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Figure 3-5 Comparative FTIR spectra of synthesised polyesters with different phenyl
contents (1) P01 polymer (2) P02 polymer (3) P03 polymer (4) P04 polymer (5) P05
polymer

The DSC data showed a pattern for the thermal properties of the polymers
(Table 3-3). The melting temperature (Ty), crystallization temperature (7.)

and melting enthalpy (AH) were found to be decreased by increasing phenyl
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contents. The values for the above parameters were not detected for
polymer P04 and P05. However, a glass transition temperature (75) was
detected for P04 and PO5 polymer. The glass transition temperatures were
observed in between -40 to -30 °C. It was expected that increasing the
phenyl content will further decrease the T, of the polymers. However, the Ty
was comparable for all the polymers (P04 to P0O5) indicating that the phenyl
content has not influencing the Ty significantly. The P01 polymer with no
phenyl content showed a sharp melting temperature while the glass
transition temperature was absent for this polymer. The physical properties
of the polymer changed from solid to viscous liquid by increasing the phenyl
content in the polymer chain. Figure 3-6 shows the trend in the melting
temperatures (Tm), glass transitions temperatures (Ty3) and crystallization

temperature (T.) of various synthesised polyesters.

Table 3-3 Thermal and physical properties of the synthesised polyester polymer (n=1).

Product Thermal Propert
Polymer ratio (mol%) perty Physical
Code SA  PSA T, Tm Melting Enthalpy Tc Property
()  (°C) (AH) J/g (°Q)
Crystalline
PO1 100 0 ND 71 124 49 (White solid)
) Semicrystalline
P02 70 30 39 45 44 19 (Off white solid)
) Semicrystalline
PO3 >0 >0 38 35 32 4 (Light brown solid)
P04 30 70 -40 ND ND ND Amorphous
(Viscous liquid)
POS 0 100 -34 ND ND ND Amorphous

(Viscous liquid)

ND:Not detected;SA:Succinic acid; PSA:Phenylsuccinic acid
T4: glass transition temperature; T,,: melting temperature; T.: crystallization temperature
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Figure 3-6 DSC graph showing (A) glass transition temperature (7g) (B) melting
temperature (T,) (C) crystallization temperature (7.) of synthesised polyester polymers
from PO1 to PO5.
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3.3.2Preparation and Characterisation of Nanoparticles

Polymers of similar molecular weight but with differences in their phenyl
content were investigated to determine if side-chain content and Tg4/Tm
variation had any effect on the ability to encapsulate model drugs. The
polymers were mixed with a model drug, coumarin 6, prior to
nanoprecipitation from a common solvent to a non-solvent. The results of

the nanoprecipitation for dye loading are given in table 3-4.

Table 3-4 Characteristics of empty and dye loaded polymeric nanocarrier (n=3).

Zeta

Code Empty Dye Loaded ) Drug
Nanoparticles® Nanoparticles® potential
Content
(mvV)
Average Average 15D (%) + SD
Polymer NP Size PDI Size PDI (+SD)
(nm) (nm)
PO1 NPO1 144 £ 6 0.09+0.02 1469 0.10+x0.02 -39+9 ND

P02 NPO2 160+7 0.03+£0.01 1687 0.05+0.01 -40+7 0.28+0.01
P03 NPO3 163 +8 0.06+0.02 166+5 0.07+0.02 -38+5 0.23 +0.02
P04 NPO4 1656 0.10+0.03 1726 0.09+0.02 -39+6 0.12+0.01
PO5 NPO5 164 +4 0.09+0.02 1677 0.08+0.02 -41+6 0.05%0.01

P02 NPO2" 185+ 5 0.07 £0.02 206+6 0.08+0.02 -21+6* 0.23+0.02

NP: Nanoparticle, = Pluronic coated P02 nanoparticles. £ Determined from Dynamic Light
Scattering (DLS) Technique. * Significant difference from uncoated NP02 nanoparticles (P <
0.05, unpaired student’s t test).

The P02 polymer showed a low solubility in acetone which was used as
organic phase during nanoprecipitation. However, a small increase in
temperature of the organic phase dissolved the polymer. The method of

nanoprecipitation was optimized for solvent to non-solvent and polymer to
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coumarin 6 dye ratios. A difference in the colour intensity (yellow) was
observed when a nanosuspension was passed through a 0.22 um filter to
remove aggregates. The formulation containing coumarin 6 dye in water (no
polymer) showed aggregates of dye which upon filtration became a clear
transparent solution. In general, the dye content was decreased as the
phenyl content was increased in the polymer. No dye was detected in the
nanoparticles made from P01 polymer. The dye loading was found to be
highest with PDeMS-co-PS (P02) polymer compared to other synthesised
polymers. Hence, P02 polymer was utilized for the nanoparticle preparation
for further studies. The nanoparticles made from P02 polymer were also
stabilized by the adsorption of Pluronic F68 on the surface of the
nanoparticles. The effect was observed on size, zeta potential and dye
loading. The adsorption of pluronic on the surface of the nanoparticle
significantly changed the zeta potential from -40 mV to -21 mV. The dye
loading was significantly decreased (P < 0.05, unpaired student’s t test)
when P02 nanoparticle formulations were compared against the Pluronic-
coated P02 nanoparticle formulation. The dye loading along with colour
intensity of the different formulations are given in figure 3-7.

The sizes of the nanoparticles were observed in the range of 150 to 200 nm.
There was no significant difference in the sizes observed between empty and
dye-loaded nanoparticles. However, a significant difference was observed for

Pluronic coated empty and dye-loaded nanoparticles. A significant difference
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in the size of P02 nanoparticle and Pluronic coated P02 nanoparticles were

also observed in both empty and dye loaded formulations (table 3-4).
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Figure 3-7 Coumarin 6 loading (wt% to polymer) in different copolymers. Each point
represents mean £ SD (n=3). A significant difference (P < 0.05, unpaired student’s t test)
was observed. P02*: Pluronic coated P02 nanoparticles

The data for coated and uncoated P02 nanoparticles indicated that the
Pluronic coating stabilized the nanoparticles in PBS. The dilution of P02
nanoparticle with HPLC water showed a single sharp peak while two distinct
peaks were observed when nanoparticles were diluted with PBS. On the
other hand, no significant change in the size was observed for pluronic
coated P02 nanoparticle after dilution with PBS (Figure 3-8). The TEM image
of uncoated and pluronic coated P02 nanoparticles showed a uniform

distribution of spherical nanoparticles in the formulation (Figure 3-9).
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Figure 3-8 Stability of nanoparticle in HPLC water and PBS (A) Uncoated P02 nanoparticle
in HPLC water (B) Uncoated P02 nanoparticle in PBS (C) Pluronic coated P02 nanoparticle in
HPLC water (D) Pluronic coated P02 nanoparticle in PBS.
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Figure 3-9 TEM images of uncoated (A) and pluronic coated nanoparticles (B). The images
were taken without staining. Scale bar - 1000nm.

However, it was hard to observe the Pluronic coating on nanoparticles with
the TEM image due to instrument limitations. Nevertheless, the adsorption of
pluronic was strongly implied by the reduction in negative zeta potential of

the pluronic coated nanoparticles.
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3.3.3 Degradation Study of PO2 Nanoparticle Formulation
Figure 3-10 shows the degradation profile of the P02 nanoparticle in

different conditions.
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Figure 3-10 Loss in molar mass (M,) of P02 nanoparticles (A) and polydispersity index (B)
with time (days) in presence and absent of Pseudomonas cepacia lipase (0.2 mg/mL) at 37
°C

Polymer degradation profiles are important in polyesters designed for
sustained release, as these data provide valuable information related to in
vivo fate and long term solution storage. Degradation of the selected P02
formulation was monitored at specific time intervals (30 days) in the
presence and absence of a model hydrolytic enzyme, Pseudomonas cepacia
lipase (0.2 mg mL!). The presence of the lipase resulted in a reduction in
the polymer M, to 53% of its original value after 3 months. Conversely, a

drop of only 12% in M, was observed in the absence of enzyme.
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3.3.4Impact of Nanoparticles on C3A Cell Activity

The toxicity of P02 nanoparticles (in the presence and absence of a Pluronic
F68 coating) was assessed in vitro, using the human C3A hepatocyte cell
line. Hepatocytes were selected as the liver is the primary site of
nanoparticle accumulation following exposure via different routes (e.g.
intratracheal instillation, ingestion, intravenous injection), and existing
evidence suggests that C3A cells respond similarly to primary human
hepatocytes.?*?” The effects on C3A hepatocyte cell were assessed using the
Alamar Blue, CFDA-AM, and Neutral Red assays. For all assays, cell viability
(as a proxy for a specific activity) was more than 80% for both coated and
uncoated P02 nanoparticles, at the concentration range tested (4.6 to 300
ug mL?Y), 24 h post exposure. Although results at 150 and 300 pg ml™* for
coated P02 (Figure 3-11) using the Neutral Red assay indicated a statistically
significant decrease in cell viability, this was not considered to be biologically
relevant as these were doses well above those likely to be used in a clinical
setting and even at these concentrations, the overall viability decrease was
no more than 20 %. However this viability decrease could indicate effects on
the lysosomal function of C3A cells which might occur after accumulation of

these polyester NPs.
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Figure 3-11 Viability of C3A hepatocytes following exposure to Pluronic F68 coated (red)
and uncoated (black) P02 NPs. Cells were exposed to NPs (at concentrations ranging from
4.6 to 300 pg mL™?) for 24 h with cell viability assessed via Alamar Blue (A), CFDA (B) and
Neutral Red (C) assays. Data are expressed as the average percentage of cell viability (% of
the control (MEM complete medium exposed cells) £ SEM (n = 3 minimum).

3.3.5Cellular Uptake of Nanoparticles by C3A Cells

Imaging of the uptake of coated and uncoated P02 nanoparticles by C3A
cells suggested that both types of the nanoparticles were avidly taken up
within 10 min. The NPs were present both on the surface of the cells and
were internalized into the cell interior (confirmed via z stacks). The

internalization of both types of P02 nanoparticles increased progressively
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over the study time. NPs were predominately located in the cytoplasm of

cells.

Initially (10 minutes post exposure) both types of NPs were observed to be
compartmentalized inside and between the cells, although a more diffuse
pattern of uptake was observed at 1440 mins (Figures 3-12 and 3-13). For
uncoated NPs, vacuoles containing fluorescence adjacent to the nucleus
could be seen from 10 min. Internalization of NPs into the cell interior were
confirmed via z stacks (Figure 3-14). It is worth noting that due to the
resolution (approximately 200 nm) of the microscope it was not possible to

distinguish individual nanoparticles.

Quantification of coated and uncoated P02 nanoparticle uptake confirmed
the findings obtained from confocal microscopy. The extent of NP uptake by
cells was concentration and time dependent (Figure 3-15). The level of
uptake of both NP types occurred to a similar extent. For both NP types the
greatest level of uptake was observed at 1440 min. The uncoated P02 NPs
showed the highest level of uptake at 3.8% of the applied dose internalized
at 150 uyg mL! after 1440 min treatment. The greatest level of uptake for
Pluronic F68 coated P02 NPs was observed at 1440 min, with 2.7% of the

applied dose internalized at a concentration of 300 ug mL™.
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Nucleus Tubulin Nanoparticle Merged
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Figure 3-12 The time dependent uptake of coumarin-6 labelled uncoated P02 nanoparticles
by C3A cells. Cells were treated with MEM complete medium (A) or NPs (100 pug mL™?) for 10
min (B), 60 min (C), 240 min or (D) 1440 min. Following exposure cells were fixed and
stained for the tubulin cytoskeleton (red) and nucleus (blue). The green color represents
coumarin 6 loaded NPs. Any yellow color observed indicates co-localization of tubulin and
NPs. The scale bars represent 5 pm.
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Nucleus Tubulin Nanoparticle Merged

Figure 3-13 The time dependent uptake of coumarin-6 labelled Pluronic F68 coated P02
nanoparticles by C3A cells. Cells were treated with MEM complete medium (A) or NPs (100
pug mLt) for 10 min (B), 60 min (C), 240 min or (D) 1440 min. Following exposure cells
were fixed and stained for the tubulin cytoskeleton (red) and nucleus (blue). The green
color represents coumarin 6 loaded NPs. Any yellow color observed indicates co-localization
of tubulin and NPs. The scale bars represent 5 pm.
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P02 NPs (Uncoated)

P02 NPs (Pluronic coated)

A B c D
Figure 3-14 Internalization of uncoated P02 and Pluronic F68-coated P02 fluorescent NPs
over time by C3A cells. Images represent Z-stacks from which xy and yz micrographs were
generated to confirm internalization of NPs. Cells were treated with 100 pg mL™ NPs for 10
min (A), 60 min (B), 240 min (C) and 1440 min (D) and then fixed. Tubulin cytoskeleton is

represented by red, the nucleus by blue and the NPs by green. Co-localization of NPs and
tubulin is represented by yellow.
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Figure 3-15 Quantification of the uptake of coated and uncoated P02 NPs in C3A cells over
time at a range of concentrations (4.6-300 ug mL™). Cells were treated for 10 min, 60 min,
240 min and 1440 min with uncoated P02 (A) or coated P02 (B). The Percent (%) applied
dose was calculated from the relevant standard curves.

3.4 Discussion

For polymer synthesis, polycondensation generally requires high
temperatures (above 200 °C) and long reaction times to reach conversion.?®
2% We selected scandium (III) triflate as a Lewis acid catalyst, to accelerate
the reaction under solvent-free melt conditions.3® In our synthetic strategy,
succinic acid and phenyl succinic acid were used as diacids to incorporate
different ratio of phenyl contents. However, the high melting temperature
(>150 °C) of these monomers limits the use of melt polycondensation.
Hence, 1-10- decanediol was used as a reactive ‘solvent’, as it melts at 80
°C and was able to dissolve diacids in the melted mixture. Therefore, after
proper mixing, scandium (III) triflate was added to catalyze the reaction at

125 °C. The use of the organic solvent was avoided to increase the reaction

99 | Page



CHAPTER 3

rate and make synthesis more sustainable. A brown colored viscous
material was produced after 3 h of reaction indicating the formation of small
oligomers. Conversion to high molecular weight was achieved by carrying
out the reaction under reduced pressure, in order to remove water
molecules continuously from the reaction. The formed products were
precipitated in cold methanol and vacuum dried to give property ranging
from solids to viscous liquid depending upon the phenyl content in the

polymer backbones.

The reaction was observed by 'H NMR and the peak positions were
confirmed by !H-'H COSY NMR spectroscopy. The methylene protons
adjacent to the hydroxyl of 1, 10- decanediol are usually shielded to give
peaks at lower frequency (63.40 ppm). However, upon reaction of hydroxyl
groups with diacid components, deshielding occurs to shift the peaks to
higher frequency (04.10 ppm). The disappearance of the peak at 63.40 ppm
in the final product indicated that all the diol monomers reacted with diacids
during the polycondensation. The success of the syntheses was also
supported by the peak positions shown in the 3C NMR spectra (Figure 3-4).
The presence of phenyl groups in the phenylsuccinate co-polymers
generated two peaks in the carbonyl region of the spectra (Figure 3-4). The
appearance of carbonyl stretching modes at 1727 cm™! in the FTIR spectrum

also confirmed the synthesis of the polyesters.
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In order to compare the polymer properties, it was essential to produce
polymers of similar molecular weight. Therefore, the polymers were
synthesised and fractionated into those with similar molar masses for further
study. Although high polydispersities were expected for polycondensation
reactions, the similar values of polydispersity for the range of synthesised
polymers indicated the presence of similar chain lengths across the different
samples. It should also be noted that the presence of ionisable carboxyl
groups on the polymer chain end group might interact with the GPC column

to result in the widening of the peak.

The absence of Ty and presence of Ty (49 °C) for PO1 polymer (white solid
material) indicated the crystalline nature of the polymer. A similar result was
also obtained for the same type of polymer previously.®! Increasing the
phenyl content in the polymer resulted in the appearance of a Ty while the
Tm and T. were decreased. The presence of Ty and T, in the phenyl-
substituted polymers indicated the semicrystalline nature of these materials
(P02-P03). The polymers with high phenyl content (P04-P05) showed only a
Ty while the absence of T, and T. indicated that these polymers were
amorphous. Linear polymeric chains without bulky side groups can more
easily form crystal structures as there is more possibility for the polymer
chains to remain close in a regular packed arrangement, generating the high

intermolecular forces which cause crystallite formation. On the other hand,
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bulky side groups, in this case phenyl, can prevent chain packing and thus

these polymers are more amorphous in nature.

The crystallinity in the polymers can affect a number of other properties
such as drug loading, release and biodegradability. In order to test the
abilities of the polymers to act as carriers for drugs, nanoparticles were
prepared by a nanoprecipitation method in the presence of a dye molecule
(coumarin 6). Coumarin 6 was chosen because of its (1) high hydrophobicity
and (2) highly fluorescence nature. The hydrophobic nature makes it an idea
compound to use as an alternative to the hydrophobic drugs while highly
fluorescence nature make it traceable during dye loading and cell uptake
studies. Also, its high fluorescence makes it possible to track transport
during cell uptake studies. Coumarin 6 is not very water soluble, but when
nanoprecipitated in the presence of the polymers, the yellow colour of the
formulations indicated that the dye was entrapped within the polymeric
nanoparticles. The highest loading was observed for P02 polymeric
nanoparticles. However, the dye content was decreased as the phenyl
content was increased in the polymer. These results were unexpected as the
ring systems of the dye were expected to interact more favorably with
polymers containing high phenyl content through mutual n-rn interactions.
Also, the polymers with high phenyl content were amorphous hence were
expected to encapsulate more dye due to the higher free volumes in

amorphous core regions. These seemingly contradictory results can be
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explained by considering three major factors (1) polymer-polymer
interaction (2) dye-dye interaction (3) dye-polymer interaction during
nanoprecipitation method. For a higher loading, a favorable dye-polymer
interaction is important to maintain a close proximity of dye and polymer
during the late stages of nanoprecipitation. However, a higher polymer-
polymer interaction and dye-dye interaction can cause reduction in the dye
loading during nanoprecipitation. For the P01 polymer, a high polymer-
polymer and dye-dye interaction caused the molecules to precipitate
resulting in a low yield of well-defined nanoparticles and with no detectable
dye content. This might have been be due to the low solubility of PO1
polymer in the organic phase used (acetone). Upon addition of this phase
into water, it is likely that the acetone molecules diffused at a high rate into
water with ultra-rapid precipitation of polymer chains and dye molecules
with little chance for polymer-dye associations to form. As the phenyl
content was increased for P02 polymer, a more favorable interaction
between dye and polymer may have resulted hence the higher dye loading.
This might have been caused by favorable n- & interactions between dye and
phenyl rings in polymer. However, upon further increase of phenyl content in
the polymer (P03, P04 and PO05), the higher =-r interactions between
polymer molecules, rather than dye-polymer molecules, resulted in lower

loading capabilities.
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Addition of Pluronic F68 during P02 nanoparticle formation resulted in
reduction of zeta potential and dye loading, while the sizes of the
nanoparticles were increased significantly (P < 0.05, unpaired student’s t
test) compared to those of the parent P02 polyester alone. Spherical
particles with uniform size distributions were observed in TEM images
although, it was not possible to observe the Pluronic coating directly in these
micrographs. However, the presence of a neutral polymer coating at the
surface of the nanoparticles was confirmed by the reduction in zeta
potential. The adsorption of non-ionic Pluronic on the surface of the negative
charged particles enhanced particle stability in aqueous solution upon
dilution with PBS. The stability in PBS was important so that formulations
could be used during cell uptake studies. A lower dye loading in the coated
nanoparticles suggested that the Pluronic polymer altered the structural
arrangement of the polymer chains or their association with the dye.
However, precipitation of dye in Pluronic solutions and the absence of dye in
Pluronic micelles suggested that the dye did not strongly interact with
Pluronic F68. Therefore, it is likely that the Pluronic amphiphilic co-polymer
associated more strongly with the polyester than the dye, thus reducing the

dye loading capability.

The degradation study of the polymer (P02) aimed to provide information
related to the fate of these materials inside the body and in long term

solution storage conditions.3? The molar mass profile over time revealed that
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the polymer was degradable. However, a low degradation rate of the
polymer at pH 7.4 indicated that the polymer was quite resistant to
hydrolytic cleavage. The presence of enzymes increased the degradation
rate suggesting that the polymer could be degraded in the body more rapidly

due to enzymatic-mediated hydrolysis.

A 3 in 1 assay (Alamar Blue, CFDA-AM and Neutral Red) was used to assess
viability of cells exposed to the polymer NPs. These assays were selected as
it is established that NPs can interfere with biochemical assays used to
assess their toxicity,®® and therefore it is advisable to assess the impact of
NPs on cell viability using more than one approach. Furthermore, using 3
different assays which assess different cell responses as indicators of
cytotoxicity can provide information on the mechanism of NP toxicity. All
three assays indicated that the coated and uncoated P02 NPs exhibited low
acute toxicity in the experimental conditions tested. A greater sensitivity was
observed with the Neutral Red assay showing statistically significant effects
on normal lysosome function at high concentrations of Pluronic F68 coated
P02 NPs, although the small changes in cell viability observed were not
considered to be of potential clinical significance. In order to evaluate the
toxic potency of NPs, the inhibitory concentration (IC)so can be calculated,
which identifies the concentration of NPs required to kill 50% of cells. No
reliable ICso values could be calculated for the NPs tested in this study

despite concentrations up to 300 pg mL! being tested. Previous studies
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which have investigated the response of C3A cells to engineered NPs (e.g.
silver, zinc oxide) at a similar concentration range tested in this study, have
calculated ICsy values of approx. 2 pug mit,3* demonstrating the relatively

low toxicity of the polymeric NPs tested in this study.

Evaluation of the uptake and intracellular fate of nanoparticles intended for
medical use is important as carrier materials are often required to enter the
cell in order to deliver a therapeutic or identify a diseased phenotype.>®
Previous studies have indicated that uptake efficiency and subcellular
localisation can influence material cytotoxicity.*® Therefore, it is important to
elucidate the uptake pattern of the polyester NPs, particularly in hepatic cell
lines, as it is well established that the liver is a site of accumulation for many
nanoparticles following exposure via various routes (e.g. intravenous
injection, ingestion, inhalation/intratracheal instillation).?* 2> 27 The uptake
of coated and uncoated P02 NPs in C3A cells suggested that the NPs were
taken up by the cells in a time and concentration dependent manner.
Previous studies have indicated that the uptake of polymer NPs by cells
increased with time in other cell lines (e.g. hepatocytes, macrophages),
although these studies did not look at the impact of NP concentration on

uptake and assessed uptake over a shorter time frame.?” 38

In this study NPs were primarily compartmentalized within and between C3A
cells as early as 10 min post exposure. At the later time point of 1440 min

NPs were observed throughout the cytoplasm of the C3A cells. The
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subcellular fate of internalized NPs was not investigated in this study,
however the pattern of uptake observed suggests that NPs were initially
located within the cell organelles such as endosomes or lysosomes. P02 NPs
were observed to accumulate in lysosomes of the 1774 macrophage cell line
1 h post exposure (data not shown) and polystyrene NPs and quantum dots
have been observed to accumulate in lysosomes and mitochondria of
macrophages in vitro.>® Furthermore poly (lactic-co-glycolic) acid (PLGA)
NPs coated with Hyaluronan and Polyethyleneimine were co-localized with
the lysosome of A549 alveolar epithelial cells after 24 h. Future studies could
therefore investigate the subcellular localization to better understand the
fate of internalized NPs. Of particular interest may be assessment of
accumulation in lysosomes via the use of fluorescent probes such as
LysoTracker.?® Alternatively, transmission electron microscopy could be
used to investigate the sub-cellular fate of the NPs in hepatocytes, although
it may be challenging to distinguish NPs from sub-cellular structures due to

their similarity in size and appearance.

NPs were also seen to accumulate between cells, which may be
representative of accumulation in bile canaliculi. These structures are
responsible for the formation and secretion of bile by hepatocytes and could
be indicative of NP removal from the cells. Interestingly, the elimination of
polystyrene NPs (20 nm) in bile has been observed previously in vitro and in

vivo.38
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The co-localization of NPs with tubulin was also observed in this study,
particularly within the perinuclear region of the cell. Research has shown
that tubulin may be involved with the directional transport of NPs within the
cell and this transport can be targeted towards the nucleus.*® NPs in
vacuoles in close proximity to the nucleus could also suggest targeted
delivery to the nucleus, although the size of these particular NPs would likely
prohibit them crossing an undamaged nuclear membrane. At 24 h post
exposure, coated NPs appeared to become diffuse throughout the cell, whilst
the majority of uncoated NPs remained compartmentalized, suggesting that
the Pluronic coating may have had an impact on the intracellular fate of NPs.
NPs may thus have been partially degraded within certain cell organelles
(e.g. lysosomes) via hydrolytic enzymes known to degrade polyesters,*! and
thus any dye associated near the NP surfaces may have been released into
the cytoplasm. It is also possible that the P02 NPs escaped the organelles to
distribute throughout the cytoplasm. An increase in the number and size of
vacuoles within cells treated with coated P02 was also apparent which may

indicate damage to the cells had occurred over time.

Commonly, hydrophilic particles are less efficiently internalized compared to
hydrophobic nanoparticles.*? The Pluronic F68 coating provided a hydrophilic
layer, and made the particles less negative in terms of zeta potential
compared to the uncoated P02 NPs. However, the Pluronic coated NPs were

typically internalized to the same extent as that of the uncoated
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nanoparticles. At 1440 min the uptake of uncoated P02 NPs was higher than
coated P02 NPs. This small difference between the NPs might be related to
the coating density and chain length of Pluronic F68 since the coated NPs
were still not overall neutral - indicating only a partial coverage of the
underlying surface. This factor may thus account for the rapid internalization

of all the NPs and their subsequent effects on cellular activity.

3.5 Conclusion

In this study, the synthesis of a new series of polyesters by melt
polycondensation under solvent-free conditions has been described and the
effects of co-monomer content on polymer properties (e.g. crystallinity) and
nanoparticle properties (e.g. size, dye loading) relevant to controlled release
applications have been evaluated. The study suggested that side chain
phenyl content changed the loading capability of NPs for a model dye, but
the overall level of incorporation remained very low. The study provided
information about the stability, and degradability of a selected PO2 polymer
when formulated into Pluronic coated and uncoated nanoparticles. The
cellular studies revealed that P02 NPs displayed low cell toxicity and were
effectively taken up by the cells. However, the Pluronic coating appeared to
enhance some aspects relating to the toxicity of the NPs, and this
information should be used to inform the design of formulated NPs in the

future.
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However, the high polydispersity of the polyesters, the difficulty in
generating polymers of similar molar mass repeatedly by this method of
synthesis and the overall low loading of the dye persuaded us to consider
other strategies for the synthesis of polyester polymers. Therefore, the next
chapter deals with the synthesis of polyester polymers by ring opening
polymerisation (ROP) reactions of renewable g-decalactone (e-DL) and other

cyclic ester monomers.
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Chapter 4
4.1 Introduction

An increasing environmental concern requires new synthetic strategies and
renewable materials to reduce the dependency on fossil resources for the
synthesis of polymers. In the last few decades, ring opening polymerisation
(ROP) has emerged as a major route for the synthesis of biobased aliphatic
polyesters.! Unlike polycondensation, ROP does not require strict reaction
conditions like exact stoichiometry, very high temperature, high vacuum and
long reaction times.? Also, polymers from ROP can easily be synthesised
under mild conditions, generating materials with high molecular weight and
low polydispersity index. Hence, ROP has widely been adopted as an
important industrial methodology for polyester synthesis. The use of
biobased cyclic lactides and lactones in ROP provide an opportunity to switch
from nonrenewable (petroleum based) class of monomers to renewable
monomers. Some of the examples of bioderived lactone monomers are
lactide, 1,5-dioxepan-2-one, 0-decalactone, e-decalactone, menthide, a-
angelica lactone, ethylene brassylate and w-pentadecalactone (Figure 4-1).%
13 The ring opening of these monomers mainly depends on the size of the
ring. It has been commonly accepted that the release of ring-strain is a
major driving force for ROP of small size lactone rings. Small ring systems
(<6 atoms) possess higher strain compared to larger rings.* Polymerisation
of large size lactone rings is not favored by a strain release mechanism, but

polymerisation reactions are also driven by entropy.'®>’
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Figure 4-1 Structure of lactone monomers derived from renewable materials

Certain metallic catalysts have shown activity for polymerisation of small
ring lactones, for example stannous octoate [Sn(Oct),], in fact, stannous 2-
ethylhexanoate), which is one of the most commonly used catalysts for
ROP.!® Stannous octoate is already registered for use in synthesis of
polymers by the FDA and its control over molecular weight and end group
functionality makes it suitable as a catalyst for ROP.°* 2° However, for
applications in biomedicine and food packaging, the presence of metal traces
are nevertheless undesirable.'* Alternatively, enzymes (like Candida
antarctica lipase B,) have been used to replace metallic catalysts. The
preference of lipases for hydrophobic substrates is a driving force for ROP of
large size lactones®!, where, the reactivity does not depend on the ring
strain.?? Hence, most of the studies of ROP of large lactones have reported
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enzymes as a catalyst. However, high purity enzymes are expensive and
most cannot be used at elevated temperatures.?! Also, some do not offer
sufficient control over polymerisation.?? These disadvantages limit their use
in ROP. To overcome the limitations of metal and enzyme catalysts, organic
catalysts like triazabicyclo[4.4.0]dec-5-ene (TBD) have been investigated in
ROP.%3"2> TBD is a bicyclic guanidine base used for various reactions like acyl
transfer,?® aldol reaction,?” Michael reactions,?® ring opening polymerisation?®
etc. Many studies have demonstrated the applicability of TBD in ROP due to

its high efficiency and easy separation from products.

The decalactones are renewable class of monomer containing 10 carbon
atoms, with or without variable alkyl side chains at carbon adjacent to the
ring closing position of the lactones.? These lactones are available
commercially with ring sizes of five (y-Decalactone), six (6-Decalactone) and
seven (e-Decalactone), are categorized as naturally occurring monomers and
are widely used in the flavoring and fragrance industries.?® 3! The reactivity
of these monomers is affected by size. Thermodynamically, €-decalactone
can easily polymerize due to difference in ceiling temperature between six
and seven membered lactones.’ The e-decalactone is a structural analogue
of e-caprolactone with an additional butyl chain at the epsilon position. It is
derived from castor oil but, to date, has not been widely exploited for drug
delivery applications.!® Homo and block copolymerisation of e-decalactone
with I-lactides has been investigated by Lin et al. The authors showed the
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amorphous nature of the homopolymer of e-decalactone. Further, e-
decalactone was copolymerised with |-lactides to reduce the inherent
drawbacks of polylactide homopolymer such as low thermal stability,
hardness and brittleness. The final copolymer consisting of e-decalactone
and |-lactide contained soft and hard segments respectively.!® Olsen et al.
also copolymerised I-lactide with e-decalactone to make elastomeric
materials. They synthesised the polymer using Sn(Oct), and TBD as
catalyst.’ Glavas et al. synthesised copolymers of e-decalactone and -
caprolactone with mPEG 2000 initiator to control the crystallinity of the
hydrophobic segment. This group conducted reaction at 110 °C in bulk using
Sn(Oct), as catalyst. Due to the amorphous nature of the synthesised
poly(e-decalactone) (PeDL) block, the micelles of mPEG-b-PeDL were found
to have higher CMC. The micelle sizes were also increased with increasing
the hydrophobic ratio. In this way it was shown possible to control not only

the CMC but also the size of the micelles.>?

In this chapter, ROP of e-decalactone and &-decalactone has been reported
using PEG 4000 and mPEG 5000 as initiators. The reactions were conducted
in bulk in order to avoid the use of undesirable solvents. The reaction
conditions were also optimized in terms of types and concentrations of
catalyst used. The PEG was used as a hydrophilic block from which g-
decalactone was polymerised to obtain amphiphilic copolymers. These
amphiphilic macromolecules can easily self-assembles in the water to give
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micelles which can be used in a number of pharmaceutical applications. The
homopolymers of e-decalactone initiated with benzyl alcohol and propargyl
alcohol were also synthesized to compare their properties with the block
copolymers. The free functional groups on the homopolymer chain ends such
as the propargyl group were designed to make this homopolymer more
versatile. This can be wused to introduce new properties into the

homopolymer by post polymerisation modifications methods.

A copolymer of g-caprolactone, a structural analogue of e-decalactone, was
also synthesized using mPEG 5000 as initiator in order to compare the
properties with e-decalactone copolymers (Figure 4-2). The e-decalactone
monomer was already known to produce amorphous polymers different from
those of the semicrystalline e-caprolactone polymer.3? Hence to alter the
core property of the micelles, a copolymer was also synthesized by

incorporating e-caprolactone and g-decalactone subunits.

OO~ O O-E Butyl chain
B v B v
g-Caprolactone g-Decalactone
(Non-renewable) (Renewable)

Figure 4-2 Structures of epsilon decalactone and epsilon caprolactone monomers

As it has been suggested that drug incorporation occurs only in amorphous

parts of polymer solid-like phases, the copolymers with amorphous blocks
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were expected to enhance drug incorporation. Hence, the modification of
core crystallinity by mixing co-monomers was also expected to alter the drug

loading and release properties.

4.2 General Synthesis Method for e-Decalactone (&-DL)
Polymers

4.2.1Synthesis of e-Decalactone (e-DL) Homopolymers

The homopolymer was made by ROP of e-DL from benzyl alcohol/propargyl
alcohol using 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst. Briefly,
benzyl alcohol (0.04 g, 0.42 mmol) or propargyl alcohol (0.02 g, 0.42 mmol)
was transferred into a RBF containing €-DL (5.00 g, 29.37 mmol). The
reaction was mixed until homogeneous. TBD (0.12 g, 0.87 mmol) was then
added under a nitrogen atmosphere at the desired reaction temperature of
120 °C. The reaction was continued for 12 h, and then quenched with
benzoic acid (0.21 g, 1.74 mmol) solution in acetone. The resultant product
was purified by precipitation in cold methanol followed by evaporation of
residual solvent in vacuum. The benzyl-PeDL and propargyl-PeDL were
recovered as colorless viscous liquids with percentage yields of 74% (3.73 g)

and 76% (3.82 g) respectively.

Benzyl-PeDL:- 'H NMR (400 MHz, CDCls) & (ppm) 7.33 (Benzene protons, m,

5H), 5.09 (CH,-0-CO, s, 2H), 4.84 (CH-O-CO, m, 62H), 4.02 (CH-OH, t,

1H), 2.25 (O-CO-CH,, t, 133H), 1.60-1.51 (CH,-CH,-CH>-CH (OCO)-CH>, m,
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384H), 1.27 (CH-CH,-CHj; CHs3-CH»>-CH,, m, 382H), 0.86 (CH»-CHs, t,

190H).

13C NMR (101 MHz, CDCl3) & (ppm) 173.25 (O-CO-CH,), 136.06 (C-CH--0O,
ring carbon), 128.53 (CH-CH-CH-C , ring carbon), 128.16 (CH-CH-CH-C ,
ring carbon), 73.87(CH,-CH-0), 66.10 (CH,-0O-CO), 34.48 (CH,-CH- CH,),

33.72 (0-CO-CH,), 27.45 (CH-CH,-CH,), 25.00 (CO-CH,-CH,), 22.56 (CH-

CH>-CH;; CH3-CH>-CH3), 13.98 (CH3-CH>-CH).

Propargyl-PeDL:- 'H NMR (400 MHz, CDCl5) & (ppm) 4.85 (CH-O-CO, m,

64H), 4.66 (C-CH,, s, 2H), 4.02 (CH-OH, t, 1H), 2.46 (allyl hydrogen, CH, s,

1H), 2.26 (0-CO-CH>, t, 131H), 1.61-1.52 (CH»-CH»-CH>-CH (OCO)-CH>, m,

404H), 1.28 (CH-CH-CH»,; CHs-CH»-CH,, m, 400H), 0.88 (CH;-CHs, t,

202H).

13C NMR (101 MHz, CDCls) 8 (ppm) 173.41 (O-CO-CH;), 77.36 (allyl carbon,
C-CH,), 74.03(CH,-CH-0), 71.80 (allyl carbon, C), 51.93 (C-CH,-CO), 34.64

(CH»-CH- CH,), 33.87 (0-CO-CH>), 27.60 (CH-CH»-CH), 25.15 (CO-CH,-

CH>), 22.71 (CH-CH,-CH;; CH3-CH»-CH3), 14.13 (CH3-CH;-CHy).

4.2.2 Synthesis of e-Decalactone (e-DL) Copolymers

Diblock (AB) and triblock (ABA) copolymers of &-DL were prepared using
mPEG (M,~5000) and PEG (M,~4000) as initiators respectively. Briefly, e-DL
(5.00 g, 29.37 mmol) was added in a flask containing mPEG (2.44 g, 0.49
mmol) or PEG (1.69 g, 0.42 mmol). The reaction content was mixed for 15
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min at 120 °C. The required quantity of TBD (0.12 g, 0.87 mmol) was then
added into the reaction mixture under a nitrogen atmosphere and the
reaction was continued for 12 h. After completion, the reaction mixture was
quenched with benzoic acid (0.21 g, 1.74 mmol) solution in acetone. The
obtained polymer was precipitated in cold methanol followed by removal of
residual solvent in vacuum. The resultant polymer was dissolved in minimum
volume of acetone and again precipitated in diethyl ether for three times.
The solvent residue was removed by evaporation under vacuum. The
copolymers, mPEG-b-PeDL and PeDL-b-PEG-b-PeDL, were wax like materials

with 67% (5.02 g) and 69% (4.84 g) yield respectively.

mPEG-b-PeDL (AB diblock copolymer):

'H NMR (400 MHz, CDCl3) & (ppm) 4.85 (CH-O-CO, m, 36H), 4.21 (CH»-O-

CO, t, 2H), 3.64 (O-CH,-CH»-O, s, 487H), 3.37 (O-CHs, s, 3H), 2.27 (O-CO-

CH>, t, 75H), 1.58-1.52 (CH,-CH,-CH,-CH (OCO)-CH», m, 231H), 1.28 (CH-
CH,-CH,; CH3-CH>-CH>, m, 234H), 0.88 (CH»-CHs, t, 116H).

13C NMR (101 MHz, CDCl5) & (ppm) 173.25 (0-CO-CH,), 73.86 (CH,-CH-0),
70.57 (CH»-CH,-0), 34.48 (CH,-0-CO), 33.80 (O-CO-CH,), 27.44 (CH-CH,-
CH>), 24.99 (CO-CH-CH,), 22.55 (CH-CH,-CH»; CHs-CH»-CH,), 13.97 (CHs-

CH>-CH,).
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PeDL-b-PEG-b-PeDL (ABA triblock copolymer):

'H NMR (400 MHz, CDCl3) & (ppm) 4.85 (CH-0-CO, m, 66H), 4.21 (CH,-O-
CO, t, 4H), 3.64 (0-CH,-CH»-O, s, 381H), 2.27 (0-CO-CH,, t, 136H), 1.61-
1.52 (CH3-CH-CH»-CH (OCO)-CH,, m, 426H), 1.29 (CH-CH,-CHy; CHs-CH,-
CH,, m, 427H), 0.88 (CH,-CHs, t, 211H).

13C NMR (101 MHz, CDCl3) & (ppm) 173.28 (0-CO-CH>), 73.89 (CH,-CH-0),
70.59 (CH,-CH,-0), 34.50 (CH,-0O-CO), 33.82 (0-CO-CH,), 27.47 (CH-CH,-
CH,), 25.02 (CO-CH,-CH,), 22.58 (CH-CH-CH,; CH3-CH,-CH,), 14.01 (CHs-

CH>-CH,).

4.2.3 Synthesis of 0-Decalactone (6-DL) Copolymers

A diblock copolymer of d-decalactone was prepared by adding 6-DL (5.00 g,
29.37 mmol) in a RBF containing mPEG (5kDa, 2.44 g, 0.49 mmol). The
reaction mixture was mixed for 15 min at 50 °C followed by addition of TBD
(0.12 g, 0.87 mmol) under a nitrogen atmosphere. The reaction was
continued for 10 h. The reaction mixture was quenched by adding benzoic
acid (0.21 g, 1.74 mmol) solution in acetone. The obtained product was
precipitated in cold methanol followed by evaporation of residual solvent in
vacuum. The dry product was again dissolved in a minimum quantity of
acetone and reprecipitated in petroleum ether. The residual solvent was
evaporated in vacuum to obtain a wax like purified material with 67% vyield

(4.98 g).
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mMPEG-b-P&DL (AB diblock copolymer):

IH NMR (400 MHz, CDCl;) & 4.86 (CH-O-CO, m, 38H), 4.21 (CH»-O-CO, t,
2H), 3.63 (O-CH»-CH>-0, s, 520H), 3.37 (O-CHs, s, 3H), 2.28 (O-CO-CH,, m,

77H), 1.55 (CH>-CH>-CH-CH>, m, 234H), 1.27(CH>-CH>-CH>-CHs, m, 238H),

0.86 (CH,-CH3, t, 136H).

13C NMR (101 MHz, CDCl5) & 173.17 (O-CO-CH,), 73.83 (CH,-CH-0), 70.71
(CH»-CH»-0), 63.57 (CH»>-O-CO) 59.16 (O-CHs), 34.33 (CH,-CH-O-CO),
34.08 (CHs-CH»-CH2-CH»-CH,), 33.61 (0-CO-CH»), 31.78 (CH-CH,-CHs),

25.07 (CH-CH,-CH>), 22.65 (O-CO-CH,-CH>), 20.96 (CH.-CHs), 14.17 (CH,-

CH5)

4.2.4 Synthesis of e-Caprolactone (g-CL) Copolymer

A diblock copolymer (AB type) of €-CL was synthesized by transferring €-CL
(6.84 g, 60 mmol) in RBF containing mPEG (5 kDa, 5 g, 1 mmol). The
reaction mixture was heated at 120 °C under a nitrogen atmosphere for 10
min. TBD (0.17 g, 1.2 mmol) solution in anhydrous acetone (0.5 mL) was
then added via syringe and the reaction was continued for 10 min under
nitrogen atmosphere. After completion, the reaction mixture was quenched
with benzoic acid (0.29 g, 2.4 mmol) solution in acetone (0.5 mL). The
resultant polymer was precipitated in cold methanol. The residual solvent
was evaporated in vacuum. The obtained product was redissolved in a

minimum volume of acetone and precipitated again in diethyl ether. The
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residual solvent was removed by vacuum to obtain the purified product. The

recovered product was off-white in color with 89% (10.54 g) yield.

mPEG-b-PCL (AB diblock copolymer):

'H NMR (400 MHz, CDCls) & (ppm) 4.22 (CH,-O-CO, t, 2H), 4.06 (CH,-O-CO,
t, 91H), 3.64 (O-CH»-CH»-O, s, 462H), 3.38 (O-CHs, s, 3H), 2.30 (O-CO-

C_Hz, t, 91H), 1.64 (C_Hz-CHz-C_Hz, m, 207H), 1.38 (CHZ-C_HZ-CHz, m, 91H)

13C NMR (101 MHz, CDCl3) & (ppm) 173.65 (O-CO-CH>), 70.72 (CH>-CH-0),
64.28 (CH,-0-CO), 34.26 (O-CO-CH;), 28.50 (CH,-CH,-0-CO), 25.68 (CH>-

CH>-CHy), 24.72 (CO-CH>-CH>)

4.2.5 Copolymerisation of &-Decalactone and e&-Caprolactone with
mPEG (ABC type copolymer)
A triblock (mPEG-b-PCL-b-PeDL) copolymer was prepared by sequential
addition of €-CL and €-DL on mPEG in a ‘one pot’ method. Briefly, mPEG
(5kDa, 2.44 g, 0.49 mmol) was transferred in a RBF containing €-CL (1.68 g,
14.7 mmol). The reaction mixture was stirred at 120 °C under a nitrogen
atmosphere for 10 min until homogeneous. TBD (0.06 g, 0.44 mmol)
solution in anhydrous acetone (0.5 mL) was added via syringe under
nitrogen and the reaction was continued for 10 min to make mPEG-b-PCL
block. The reaction was continued in the same pot by the addition of €-DL
(2.55 g, 14.7 mmol) in the reaction mixture. The reaction was continued for
a further 12 h under nitrogen. Benzoic acid (0.11 g, 0.88 mmol) solution in

124 | Page



Chapter 4

acetone (0.5 mL) was added to quench the reaction. The obtained product
was purified by precipitation in cold methanol followed by evaporation of
residual solvent in vacuum. The obtained dry product was redissolved in a
small volume of acetone and reprecipitated in diethyl ether to obtain purified

product. A wax like material with 76% (5.09 g) yield was obtained.

mMPEG-b-PCL-b-PeDL (ABC triblock copolymer):

'H NMR (400 MHz, CDCl3) & (ppm) 4.84 (CH-O-CO, m, 11H), 4.21 (CH,-O-
CO, t, 2H), 4.05 (CH»-O-CO, t, 14H), 3.63 (O-CH»-CH»-0O, s, 510H), 3.37 (O-

CHs, s, 3H), 2.28 (0-CO-CH>, m, 37H), 1.62-1.28 (0-CO-CH5-CH>-CH>-CH>:

CH3-CH,-CH,-CH, m, 191H), 0.87 (CH3-CHy, t, 116H).

13C NMR (101 MHz, CDCl3) & 173.46 (O-CO-CH,), 173.25 (0-CO-CH,), 73.85
(CH,-CH-0), 70.58 (CH»-CH,-0), 64.12 (CH,-0-CO), 59.02 (CH3-O-CH,)
34.49 (CH,-CH-0-CO), 34.11 (CH,-CH-O-CO), 33.80 (0O-CO-CH,), 28.35
(CH3-CH,-CHy), 27.45 (0-CO-CH,-CH>-CH>), 25.53 (CH,-CH,-CH»-0), 25.00
(CH»-CH»-CH»-0), 24.96 (CH»-CH»>-CH,-0), 24.57 (CH»-CH,-CH»-0), 22.55

(CH3-CH>-CHy), 13.98 (CH3-CH>-CH,).

4.3 Results

4.3.1 Homopolymers of e-Decalactone (g-DL)

The synthetic route for the ROP of €-DL is given in scheme 4-1.
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Scheme 4-1 ROP of €-DL catalyzed by TBD using different initiators

The results of the polymerisation were given in Table 4.1. No conversion was
observed at room temperature irrespective of any catalyst concentrations
used. At higher temperature (120 °C) and low concentration of catalyst (1
mol%), only 18% of conversion was observed after 12 h. On the other hand
more than 85% monomer was converted to polymer when the catalyst
concentration was increased to 3 mol% hence this stoichiometry was used

for subsequent polymer synthesis.

The conversion of the monomer to the polymer was monitored by *H NMR
spectroscopy. The monomer showed distinct shifts upon conversion to
polymer especially at the o and € positions of the e-decalactone ring. The
o proton shifted from 2.57 ppm to 2.27 ppm whereas the € proton changed

from 4.17 ppm to 4.85 ppm (Figure 4-3).
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TBD

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
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Figure 4-3 'H NMR spectra of Benzyl-PeDL before and after conversion.

The homopolymer was characterized after purification by precipitation in cold
methanol. The homopolymer was separated as a distinct layer upon addition
in cold methanol to remove unreacted monomer, initiator and inactivated
catalyst. Upon evaporation of the residual solvent, a sticky and viscous
colorless purified homopolymer was obtained. 'H NMR spectra of the purified
homopolymers with assigned peaks are shown in figure 4-4 and figure 4-5.
The molecular weight of the Benzyl-PeDL homopolymer was calculated by

integrating 7.33 ppm (peak 1) and 4.84 ppm (peak 3) peaks (Figure 4-4)
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whereas for Propargyl-PeDL, peaks at 4.85 ppm (peak 1) and 4.66 ppm
(peak 2) were integrated (Figure 4-5). The structure integrity of
homopolymers was also determined by *C NMR. The carbon peaks of the
initiators for both of the homopolymers were not prominent compared to
carbons peaks of PeDL chain (Figure 4.6 and 4.7). The peak position values
were matched with the previous reported values, suggesting the successful

synthesis of the homopolymer.*°
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Figure 4-5 'H NMR spectra of Propargyl-PeDL acquired in CDCl; (**Solvent peak).
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Figure 4-7 3C NMR spectra Propargyl-PeDL acquired in CDCl; (*Solvent peak).
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The DSC data of the homopolymer revealed the absence of melting
temperature (T) whereas the presence the glass transition temperature
(Tg) at -53.29 °C indicates the amorphous nature of the homopolymer
(Figure 4-8). The value of the T4 was consistent with the previous reported

method.®
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-0.4 — — — ——
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Figure 4-8 Differential scanning calorimetry (DSC) plot of Benzyl-PeDL homopolymer.

Size exclusion chromatography (SEC) performed on the Propargyl tipped-PeDL
homopolymer using chloroform as eluent, gave a shoulder in a low molecular
weight region along with the main peak of homopolymer. The reasons for the
appearance of associated peak have been discussed in the next section. The
homopolymers where benzyl alcohol was used as initiator showed a unimodal
size distribution but the polydispersity was higher. The SEC underestimated the

M, compared to the calculated M,, by proton NMR (Figure 4-9, Table 4-1).
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TBD as catalyst. “Stannous octoate was used as catalyst. *Caprolactone and e-Decalactone monomers added sequentially in

equal molar concentration. (ND= not determined)
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Table 4-1 Summary of experimental details and molecular weight obtained after ROP of Decalactones and Caprolactone using

Conversion Theoretical

M/ Temp. Time  Catalyst M, by M, by SEC  Mw/Mn T, T,
Run Polymer Initiator by NMR Mol. Wt. n n a m
Y ratio (°c) (M) (Mole%) Y (Gmoy HNMR (CHCL) — (p)  (°O)  (°C)
Benzyl- Benzyl )
1 PeDL Aleohol 70 120 12 3 93 12.0K 11.1K  6.1K 1.86 53.3 ND
Propargyl- 1.09/
2 peDL Propargyl 55 150 12 3 92 12.0K 11.0k 79K/ ND ND
Alcohol 1.22
2.3K -
3 PeDL-b- PEG4K 70 120 12 3 94 15.9K 15.2K 13.3K 1.05 -62.9 54.4
PEG-b-PeDL : : : : : :
4 B’EF[’)ELG'b' mPEG5K 60 120 12 3 89 15.2K 10.3K  16.2K 1.15 -52.2  56.8
5% B“EFE)ELG'b' mPEG5K 60 120 24 3 86 15.2K 11.3K  14.8K 1.22 ND ND
6 B"EFE)Ef'b' mPEG5K 60 50 10 3 88 15.2K 11.4K  15.9K 1.20 -56.9 60.3
7 B“CPLEG'b' mPEG5K 50 120  10min 2 98 10.7K 10.2K  17.0K 1.48 -56.9  56.6
$ mPEG-b- )
8 PCL-b-pepL MPEGSK 60 120 12 3 94 13.5K 7.7K 13.2K 1.05 59.0 59.8
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4.3.2 Copolymers of e-Decalactone (g-DL)
The synthetic route for copolymer synthesis is shown in scheme 4-2. The
reaction was optimized for different temperatures, concentrations and types

of catalysts (TBD and stannous octoate).

0
Oy-© N HsC o o
BN 3‘[/\/}% 1\
H3C< _H (0] 0 H

e—DL mPEG5K mPEG-b-PeDL

O _0O N
U\F NN ?
H H o o} o
o \/\O{/\/ 1\/\0 H
e—DL o m n m

HOL_~_ o
o{/\/ tAOH PEDL-b-PEG-b-P£DL

Scheme 4-2 ROP of e-decalactone on mPEG 5000 and PEG 4000 using TBD catalyst

The stannous octoate was also utilized for the synthesis of diblock
copolymers in order to compare the efficiency against TBD. The results of
the copolymerisation of €-DL are given in table 4-1. The reaction kinetics
was determined by 'H NMR. The percent conversion was estimated by
comparing € and o proton, before and after conversion, as described for
homopolymers in the previous section (Figure 4-10 A). The reaction rate was
increased by increasing the catalyst concentration and temperature. The

conversion at low temperature (~60 °C) was low, irrespective of any

134 | Page



CHAPTER 4

catalysts (TBD and stannous octoate) used at different concentrations (1
mol% and 3 mol% to monomer). However, the reaction conducted at 120 °C
yielded nearly 90% conversions after 12 h when 3 mol% concentration of
the TBD was used. On the other hand, it took 24 h for the stannous octoate
to catalyze polymerisation when the same concentrations (3 mol%) and
temperatures (120 °C) were used for the polymerisation. The log of
monomer conversion ratio was plotted against time in order to calculate
apparent rate constants (k,) from the slop of the curve. A linear relationship
indicates that the reaction is first order with respect to monomer. The
apparent rate constant (kp,) of e-decalactone polymerisation was 0.18 ht
when TBD was used as catalyst which was 2.25 times higher compared to
stannous octoate based polymerisation (0.08 h™!). In fact, TBD took half of
the time required for the stannous octoate for €-DL polymerisation at the

same temperature and concentration of catalyst (Figure 4-11).

The M, was determined by integrating the methoxy proton of the mPEG
5000 block at 3.37 ppm (peak 4) relative to the protons adjacent to ester
bonds within the PeDL chain at 4.85 ppm (peak 1) (Figure 4-12). For triblock
copolymers, protons adjacent to ester bonds in the mPEG 4000 initiator
(peak 2) and the protons adjacent to ester bonds within PeDL chain (peak 1)

were compared (Figure 4-13).

The copolymers were also characterized with *C NMR to check the purity

and compared with peaks from previous reports to evaluate purity (Figure 4-
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14 and 4-15). The diblock copolymer was also characterized by *H-'H COSY
NMR to confirm the detailed structure. All the peaks in 'H-'H COSY NMR
were assigned in accordance with the desired structure of the diblock

copolymer (Figure 4-16).

The SEC data of the unpurified polymer revealed the presence of
homopolymer and unreacted monomers (Figure 4-10 B). The unreacted
monomers were removed by precipitation of polymer in cold methanol while
the homopolymer was eliminated by precipitation of copolymer in diethyl
ether (3 times). The homopolymer was soluble in diethyl ether whereas the
copolymer was not, hence reprecipitation gave the pure copolymer (Figure
4-10 C). The comparative retention times determined by SEC of the
initiators and the copolymers are given in figure 4-17. A small shoulder in
the SEC graph of diblock copolymer indicated the presence of minor
impurities. The SEC overestimated the molecular weight (M,) compared to
the molecular weight (M,) calculated by 'H NMR for diblock copolymers

made by both of the catalysts (Table 4-1).

The thermal properties of the copolymers were also characterized by DSC. A
Ty and melting temperature were observed for both of the copolymers. The
Ty was attributed to the amorphous PeDL chain whereas the melting
temperature observed was due to PEG part, hence indicating the formation

of semicrystalline polymer (Figure 4-18).
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Figure 4-11 Kinetic analysis of e€-decalactone polymerisation from mPEG5K at 120 °C (A)
TBD catalyst (B) Sn(Oct), catalyst

138 | Page



—7.26
—4.85

—4.21

36.40 {;—

—3.37
—2.27
—1.58
\1.52
~1.28
—0.88

—

74.79 4

CHAPTER 4

r600
r550
r500
r450
400
r350
r300
r250
r200
r150
r100

r50

r-50

—7.26
—4.85

=

—4.21

-
g

N~

N

N
I

66.05 { ==—-

4.00 =

900

800

r700

600

500

400

300

200

100

r-100

40 35
f1 (ppm)
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4.3.3 Copolymers of 6-Decalactone (8-DL)

Oy X
H3C\OA{/\/01\/\O/H NN Q
. HsCo (@) H
n H > 3 Ok\/ 1\/\0 O}
n m

0—DL mPEG5K

mPEG-b-P3DL

Scheme 4-3 Ring opening polymerisation (ROP) of &-Decalactone (8-DL) on mPEG5K using
TBD catalyst

The synthesis of diblock mPEG-b-PdDL copolymer is shown in the scheme 4-
3. The reactions were tried at two different temperatures (120 °C and 50 °C)
using mMPEG5K as initiator at 3 mol% of TBD concentration. The reaction
conducted at 120 °C, resulted in low conversion of 3-DL. On the other hand,
more than 85% monomers were consumed when the reaction was carried
out at 50 °C. The kinetics of the reaction was monitored by 'H NMR. The
conversion was determined by comparing the & proton peaks of the
monomer before and after polymerisation. The M, by 'H NMR was
determined by comparing the methoxy proton of mPEG at 3.37 ppm (peak
4) to the methine proton adjacent to the ester groups of the polymer chain
at 4.86 ppm (peak 1) (Figure 4-19). The synthesis was also confirmed by
13C NMR giving all the corresponding peaks reported previously*® and as

shown in figure 4-20.

The peak positions and the interaction between different protons were
detected by 'H-!H COSY NMR spectroscopy and given in figure 4-21. The

apparent rate constant (k,) was determined by plotting a graph of

143 | Page



CHAPTER 4

conversion and time. The slope of the line was measured to obtain the
apparent rate constant (kp,) (Figure 4-22). The reaction was shown to
following first order kinetics with respect to monomer. The apparent rate
constant (kp) observed for 0&-decalactone polymerisation was 0.19h*
compared to 0.18h™! of e-decalactone polymerisation. This indicates that the
0-decalactone reacted at a faster rate than e-decalactone. The copolymer
was separated from homopolymer by precipitation in diethyl ether in which
the homopolymer was easily solubilized. However, a small shoulder in GPC
graph indicated some impurity in the final copolymer (Figure 4-23). The
Number average molecular weight (M,) observed by SEC was higher

compared to the molecular weight calculated by 'H NMR.

The thermal properties were characterized by DSC. The semicrystalline
nature of the copolymer was indicated by the presence of T4 at -56.9 °C and

Tm at 60.3 °C (Figure 4-24).

144 | Page



CHAPTER 4

26
oo

[« 550

—7.26
—4.86
—4.21
—2.28
—1.55
—1.27

500

450

s / / 400
H 350

(@ 7 8
m +300

250

5 r200

3 L 150

| r100

76.68 1

© (37651

~
o
~
=)
o
o
o
=}
o
3
o
»
o

": O M~ N~ © MO0 ™ OMNLO©MN
o = ®N 16— MOONC QOO 1 35000
~ M~ Mo Mmoo TITO—-ONO <
~ [l o | (e Vo] OOOOANNN v~
‘ N e
I
* 30000
11
10 25000
7
5 (0] 6 8 20000
3 4 9
o o1 P
3 n 6 6 m 15000
9
3 U
7, 110000
6,8
1 2 1B
‘ ‘ 10 5000
‘ 45
[
| , Lo
210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O

1 (ppm)

Figure 4-20 3C NMR spectra of mMPEG-b-P3DL copolymer in CDCl5 ("Solvent peak).
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TBD catalyst
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4.3.4 Copolymers of e-Caprolactone (g-CL)
The synthetic route for the synthesis of mMPEG-b-PCL copolymer is shown in

the scheme 4-4.

O
© N° N
HSC\ O - H H Hao\o‘[/\/oi\/\o‘Hk/\/\/ﬂ\H
o o n o
n

e—CL mPEG5K mPEG-b-PCL

Scheme 4-4 Ring opening polymerisation (ROP) of g-caprolactone (g-CL) on mPEG5K using
TBD catalyst

The synthesized mPEG-b-PCL was characterized by NMR and SEC after
purification to check the purity of the copolymer. The target molecular
weight of the copolymer was 10KD in order to compare with the similar
molecular weights of the copolymers of e-decalactone. Approximately, 98%
conversion of the monomer was achieved within 10 min, while using a lower
concentration of TBD (2 mol%) compared to e-decalactone polymerisation
indicated the higher efficiency of the g-caprolactone to react. The conversion
of monomer was checked by 'H NMR by integrating o or € peaks of the
monomer with respect to o’ or € peaks of the copolymer. The molecular
weight of the copolymer was determined by integrating the methoxy proton
of the mPEG with respect to the € peaks of the copolymer (Figure 4-25).
The proton and carbon NMR peaks of the purified copolymer were matched
with the reported peak values® (Figure 4-26 and Figure 4-27). The peak

positions were also identified by *H-'H COSY NMR and given in figure 4-28.
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The GPC graph indicated a unimodal peak in the final copolymer (Figure 4-
29). The DSC graph showed the semicrystalline nature of the copolymer
indicated by the presence of a Ty at -52.15 °C and T, at 56.79 °C (Figure 4-

30). Table 4-1 shows all the characteristics data of the copolymer.
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Figure 4-25 Positions of a / € protons before and after conversion and the position of the
methoxy proton with respect to €’ proton used for determination of M, by *H NMR
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Figure 4-27 3C NMR of mPEG-b-PCL copolymer in CDCl; (“not detected; ““Solvent peak)
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Figure 4-28 'H-'H COSY NMR spectra of mPEG-b-PCL acquired in CDCls.
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4.3.5 mPEG-b-PCL-b-PeDL (ABC) Copolymer by Sequential Addition
of e-Caprolactone (e-CL) and e-Decalactone (&-DL)
The ABC type copolymer was synthesized by sequential addition of e€-

caprolactone and g-decalactone as given in scheme 4-5.

o O

© f N HaC o) o)
< 3N {/\/ ]\/\ M 1\H
U NN oLl m
H -
HsC o) _H OO
o) o)
n
mPEG5K g—DL
Y

O
H3C.
3C O{/\/O]\/\O{JK/\/\/O O+H
n m X
(0]

mPEG-b-PCL-b-PeDL

Scheme 4-5 Ring opening polymerisation (ROP) of e-caprolactone (e-CL) and e-decalactone
(e-DL) on mPEG5K using TBD catalyst

The e-caprolactone was polymerised within 10 min as shown by *H NMR. The
reaction was conducted in anhydrous conditions to avoid initiation by water,
resulting in >96% conversion determined by 'H NMR. The synthesized
material was a white solid at this stage. Addition of e-decalactone in the
same pot for further reaction produced a wax like material after 12 h. An
equal molar ratio of both the monomers was taken for the reaction. The
copolymer was purified by the same method as described for mPEG-b-PeDL

copolymer. The 'H NMR of the copolymer was determined to observe the
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conversion of different monomers from mMPEG. 'H NMR spectra of the
purified copolymers with peaks are given in figure 4-31. The absence of
monomers peaks indicated that no monomers were present in the purified
polymer. The molecular weight of the mPEG-b-PCL-b-PeDL copolymer was
calculated by integrating the methoxy proton of mPEG at 3.37 ppm of (peak
5, CH3-0) against integrals of peaks 4.05 ppm (peak 3) and 4.84 ppm (peak
1) which emerged due to the formation of the hydrophobic chain of PCL (-
CH>-0OCO) and PeDL (-CH(C4Ho)-OCO) respectively. NMR indicated that 7
monomers of €-CL and 11 monomers of e-DL were attached to 1 unit of
mPEG. The total molecular weight of mMPEG-b-PCL-b-PeDL copolymer
obtained from 'H NMR was 7.7 x 10° g/mol? which was lower than the
expected theoretical molecular weight of the copolymer. This shows that the
hydrophobic chain of the copolymer was small and the obtained molecular
weight of the hydrophobic chain was only 2.67 x 103 g/mol™*.The structural
integrity of copolymers was also determined by *C NMR and given in figure
4-32 with all assigned peaks. The presence of Ty, and T, indicated the

semicrystalline nature of the polymer (Figure 4-33).
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Figure 4-31 'H NMR spectra of mPEG-b-PCL-b-PeDL copolymer acquired in CDCls
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4.4 Discussion

The homopolymer and copolymers were made by ROP of biobased e-DL
monomer. The seven membered lactone rings with a butyl side chain at the
€ position makes this monomer structurally similar to the non-renewable €-
caprolactone (e-CL) monomer. The homopolymer was synthesized by using
TBD as a catalyst with propargyl alcohol and benzyl alcohol as initiators. TBD
was chosen as an organocatalyst to replace metal based Sn(Oct),.
Previously, Olsen et al. described the synthesis of PeDL using TBD and
Sn(Oct), as a catalyst.” They found a higher reactivity of TBD compared to
Sn(Oct),. The higher reactivity has already been shown by several groups
for ROP.>*3® The benzyl alcohol was used as initiator because it produces a
unique *H NMR resonance hence was useful for characterization and M,
determination.?” Propargyl alcohol was also used as an initiator so that
further modification of the homopolymer might be achieved by click
chemistry.®® The polymerisation reaction was optimized for TBD
concentration and temperature. The reaction rate proceeded very slowly
when 1-2 mol% TBD was used at 120 °C. Hence, the TBD concentration was
increased to 3 mol% for subsequent reactions. The synthesized
homopolymers were sticky or oily and amorphous in nature. A higher
hydrophobicity and amorphicity was expected for the homopolymers
because of the racemic stereochemistry at the attachment point of the butyl

chain which prevented the crystallization of the polymer chains.>? Earlier, the
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homopolymer of e-DL was also synthesized and characterized by Lin et al.
They showed the complete amorphous nature of the PeDL homopolymer with
a Ty value of -53 °C with no melting point peak.!® The synthesized
homopolymer with benzyl alcohol also gave the same T, value of -53 °C. A
higher DP was achieved for both of the homopolymers (PeDL) after
purification. The presence of secondary peaks and high polydispersity of the
homopolymers suggested the presence of impurities (impure homopolymer)
in the desired homopolymer. The possible reasons might be the presence of
nucleophilic impurities or moisture which might have acted as initiator.
These impure homopolymer chains were difficult to separate from the
intended pure benzylic and Propargyl-terminated homopolymers as there

was no solubility difference between them.

A diblock and a triblock copolymer were also made using mPEG5K and PEG
4000 initiators respectively. The efficacy of TBD was determined against
stannous octoate by synthesizing diblock copolymers using both of the
catalyst at the same temperature and concentration. The reaction was
followed by NMR, observing changes at the € and a positions as described in
the result section. The apparent rate constant (kp) of e&-decalactone
polymerisation was 2.25 times higher when TBD was used as catalyst,

indicating that TBD was more than twice as active as stannous octoate.

A lower degree of polymerisation (DP) was achieved for diblock copolymers

compared to triblock copolymers. The presence of hydroxyl nucleophiles on
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both of the ends of the PEG 4000 allowed the lactone monomer to
polymerize from both sides. However, it was difficult to purify the triblock
copolymer as the solubility difference between the triblock copolymer and
homopolymer was low, which resulted in loss of the copolymer during
purification step. In contrast to this, diblock copolymers made by higher
molecular weight mPEG initiator were easily separated from homopolymers
by precipitation in diethyl ether in which the homopolymer was easily

solubilized.

The presence of homopolymer was indicated by GPC of the unpurified
diblock copolymer which showed a secondary peak. The purification method
removed the secondary peak but the presence of a small shoulder in GPC
indicated some minor impurity in the final copolymer. Also, a low degree of
polymerisation (DP=36) of diblock copolymer despite the higher conversion
(90%) indicated the presence of homopolymer. The formation of
homopolymer might be due to the presence of moisture or impurities in the
starting material which were not removed completely during the initial
monomer drying process and hence potentially acted as an initiator. The
other probable reason might be associated with the mechanism of TBD
catalysis. It can function as a dual activator of monomer and initiator during
ROP. The TBD acts by a bifunctional nucleophilic mechanism where the
nucleophilic imine nitrogen of TBD attacks the carbonyl carbon of monomer

generating an intermediate which reacts with alcohol molecules (initiator) to
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liberate polymerised ester and free TBD.>® In this mechanism the generated
intermediate can also act as an initiator to generate homopolymer and free
TBD. Figure 4-34 shows the dual activation mechanism of TBD and
generation of homopolymer by TBD initiator. Previously, the dual behavior of

TBD was also described in the literature, where it was suggested to act not

only as a catalyst but also as an initiator during ROP.*®

fxﬁ fxﬁ

?ﬁ

Monomer Inltlator

Copolymer (15t Mer)
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e M{M{

TBD as initiator Homopolymer

Figure 4-34 Dual mechanism of TBD as catalyst and initiator for e-DL polymerisation®®

The GPC data underestimated the M, of homopolymer and triblock
copolymer whereas the M, of diblock copolymer was overestimated
compared to the molecular weight calculated by 'H NMR. Both of the
homopolymers showed nearly half of the M, (GPC) with high B compared to
the theoretical molecular eight even when high M/I ratio was used (M/I=70).

This might be due to the higher polarity of the chloroform compared to PDL
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polymer resulted in suppression of hydrodynamic volume of the polymer.
The underestimation of M, in GPC has already been reported previously.’ On
the other hand, mPEG-b-PeDL copolymer showed a very high M, with low D.
In order to explain the difference, mMPEG5K was also evaluated by GPC which
indicated a M, of 9.4 X 10° gmol™? with a B of 1.03. This indicated the
different solution properties of the different blocks of polymers under GPC
conditions coupled with the limitations of the polystyrene used as a standard
for these polymers. The overestimation of the Mn in the GPC compared to
the 'H NMR of the copolymers was consistent with the previous report.3?
Hence, the value of M, determined from 'H NMR was used as a standard for

further calculations.

The effect of the butyl side chain of €-DL on ROP was evaluated by
comparing the synthesis of mPEG-b-PeDL copolymer against mPEG-b-PCL
copolymer made from &-CL. The €-CL monomer also was converted to PCL
within 10 min (>90% conversion) even with a lower concentration of TBD (2
mol%). On the other hand, €-DL required 12 h for the same conversion
when 3 mol% of TBD was used. These results were expected as upon
opening of the e-DL by mPEG, a secondary alcohol was generated which
acted as an initiator for further addition of the monomers during ROP.
Additionally, the steric hindrance provided by the butyl side chain of €-DL
prevented the secondary alcohol from reacting further in the ROP. On the

other hand, e-CL reacted faster because of the absence of any alkyl chain.
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Also, it generated a primary alcohol on ring opening which could react faster
compared to a secondary alcohol (Figure 4-35). The absence of a secondary
peak in the GPC of unpurified mPEG-b-PCL copolymer indicated a lower
probability of the homopolymer formation. The PCL homopolymer is well
known to make semicrystalline to crystalline polymers depending on the
molecular weight. These data suggested that the micelles of the mPEG-b-
PCL copolymer would have a semicrystalline core which could be compared

with the amorphous core of the mPEG-b-PeDL micelles in aqueous solution.

(@)
3 \O{/\/ 1:/\0

mPEG-b-PCL (15t MER)

H3C O
3 \O{/\/ ]:/\O

MPEG-b-PeDL (15t MER)

O

Butyl Chain

Figure 4-35 Generation of primary and secondary alcohol during ROP of €-DL and e-CL
respectively.

The polymerisation of seven membered e-decalactone (e-DL) was also
compared against six membered 6-decalactone (6-DL) grown from mPEG5K

initiator (Figure 4-36).
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Figure 4-36 Structure of e-decalactone (seven membered ring) and &-decalactone (six
membered ring)

Both of the monomers are categorized as biobased renewable materials.
However, a large difference was observed between the reaction
temperatures appropriate for polymerisation. A low temperature was
needed for d-DL polymerisation compared to the high temperature used for
e-DL polymerisation. The different reactivities might have been associated
with the ceiling temperature, at which the rate of polymerisation and
depolymerisation are equal hence the polymer can revert back to its
monomer. The difference in the ceiling temperatures between six and seven
membered lactone rings has been shown to be nearly 100 °C or more. The
substitution at the & position on the six membered ring further reduced the
ceiling temperature hence limiting the use of higher temperatures for 6-DL
polymerisation. The reaction conducted at higher temperature (120 °C)
yielded a very low d-DL conversion, which supported the ceiling temperature
hypothesis. On the other hand, -DL was polymerised at 120 °C where no
sign of depolymerisation was observed, further demonstrating the

dependency of the reaction on size of the decalactones.
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4.5 Conclusion

A successful synthesis of €-DL homopolymer and copolymers has been
described in the chapter. The synthesis was also compared with d-DL and e-
CL polymerisation. The synthetic strategy demonstrated the higher
polymerisation efficiency of TBD compared to Sn(Oct), catalyst. However, a
significant difference in the appropriate reaction temperatures of €e-DL and 0-
DL polymerisation was observed. The alkyl chains in the substituted lactone
monomers provided amorphous content to the resulting polymers. The
comparison against the structure analogue €-CL, revealed that the &-DL
polymerisation was inhibited due to the presence of the alkyl chain of €-DL
monomer. However, a higher reaction time (12 h for TBD and 24 h for
Sn(Oct),) in e-DL polymerisation persuaded us to attempt to improve the
reaction time. Therefore, in the next chapter microwave based ring opening
polymerisation (MROP) is described as a tool for conversion of biobased €-DL

monomer.
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5.1 Introduction

In recent decades biodegradable polymers produced from renewable
feedstocks have generated a great deal of interest with a key focus on their
ability to act as possible substitutes for conventional polymers produced
from non-renewable feedstocks. However, whilst use of sustainable
feedstocks to produce biodegradable polymers can bring obvious intrinsic
environment benefits on both the short and long time scale. To realise this
requires improvements in the energy efficiency in the processing steps of
their synthesis to be brought forward to make their production competitive
with the current commercial petrochemically derived alternatives. In the
previous chapters of this thesis, the synthesis of copolymers of e-
decalactone (a renewable feedstock) has been described by using hot plate
conventional heating (CH) methods. However, this work has shown that a
polymerisation method which requires lower energy consumption and
exhibits a shorter reaction time is needed to increase the synthetic routes
economic viability and sustainable footprint. Recently, the application of
microwave-assisted synthesis has been reported to have a potentially major
role in exploitation of green chemistry by presenting a number of
advantages over conventional thermal heating methods. Literature reports
have detailed that microwave heating/excitation has widely been used for
various polymerisation reactions like ROP,!™ polycondensation,*®

free/controlled radical polymerisation.”® For example and with particular
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relevance to this study, it has been claimed to provide a clean (i.e. the use
of electricity generated from renewable sources) and economical method of
heating (i.e. shorter reaction times and smaller plant footprints as a result of
moving from batch to continuous production routes). The other advantages
over conventional heating include high yields and limited generation of by-
products.*®

The microwave heating depends on the ability of a material (solvent or
reagent) to absorb microwave energy and convert it into heat. Microwave
heating/excitation of the material results from the dipoles within a molecule
and of the charge separation of ions being affected by the presence of an
electric field. In the case of the dipoles, they try to align themselves with
applied electric field, whilst in the case of ion pairs the distance between the
ions is increased. Furthermore, due to the oscillation of the applied field, the
dipoles or ions are continually attempting to realign themselves with phase
of the alternating electric field. This causes molecular motion which in turn
leads to intermolecular friction with other moieties in the immediate vicinity
of the effected molecule. These molecular motions included the rotation and
the collision the microwave susceptible molecule, thus loose energy in the
form of heat to the materials around them.!% ! The level of generated heat
observed therefore strongly depends on the ability of the material to align
itself with the frequency of the applied field. Thus, molecules with few

dipoles, weak dipoles or dipoles that have restricted movement do not align
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quickly itself with the applied field, resulted in no or little heating of the
material.

Previously, most of the work reported in the literature on ROP reactions
using microwave heating source has been conducted using of €-caprolactone

1217 All the synthetic procedures attempted showed an

as the monomer.
improvement in the polymerisation rate and yield when using this heating
method compared to equivalent conventionally heated experiments. For
examples, poly(e-caprolactone)-block-poly(ethylene glycol)-block-poly(e-
caprolactone) (PCL-PEG-PCL) triblock copolymers (with M, 2.0 X 10* g/mol)
was synthesised within 1 h using microwave heating by Yu and Liu.?
Similarly, Zhang et al. studied the microwave assisted synthesis of poly(L-
lactide)-block-poly(ethylene glycol)-block-poly(L-lactide) (PLLA-PEG-PLLA)
triblock copolymers using stannous octoate [Sn(Oct),] as the pre-catalyst
and they showed 92% conversion of lactide monomer at 100 °C giving M, of
2.82 X 10* g/mol within 3 min.® However, whilst most of the reports
showed improvement in reaction rate of ROP, they did not clearly explain the
mechanism behind the improvement in ROP kinetics.

Therefore, this chapter reports the synthesis of an amphiphilic copolymer of
e-DL with hydrophilic mPEG via microwave assisted ring opening
polymerisation (MROP) methods and these results are compared with those

achieved with the conventional heating methods described in previous

chapter.
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The dielectric properties of the reactants were also investigated to determine
the capability of the materials to undergo microwave heating. This is
because the ability of a material to absorb microwave energy and so
undergo microwave heating depends on the dielectric properties of that
material and their concentration in the mixture. Moreover, a solvent-free
reaction can be conducted in microwave reactor if one of the reactants is

liquid and capable of absorbing microwave energy.

The €-DL monomer is a liquid and expected to absorb microwave energy,
therefore, it should polymerize in the microwave heating as an alternative to
conventional heating. The self-assembly behaviour of the synthesised
copolymers were also investigated. To the best of our knowledge, this is the
first report where microwave heating was used for the synthesis of an
amphiphilic block copolymer of €-DL. The TBD has also been used first time

as a catalyst for microwave based ROP.

5.2 Experimental Methods

5.2.1 Measurement of Dielectric Properties

The dielectric properties of the reaction components were measured using
cavity perturbation technique as described previously in literature
publications.? The cavity perturbation measures the change in the quality
factor and shift in the resonant frequency of the electric field within a
resonant cavity upon introduction of the sample in the cavity. A conventional
furnace was used as a heating source to pre-heat the samples prior to their
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introduction into the cavity to assess the dependency on dielectric properties
on temperature. The sample was heated to the set temperature in the
furnace before introducing it into the cavity for determination of dielectric
property which is known to vary in a non-linear fashion with temperature.
The experimental system consists of the cylindrical copper cavity with the
furnace (placed above as heat source) connected to Hewlett Packard 875c

vector network analyzer.

5.2.2 Microwave Assisted Ring Opening Polymerisation (MROP)

5.2.2.1 Synthesis of Homopolymer of e-DL (PeDL)

The homopolymer was synthesised by ROP of €-DL using propargly alcohol
as the initiator, TBD as the catalyst and microwave energy as a heating
method. Propargyl alcohol (0.04 g, 0.67 mmol) was transferred to a
microwave transparent vessel which contained e-DL (8 g, 46.99 mmol)
under nitrogen atmosphere. The reaction vessel was then placed into the
microwave reactor cavity of a CEM discovery reactor with a maximum power
of 300 Watts and operating at 2.45 GHz. The reactor’s temperature program
set point was set to 120 °C temperature and the reaction was stirred to
ensure that the contents were uniform. Once the reaction had reached the
set point temperature, a solution of TBD (0.20 g, 1.40 mmol) in anhydrous
acetone (500 pL) was then added via syringe to the reaction mixture. The
reaction was continued for 8 h at 120 °C. Samples were taken from melt
mixture at a regular interval to monitor the conversion. The synthesised
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polymer melt was then terminated by being cooled and quenched by the
addition of benzoic acid (0.34 g, 2.80 mmol) in acetone. Following this, the
polymer was isolated by precipitation into cold methanol for three times. The

obtained polymer was a colourless viscous liquid material with 72.45% (5.83

g) yield.

5.2.2.2 Synthesis of Diblock Copolymers

Synthesis of mPEG-b-PeDL Block Copolymer
In a typical protocol for the synthesis of mPEG-b-PeDL copolymer, e-DL

(10.21 g, 60 mmol) was transferred to a microwave transparent vessel
containing mPEG (5 g, 1 mmol) under a nitrogen atmosphere. The reaction
vessel was then transferred to the cavity of CEM Discover microwave reactor
with a maximum power of 300 Watts and operating at 2.45 GHz. A
temperature program pre-set was set to 120 °C and commenced in order to
melt and mix the reaction content uniformly. TBD (0.22 g, 1.8 mmol) was
then separately dissolved in 500 pL of anhydrous acetone and added into
reaction mixture via syringe to start the polymerisation once the set point
temperature had been reached. For reaction termination and isolation see

the Kinetic Experiment description below.

Synthesis of mPEG-b-PCL Block Copolymer
A similar procedure use employed to synthesise mPEG-b-PCL copolymers, ¢-

CL (5.70 g, 50 mmol) was added into the microwave vessel containing mPEG
(5 g, 1 mmol). The reaction was heated to 120 °C and TBD (0.14 g, 1 mmol)

was added into reaction to start the polymerisation as described above. For
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reaction termination and isolation see the Kinetic Experiment description

below.

Kinetic Experiments for the Synthesis of mPEG-b-PeDL Block Copolymer
For the kinetic studies, the reaction was “paused” by switching off the input

microwave energy just long enough for samples to be taken from the
polymerizing melt at a predetermined times. After the completion of the
kinetic experiment, the reaction melts were cooled down and quenched by
the addition of benzoic acid (0.34 g, 2.80 mmol) solution in acetone. The
polymers were then isolated by being precipitated into cold methanol three
times. This crude recovered copolymer was then dissolved in a small volume
of acetone followed by re-precipitation in cold diethyl ether and the solvent
residue was evaporated under vacuum. The recovered mMPEG-b-PeDL
copolymer was waxy material with 66.12% (10.05 g) yield while mPEG-b-

PCL was a solid material with 88.34% (9.45 g) yield.

5.2.3 Determination of Critical Micelle Concentration (CMC) of
Copolymers

The pyrene was used as a fluorescence probe in 1:3 fluorescence ratio

methods for determination of critical micelle concentration'® of mPEG-b-PeDL

and mPEG-b-PCL copolymers. GraphPad Prism software (version 6.4) was

used for analysing the results. Detailed procedure for CMC determination is

given in chapter 2.
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5.2.4 Preparation of Blank and Coumarin 6 loaded mPEG-b-PeDL and
mPEG-b-PCL Micelles
In a typical protocol, mPEG-b-PeDL or mPEG-b-PCL (50 mg) and coumarin 6
dye (1 mg) were dissolved in acetone (5mL). This organic phase was then
added dropwise to a continually stirring volume of HPLC water (10 mL) at a
fix rate of 0.5 mL/min. The stirring was continued for 4 h at room
temperature, after which the formulation was left to stand overnight in an
open vial to ensure complete removal of acetone residues. This micelle
solution was then passed through membrane syringe filter (pore size: 220
nm) (Millex-LG, Millipore Co., USA) to remove any aggregates. The
formulation was then passed through PD10 desalting column (Sephadex G-
25 Medium, GE Healthcare Life Sciences) to remove any small molecular
weight impurities (<5K). A portion of the resulting cleaned micellar solution

was freeze dried to calculate micelle recovery and dye content (% DyC).

The blank micelles were prepared by the same method where addition of dye

was absent.

The nanoprecipitation of the dye was also performed following the same
method as described above but where the copolymer was absent from the
organic phase in order to determine the intrinsic solubility of the dye in

water.
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5.2.5 Characterization of the Micelles

The amount of coumarin 6 loaded in the micelles was estimated by
dissolving a known amount of micelles (5 mg) in methanol followed by
sonication and centrifugation. The supernatant was diluted appropriately
with methanol and introduced to a UV-visible spectrophotometer at Amax =
460 nm. A calibration curve was constructed over the quantification range of
2-20 pg/mL in methanol (Beckman Coulter DU 800 UV spectrophotometer)

(Figure 5-1).
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Figure 5-1 Standard calibration curve of coumarin 6 in methanol at wavelength (Amax) Of
460 nm.

Size, size distribution and polydispersity of the prepared micelles were
determined by dynamic light scattering (DLS) method at a polymer
concentration of 0.5 mg/mL in HPLC grade water using Malvern NanoZS
instrument. Surface zeta potential was measured in HEPES 10mM buffer

(pH-7.4) using the same instrument. The surface morphology and size were
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confirmed by TEM images. The samples were imaged without staining of the
samples on TEM grid. The size analysis on TEM images were performed
using Image J software. The full experimental characterization procedures

are given in chapter 2.

5.2.6 Cytotoxicity and Cell Uptake Study

The toxicity of the micelles was performed on C3A cells by fluorescent based
3 in 1 assay by the same procedure as described in chapter 3. All
experiments were repeated in triplicate and results were reported as mean
with standard deviations. GraphPad Prism 6 was used to analyze the data.
The cellular uptake study was performed on C3A cells according to the
protocol described in chapter 3. All experiments were repeated in duplicate

and the uptake was examined using Zeiss LSM880 confocal microscope.
5.3 Results

5.3.1 Measurement of Dielectric Properties of the Reagents

The dielectric properties of the reagents were evaluated to determine the
ability of the materials to absorb microwave energy and convert this into
heat at a given frequency (2.45 GHz). These properties are known to depend
on the temperature and both physical and molecular nature of the materials.
Thus the measurements were made for a temperature range of ambient to
140 °C, which included the target set point temperature. The dielectric

constant (€’), dielectric loss (¢”") and loss tangent (tan 0) were all assessed.

179 | Page



CHAPTER 5

The plot of € as a function of temperature at 2.45 GHz (the ISM frequency

at which the Discover Reactor operates) is shown in Figure 5-2.
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Figure 5-2 Dielectric constant (g¢’) of monomer, initiator and catalyst at various
temperatures

The €’ was observed to increase as the temperature increased for all the
materials. Indeed, the &-DL monomer was found to exhibit significantly
higher values compared to other reagents at selected reaction temperature
of 120 °C. It indicates the higher microwave absorbing capability of the €-DL
monomer compared to other reactants. This might be due to polar ester
bond of the monomer which might help in the absorption of microwave. The
dielectric constant of €-CL monomer was not determined as it has already
been known to absorb microwave.? The selection of the reaction temperature
also depended on the dielectric loss and loss tangent. The dielectric loss (g")

against the temperature at 2.45 GHz is shown in Figure 5-3.
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Figure 5-3 Dielectric loss (¢) of monomer, initiator and catalyst determined at various
temperatures

The e-DL (reacting monomer) has shown to exhibit a significantly higher
value of €” compared to other reacting materials. The €” of e-DL monomer
was observed to be increased with increasing the temperature upto 100 °C
followed by decrease in the €"” value. However, it showed around 12 times
higher value of €” at 120 °C compared to the other reacting materials and
thus can efficiency transfer absorbed microwave energy into the heat. The
TBD also demonstrated an increased €” value with increasing temperature
with a similar value point to that of the initiator found to be at around 120
°C. Thus, this was chosen as the reaction temperature as both these
components vital for initiation both exhibit similar abilities to convert the
stored energy they gain into heat. The loss tangents (tan 8) for starting

materials at different temperatures at 2.45 GHz are shown in Figure 5-4.
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Figure 5-4 Loss tangent (tan ) of monomer, initiator and catalyst at various temperatures

This property is calculated as a ratio of dielectric loss factor (€”') to dielectric
constant (¢') i.e. tand= €'/ €.' The monomers showed a tan & > 0.5 up to
120 °C. The tan & value for the initiator and catalyst was also found to
increases with increasing the temperature. At 120 °C, the initiator and the
catalyst showed tan & = 0.1 which is the point at which the materials are
described as being microwave active or “lossy”,* thus again underpinned the

choice of 120 °C as the reaction temperature. Table 5-1 shows all the

dielectric properties of the starting material at 120 °C.

Table 5-1 Dielectric properties of all the starting materials at 2.45 GHz frequency at 120 °C

Materials Dielectric constant (g')? Dielectric loss (g”)® Loss tangent (tan d)°
mPEG 5000 7.1 0.7 0.1
e-DL 15.2 8.5 0.6
TBD 5.1 0.7 0.1

@ Determined by cavity perturbation technique
® Determined by formula tan 8= €'/ €

182 | Page



CHAPTER 5

5.3.2Microwave Assisted Ring Opening Polymerisation (MROP)

The results of the dielectric properties of the reagents were used to plan and
interpret the results from the synthesis of polymer in microwave reaction.
The polymers were synthesised in bulk to maximise the sustainability of the
manufacturing strategy, i.e. no solvent was used reducing the VOC (volatile
organic compounds) footprint of the procedure and minimising waste from
the process. The synthetic route of the homopolymer and copolymers are

depicted in Scheme 5-1

g, CEn

A N0 MW, TBD‘I;JII’( 120°C O]\
» 1ED, PO /\ O | H
/\OH PeDL Homopolymer

g-Decalactone

O
OO
o H;C (0] O
B T—j\/\ MW, TBD, Bulk, 120 °C 3 \O{/\/ t/\o ]:uH
H

30\0 0 o~ H MPEG-b-PeDL
g-Decalactone n

(¢]
c [®) o) MW, TBD, Bulk, 120 °C )J\/\/\/
» H3C (0] OH
U o 5 . 3 \O{/\/ i:/\o
3 \OA{/\/ ‘]\/\O/
e-Caprolactone n mPEG-b-PCL

Scheme 5-1 Synthesis of e-DL homopolymer (A), e-DL copolymer (B) and €-CL copolymer
(C) catalysed by TBD in bulk using different initiators in MROP.

The microwave energy was introduced into the microwave vessel at the
maximum power rating available from the reactor (300W) to rapidly increase
the temperature to the target set point. The reaction temperature was
measured using a fibre optic probe. The reaction mixture was observed to

heat up almost instantly and reached to the experimental temperature of
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120 °C within 50 sec. Figure 5-5 shows the power and temperature of the
reaction against time for the first 50 sec in the microwave reactor. After this,
a very low power level (between 1-30W) was needed to maintain the

temperature.
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Figure 5-5 Microwave heating profile for the reaction mixture (e-DL, mPEG and TBD) for 50
sec

The results of the microwave assisted ring opening polymerisation (MROP) of
e-DL and e-CL on mPEGS5k initiator using TBD are detailed in Table 5-2. The
data of the conventional synthesis method described in previous chapter are
also included so that they can be compared against those of the microwave
based method to determine the relative efficacy of the two methods. The
microwave method for €-DL polymerisation showed an improvement on the
polymerisation rate by reducing the reaction time by half compared to time
required for the conventional heating. In practice this constitutes a reaction
time saving of 6 h. By comparison, €-CL polymerisation required only 2 min
for get conversion to over 90% conversion compared to the 10 mins

required in the conventional heating polymerisation method.
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Table 5-2 Summary of experimental details and molecular weight obtained after ROP of e-Decalactone and e-Caprolactone
using TBD as a catalyst.

. TBD . Theoretical NMR GPC
Heating a Conversion . T Mn Mn e
Catalysts Polymer [M]/[I] o/ \b Time o Mol. Wt. “1hc -1nd PDI
Run Method (mol%) (%) (°O) (g mol™) (gmol™)® (gmol™)
1 Microwave 3 PeDL 70 94 6h 120 12.0 K 11.2 K 6.0 K 1.07
2 Microwave 3 m';Egl'_b' 60 86 6h 120 152K 104K 177K 1.20
3  Microwave 2 MPEG-b- 50 92 2 120 10.7 K 10.2 K 17.4K  1.17
PCL min
4 CH 3 PeDL 70 92 12h 120 12.0K 11.0K 7.9K 1.09
5 CH 3 m';Eng' 60 89 12h 120 152K 103K  16.2K  1.15
6 CH 2 MPEG-b- ¢, 93 10 450 107k 102K  17.0K 1.48
PCL min

CH= Conventional hot plate heating ®Monomer:Initiator ratio in feed; °Conversion determined by 'H NMR; ‘Number
average molecular weight (M,) determined by 'H NMR; Number average molecular weight (M,) determined by GPC;
®Polydispersity index (M,, /M,) determined by GPC
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The kinetics of these reactions were then determined by conducting *H NMR
analysis on samples removed at a regular intervals. The level of conversion
that had been achieved was easily followed by comparing peak intensities of
e protons of e-DL monomer both before and after conversion within the 'H
NMR spectrum as described in chapter 4 (Section 4.3.1). Figure 5-6 shows
the kinetic data from the reaction when microwave energy was used as a
heating source. The samples were taken at a regular interval (2 h) and the
conversion was determined by 'H NMR spectroscopy. The absence of TBD
peaks in the purified polymer indicated the polymer was free from The
apparent rate constant (kp,) for microwave and CH reactions for mPEG-b-
PeDL synthesis were determined from gradient of the liner relationship
obtained from plotting the log monomer conversion ratio (In([M]o/[M])
against time (Figure 5-7). The k, of e-DL polymerisation in the CH method
was determined to be 0.18 h!, whilst when microwave was used as a
heating method it was observed to have been increased to 0.40 h'l. In fact,
nearly 80% monomer got converted in 4 h in the microwave experiment
while it took nearly 10 h in CH for €-DL polymerisation to reach the same

point (Figure 5-6).
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Figure 5-6 Kinetics behaviour of e-DL polymerisation based on MROP
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Figure 5-7 Reaction kinetic of e-DL polymerisation on mPEG initiator using microwave and
CH methods

The comparison of €-DL polymerisation against €-CL in microwave revealed
that the €-CL conversion took only 2 min to polymerize > 90 % of monomers
whereas €-DL needed 6 h for > 85 % of monomers conversion. Despite the
higher of e-DL (used high M/I feed ratio), the purified polymer showed lower
degree of polymerisation (DP) (Table 5-2). A small shoulder in the GPC
graph indicated some traces of impurity/by-product in the mPEG-b-PeDL
copolymer (Figure 5-8). The traces of impurity were also observed when the
same copolymer was synthesised by conventional heating method. The GPC
analysis underestimated the M, of PeDL homopolymer and overestimated the
M, of mMPEG-b-PeDL copolymer compared to M, estimated by H NMR.
Moreover, a higher PDI was observed for mPEG-b-PCL copolymer in CH

method compared to MROP method (Table 5-2).

188 | Page



CHAPTER 5

—— mPEG-b-PeDL
— mPEG-b-PCL

mPEG 5K

14 16 18

Retension Time (Min)

Figure 5-8 GPC traces of mPEG 5000, and synthesised copolymers made by MROP method

The 'H NMR of copolymers was also determined in D,O and compared with
CDCl3 to collect evidence for micelles formation. The peak signals of the
protons of the hydrophobic blocks (PeDL and PCL block of copolymers) were
found to be suppressed in DO where copolymers exist in micelles form
(hydrophobic block surrounded by hydrophilic block). On the other hand the
peak signals of the protons of hydrophobic blocks (PeDL and PCL block of
copolymers) were present in the CDCl; where the copolymers exist as

separate single chain entity (Figure 5-9).
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Figure 5-9 Comparison of *H NMR in D,O and CDCl; solvent (A) mPEG-b-PeDL copolymer

(B) mPEG-b-PCL copolymer
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5.3.3 Determination of CMC of the Block Copolymers
Intensity ratio values (mean value) for peak 1 and 3 of fluorescence
spectrum of pyrene acquired for different concentrations of polymers are

given in Table 5-3.

Table 5-3 Intensity ratio values for peak 1 and 3 of fluorescence spectrum of pyrene
acquired in different concentrations of polymers

Intensity Ratio (I1/13)

Log C (mg/L)

(MPEG-b-PeDL) (MPEG-b-PCL)
0.01 1.5851 1.5872
0.05 1.5658 1.5861
0.10 1.5545 1.5814
0.50 1.4519 1.5458
1.00 1.3683 1.5285
2.00 1.3446 1.3893
4.00 1.3340 1.3360
6.00 1.3432 1.2314
8.00 1.3445 1.2156
10.00 1.3351 1.2183
15.00 1.3364 1.2171
20.00 1.3375 1.2184
50.00 1.3342 1.2172

A graph containing the plot of the Log of the polymer concentration (mg/L)
against the peak intensity ratio (i.e. of I; to I3) for pyrene was used to
determine the CMC. The curve obtained was fitted using a non-linear
regression (Sigmoidal, 4PL, X is on log scale) to determine the point of
inflection (IC50) which indicated an abrupt change in value and hence was

attributed to be the CMC of the copolymer (Figure 5-10).
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Figure 5-10 CMC plot for (A) mPEG-b-PeDL and (B) mPEG-b-PCL obtained by pyrene 1:3
peak ratio method.

A significant difference was observed between the CMC values for the
copolymers (P<0.05, unpaired student’s t test) containing the two lactone
monomers (e-DL and &-CL). The CMC of mPEG-b-PCL copolymer micelles
was observed to be more than double of the mPEG-b-PeDL equivalents

(Figure 5-11).
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Figure 5-11 Comparison of 95% confidence interval (IC50) of the CMC. IC50 value was
obtained by non-linear curve fitting of CMC plot (sigmoidal, 4PL).

5.3.4 Preparation and Characterization of Blank and Loaded Micelles

In order to use the copolymers as drug delivery vehicles, it is important to
evaluate the loading capability and self-assembling properties of the two
types of copolymer. A significantly higher dye loading was observed in
MPEG-b-PeDL micelles compared to mPEG-b-PCL micelles. Although, the
overall dye loading was low in both of the copolymers. In the assay used to
determine the level of drug incorporated into the micelles, the intensity of
the green-yellow colour in the formulation indicates the drug loading in the
micelles. To gauge the base line colour that was attributed to the presence
of the dye alone, the dye was precipitated in the water when the polymer
was absent from the nanoprecipitation formulation which was observed to
give rise to a transparent, clear solution upon filtration with a 0.22 um filter

(Blank formulation) (Figure 5-12).
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Figure 5-12 Coumarin 6 loading in different copolymers. Each point represents mean = SD
(n=3). A significant difference (P < 0.05, unpaired student’s t test) was observed. Picture
shows the micelle formulations. No dye was detected in blank where polymer was absent.

The self-assembling property of the copolymers was determined by
subjecting them to analysis via TEM and dynamic light scattering (DLS)
techniques (Table 5-4). The hydrodynamic volume of micelles made from
MPEG-b-PeDL micelles was 38 nm which was significantly higher than the 31
nm recorded for the mPEG-b-PCL micelles. Furthermore, it was noted that
the micellar size of both systems were not significantly changed by drug
loading compared to unloaded micelles (P > 0.05, unpaired student’s t test)
of the same polymers. The samples were defined to exhibit a single peak in

the DLS of narrow polydispersity, for both of the micelles formulations.
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Table 5-4 Characteristics of empty and Coumarin 6 loaded block copolymer micelles

Empty micelle Coumarin 6 loaded micelles

Polvmer® CMC Dye Content

y (ug/mL) Average  ,..n  (wt%)+ SD  Average -

Size (nm)? size (nm)?

mPEG-b- 1.58°¢ c 0.13 £ c c

PeDL 38+ 3 0.02 0.33 £ 0.12 40 £ 5 0.17 £ 0.02
mMPEG-b- 3.70 0.15 £

PCL 31+ 3 0.01 0.25 £ 0.15 32+ 4 0.18 £ 0.02

2 Intensity mean by Dynamic Light Scattering (DLS) Technique. ° Polydispersity index (PDI)
by DLS. ¢ Significant difference from mPEG-b-PCL (P < 0.05, unpaired student’s t test).
SD=Standard deviation

TEM image of the empty micelles shows a uniform distribution of the
spherical micelles for both of the copolymers with well-defined clear
boundary. The size of the micelles of both the copolymers were <60nm

analysed Image ] software. There were no sign of aggregation seen in the

micelles samples (Figure 5-13).

Figure 5-13 The TEM Images of empty micelles with size distribution histogram (using
Image J software) and (A) mPEG-b-PCL micelles, (B) mPEG-b- PeDL micelles. The images
were taken without staining. Scale bar — 2000nm.
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5.3.5 Cytotoxicity and cell uptake study

The toxicity of the micelle was observed by determining the Alamar Blue,
CFDA-AM, and Neutral Red dye uptake in the cells using fluorescent based
method on C3A cells (human hepatocellular carcinoma). All three methods
have shown the cell viability more than 80% in the concentration range from
4.6 to 300 ug mL™* (Figure 5-14). Therefore, the micelles were considered as

safe to be used for cell uptake study.
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Figure 5-14 The C3A hepatocytes cell viability test following the exposure of mPEG-b-PDL
micelles (at concentrations ranging from 4.6 to 300 ug mL™!) for 24 h using Alamar Blue
(A), CFDA (B) and Neutral Red (C) assays. Data are expressed as % viability £ SEM (nh = 3

minimum).

The endocytic internalization of the dye loaded micelles was studied to
evaluate their potential for use as vehicles for delivery of hydrophobic
molecules inside the cells. The cell imaging of dye loaded micelles in C3A cell
suggested that micelles were taken up by the cells in the early stage of
study (within 10 min). The micelles were internalized progressively over the
study time points (see Figure 5-15). The micelles were present inside the

cells in cytosol and some of them are concentrated on the surface of the
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nucleus while no particles were present inside the nucleus even after 1440

min of study time.

Nucleus Tubulin Micelles Merged

Figure 5-15 The time dependent uptake of coumarin 6 labelled mPEG-b-PeDL micelles by
C3A (human hepatocellular carcinoma) cell lines. Cells were treated with cell medium (A) or
micelles for 10 min (B), 60 min (C), 240 min and (D) 1440 min and then stained for the
tubulin cytoskeleton (red) and nucleus (blue). The green colour showed by coumarin 6

loaded micelles.
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5.4 Discussion

Microwave heating has been reported to provide the potential to deliver a
clean, green and convenient method of heating, which often results in short
reaction time with higher yields and reduced By-product formation. Hence,
the copolymers based on renewable €-DL and non-renewable &-CL were
synthesised by a microwave method and the characteristics of both the
reactions and the final products were compared against those of
conventional heating equivalents. It was proposed that the polar ester
groups within the monomers would favours the absorption of the microwave
energy and hence ensure that they could be heated in the reaction mixture
uniformly, i.e. they would undergo selective heating throughout the entire
volume of the reaction mixture. In so doing it would remove the potential for
developing temperature gradients within the bulk of the reaction media. To
determine the ability of the material to absorb microwave energy, the
dielectric properties of the starting materials and the catalyst have been
determined. These properties included the dielectric constant (€’), dielectric
loss (€”) and loss tangent (tan 0). These properties are known to vary with
temperature and enable a prediction to be made relative to the potential
ability of the materials to both absorb microwave energy and convert it into
heat at a given frequency (2.45 GHz - the operating frequesncy the the CEM
reactor used). The &-DL monomer was determined to have significantly

higher dielectric constant (¢’) (ability of a material to store absorb and
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electrical potential energy) and dielectric loss (¢”) (ability of a material to
convert electromagnetic energy into heat) with increasing the temperature
when compared to the initiator and the catalyst. The ratio of these two
components describes the loss tangent (tan 6= €'/ €) value which indicated
the ability of the material to heat the reaction system. Based on its value, a
compound may have: significant (0.1 < tan d) or low (tan d < 0.1)
microwave heating capability. The microwave absorbing capabilities for
monomer (e-DL) was found to decrease as a function of temperature.
However, it was optimum upto 120 °C where tand value was >0.5 indicating
a high microwave absorbing capability. At the same temperature, the tan &
values of initiator and catalyst were found to increase as temperature
increased also established a tan & = 0.1, which demonstrates that the
initiator and catalyst also had a significant potential to contribute in the
microwave heating of the reaction system. In short, at the selected reaction
temperature (120 °C), all the reacting materials were predicted to have
significant potential to contribute to the overall microwave heating and
hence this was selected as a reaction temperature. The reaction was
conducted in the bulk as the €-DL monomer (liquid physical form) was able
to dissolve the other reaction material and to make synthetic strategy more
sustainable. The reaction temperature was reached within the 50 sec of the
reaction mixture being introduced to the microwave reactor indicated a high

efficacy of the starting materials to absorb microwave energy. The
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copolymer of €-CL was also synthesised. The dielectric property of the €-CL
had already been published and shown to be microwave absorbent
(tand>0.1) at 120 °C.? Moreover, they had also shown that it was possible

to accelerate the polymerisation of polymerised €-CL in a microwave reactor.

The comparison of &-CL polymerisation against e-DL polymerisation in
microwave revealed that the €-CL conversion took only 2 min to polymerize
>90% of monomers whereas €-DL needed 6 h for >85% of monomers
conversion. Being a structural analogue of €-CL, it was anticipated that the
e-DL will react faster during MROP. However, a longer reaction time was
needed to complete the conversion. This might be due to the presence of an
extra butyl chain in the e-position of biobased €-DL monomer. This chain
prevents the availability of alcohol by steric hindrance during MROP reaction.
The other possible reason for the lower reactivity might be the generation of
secondary alcohol upon opening of -DL ring on mPEG (1% mer) which act as
an initiator for further addition of monomers. Additionally the increased
hydrocarbon character will make €-DL more hydrophobic thus it may be less
miscible with the more hydrophilic alcohol based initiators. Thus, €-CL's
faster reactions were attributed to a combination of (a) the absent of any
alkyl chain thus reduced steric clutter around the reaction centre, (b) that it
generates primary alcohol which can react faster compared to secondary

alcohol on €-DL and (c) it is more miscible with the initiators.
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The comparison of the microwave against conventional hot plate heating
method for e-DL polymerisation revealed that the polymerisation in
microwave requires just 6 h compared to 12 h for conventional hot plate
heating method. The microwave can transfer energy directly to the reacting
materials whereas CH involves the heating of the wall of the container by
convection and conduction mechanism hence the core of the bulk material
takes a longer time to achieve the required temperature. The apparent rate
constant (kp,) was 2.25 times higher for microwave compared to CH method
for e-DL polymerisation revealing the higher capability of the microwave
method. In this case the selective heating of the reaction components was
proposed to overcome the steric barriers created by the presence of the
hydrocarbon branch in this monomer or the lower reactivity of the secondary
hydroxyl group. This conclusion was supported by the results for the e-CL
polymerisation in microwave method which proved to be very efficient where
it took 2 min to convert >90% of the monomer to give copolymer with M,°™
17.4 X 103 (PDI 1.17). By comparison, the CH method required 10 min to
convert >90% of £-CL to give M,°°¢ 17.0 X 103 with higher polydispersity
(PDI 1.48). This indicates that the microwave was 5 times more efficient
than CH method for e-CL polymerisation. This also showed that by removing
the steric clutter and/or providing a primary hydroxyl with higher reactivity
produced an increased differential in the benefits obtained from selective

microwave heating.
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The stability of the micelles is an important aspect to be used as a delivery
vehicle. Micelles are said to be thermodynamically stable if they have
copolymer concentration above their CMC. CMC is a concentration where
copolymer molecules begin to come together to from micelles due to
hydrophobic-hydrophobic interaction forces. The CMC value for mPEG-b-
PeDL micelles was observed to be lower compared to mPEG-b-PCL micelles.
A similar results has also been illustrated where a lower CMC was noted for
alkyl chain-substituted poly(lactide) copolymers than unsubstituted
poly(lactide) copolymer.?® However, a previous literature publication by
Glavas et al. reported an opposite result to the one reported here; they
observed a higher CMC for mPEG-b-PeDL micelle compared to mPEG-b-PCL
micelles. However, they used a lower molecular weight of hydrophilic and
hydrophobic block (2K each). Thus a lower CMC of the mPEG-b-PCL micelle
in this case would be anticipated due to the crystallinity of the PCL core (2K)
which acted as a driving force for self-assembly. On the other hand, the
alkyl side chains in the PeDL core (2K) were postulated to disrupt the self-
assembly process which gave a higher CMC for mPEG-b-PeDL micelle.?! Our
study involved higher molecular weight of the hydrophilic (5K) and
hydrophobic blocks (5K) and hence higher overall molecular weight
copolymers than those used by Glavas et al. Therefore, as the length of the
hydrophobic block in the copolymer can change the crystallinity and

hydrophobicity, it can affect the micelles CMC. Thus, the opposite results can
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be explained by two reasons. The first reason might be the molecular weight
of PCL in the copolymer which can affect the crystallinity of the core. The
lower molecular weight PCL tends to crystallize more than the higher
molecular weight.?? This explains that the use of higher molecular weight
PCL might reduce the crystallinity and hence there are less driving forces for
self-assembly leads to higher CMC of mPEG-b-PCL micelles. The other
reason might be the higher hydrophobicity of the PeDL core in mPEG-b-PeDL
micelles due to higher molecular weight of PeDL block. The higher molecular
weight PeDL can exert a higher hydrophobic phase separation driving force
which can easily overcome the disruption effect of alkyl chain which can lead
to the overall reduction in the CMC of the mPEG-b-PeDL copolymer. The
study suggested that at higher molecular weight and their hydrophobicity
characteristics acted as the dominant factors that define the CMC rather
than the crystallinity. Previously, we have also shown a similar CMC pattern
where mPEG-b-PdDL micelles showed lower CMC compared to mPEG-b-PCL

micelles which confirms our hypothesis.??

In order to use the copolymers as delivery vehicles, it is important to
evaluate the self-assembling property of the copolymer. The self-assembling
properties of the copolymers were determined using *H NMR (in CDCl; and
D,O solvent), dynamic light scattering (DLS) and TEM techniques. The H
NMR spectrum of mPEG-b-PeDL in CDCI; showed peaks for both mPEG and

PeDL blocks and indicated that the molecules act as a separate entities i.e.
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copolymer molecules are not self-assembled to form micelles. However, the
D,0O spectrum showed only mPEG peaks indicated the self-assembly of the
copolymer where the PEG blocks were shielding the hydrophobic PeDL block.
The same results has also been showed in previous studies with a smaller

molecular weight copolymer.?!

The DLS of the copolymeric micelles showed a single peak with low
polydispersity index indicated the uniformity of the micelles formulation. The
TEM image also showed uniformly distributed micelles with clear boundary
for both of the copolymers indicated the formation of micelles. The sizes of
the micelles determined by DLS and TEM (analysed Imagel] software) of both
of the copolymers were <60 nm. The particles of <200nm are known to be
less susceptible to reticuloendothelial system (RES) system.?* The RES
system is a part of immune system consists of monocytes and phagocytes
which are responsible to remove foreign particles from the body. It showed
that the obtained micelles size are less susceptible to RES system and hence
can circulate for a longer period of time in the blood. The lower dye loading
in both of the formulations could be related to a very high hydrophobicity of
the dye which exerted a very high cohesive force between the dye molecules
during nanoprecipitation. Therefore, as the dye-polymer interaction was less
compared to dye-dye interactions, it resulted in the precipitation of most of
the dye in the water. However, a higher loading in mPEG-b-PeDL micelles

was observed compared to mPEG-b-PCL micelles. A higher core volume and
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amorphous content in the mPEG-b-PeDL micelles might be the reason for
higher loading. The 3 in 1 fluorescence method indicated that the polymeric
micelles are less toxic to the C3A cells where less than 20 % of the cells died
in the experimental conditions. It indicated that the micelles were not
significantly affecting the metabolic activity, cell membrane integrity and
lysosomal function of the cells. The uptake of the micelles was elucidated in
the hepatic cell lines (C3A cell) as most of the micelles/particles are uptake
by the liver cells.?®> Commonly, the hydrophilic particles are less efficient to
internalization compared to hydrophobic nanoparticles.”® However, the
micelles were taken up by the cells very quickly in the early stage of the
study. It indicates that the hydrophilic PEG surface of micelles was not
providing enough shielding effect to prevent it from internalization. This
might be related to the chain length of mPEG and hydrophilic/ hydrophobic
ratio of the copolymer. The size of the micelles can also affect the
internalization. It has been shown previously that the 50 nm polystyrene NP
was internalized to higher extent compared to 500 nm polystyrene NP in
hepatocytes cells.?” Therefore, the smaller size of the micelles (<60 nm)

could be a reason for higher internalization of the micelles within the cells.

5.5 Conclusions

The mMPEG-b-PeDL copolymers have been successfully synthesised and
compared with mPEG-b-PCL copolymer using TBD catalyst in MROP method.

The conclusions of the results of the ROP synthesis was also supported by
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reference to the dielectric data of the starting reaction materials. It was also
shown that the microwave heating reduced the polymerisation time mPEG-b-
PeDL copolymer by one half compared to conventional heating methods
described in the last chapter which resulted in a reaction time reduction of 6
h. Also for the first time microwave acceleration of €-CL ROP to produce
mMPEG-b-PCL copolymers using the TBD catalyst was demonstrated and
shown capable of reducing the reaction time to 2 mins. We also
demonstrated that the copolymers are able to self assebled in water to give
micelles with amorphous (mPEG-b-PeDL) and semicrystalline (mPEG-b-PCL)
cores. A lower CMC and smaller size of the mPEG-b-PeDL micelle illustrated
the higher thermodynamic and kinetic stability of the micelles. The lower
toxicity and time dependent uptake of the micelles into the cells
demonstrate the capability of the polymer to be used as delivery vehicle.
However, lower dye loading in the copolymer led to the use other drug
molecules to realize the potential of the copolymer. Hence in the next
chapter, the drug delivery potential of copolymer was evaluated using

indomethacin as a model hydrophobic drug molecule.
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6.1 Introduction

The poor solubility of many drug candidates is one of the major hurdles in
the formulation development of new drugs.! Around 70 % of new chemical
entities are poorly soluble in aqueous media.? In the last few years, micelles
have emerged as one of the major tools for solubilization and controlled
delivery of many hydrophobic drugs.>'° Micelles are nanosized structures
(10-100 nm) obtained by self-assembly of amphiphilic molecules above their
critical micellar concentration (CMC) in water.'**> The hydrophobic part of
the micelles forms a core which is surrounded by a hydrophilic outer shell,
known as a corona.'*1® The core-shell structure of micelles creates a cargo
space for hydrophobic molecules. These cargo spaces have been used for
drug loading in many studies.'”?° The drug loading in the micellar cores can
be affected by a number of factors. These includes the nature of core
forming block, block length, polymer molecular weight, nature of drug and

drug-polymer compatibility.?!

Many studies have shown that the drug-
polymer compatibility is one of the major factors affecting drug loading into
micelles.?? 22 A polymer can act as a good solubilizer for a drug if they both
have favorable interactions with each other and this enhances the drug
loading. For instance, Yang et al. showed a higher doxorubicin loading in
acid functionalized polycarbonate block copolymers due to the strong

interaction of amine groups of the drug with the acid group of the polymer.?*

However, strong interactions can also prevent drug release from the core.
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Therefore, it is important to optimize the formulation, such that a proper
loading with desirable release kinetics can be achieved. A number of
researchers have attached selected functional groups in block copolymer
cores to facilitate strong interactions with drugs.?® Marked improvements
have been achieved for amphotericin B,%® cisplatin?’ and doxorubicin
(DOX)?® ?° in terms of drug stability, loading and release property. One of
the key parameters which may determine drug-polymer compatibility is the
Flory-Huggins interaction parameter.?® 3! A low value (ideally zero) of this
parameter indicates a good interaction between drug and polymer. Several
reports have shown the successful use of this parameter to determine the

compatibility of a drug with polymer.?? 23 32

In this chapter, a self assembled mPEG-b-PeDL polymer has been described
for the solubilization and controlled release of indomethacin. The drug
loading was optimized for different loading methods, use of organic
cosolvent (acetone, THF and ethanol) and drug to polymer ratios during
nanoprecipitation. The obtained results were compared with structurally
similar mPEG-b-PCL polymers which have been utilised before for drug
delivery.??

A drug-polymer compatibility study was also conducted by predictive
computational approaches in micelles formed from the newly synthesised
MPEG-b-PeDL copolymer and compared with mPEG-b-PCL copolymers for

encapsulatioon and release of indomethacin. This has been accomplished by
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estimating Flory-Huggins interaction parameters using the group
contribution method (GCM). In general, a good compatibility should result in
higher drug loading. In order to identify the dominant factor in drug loading
and release, the predictive compatibility results were compared with
experimental results to design rules for drug delivery systems.

A difference in the drug loading and drug release was expected for micelles
with differences in the physical state of their core (amorphous or
semicrystalline). Previous chapters have shown the amorphous nature of the
MPEG-b-PeDL micellar cores compared to the semicrystalline mPEG-b-PCL
core. In general, micelles with amorphous cores should enhance drug
loading as drug molecules are reported to associate better with amorphous
regions of the polymer. The butyl chain in the micelles core was expected to
enhance the hydrophobic-hydrophobic interaction between drug and polymer
which can lead to the higher solubilization of drug in micelles. However, the
absence of electrostatic or hydrogen bonding functional groups in the
polymer micellar cores were also predicted to prevent strong interactions
between drug and polymer. Hence, these polymers were anticipated to have

a good balance between drug-polymer association and release.

6.2 Methods

6.2.1 Determination of Solubility Parameters of Drug and Copolymers
The drug-micellar core compatibility was calculated by the Flory-Huggins

interaction parameter given by:
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vsp = (8s-8p)° V/RT (1)

Where xsp = Interaction parameter of solubilizate (drug) and core forming
block (polymer hydrophobic block); &s = Solubility parameter of solubilizate
(drug); 9, = Solubility parameter of the polymer (core block); Vs = Molar

volume of solubilizate (drug); R = Gas constant and T temperature in Kelvin.

The Hanson approach was used to calculate the partial solubility for

estimation of the solubility parameter (d) by eq (2).
5 = (8% + 8% + 5%,)Y? (2)

where, &4, Op, and On are the partial solubility parameters due to Van der
Waals dispersion forces between atoms, electrostatic interactions or polarity,
and hydrogen bonding between molecules, respectively. The partial solubility
can be calculated using the group contribution method (GCM) obtained by

the Hoftyzer Van Krevelen’s method>* using the expressions below.

dq = SFq/V (3)
S = (SF%)"2/V (4)
dh = (ZEn/V)Y/? (5)

where F4, Fp, and Ey indicates the specific functional group for dispersion
forces (Fq4), polar or electrostatic interactions (Fp), and hydrogen bonding

(En) respectively. The values of these forces are available in the literature®>.
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V refers to the molar volume which can be determine by the Fedos
method?°. Therefore the solubility difference (8s-8,) of drug and polymer can

be estimated by

(8s-8p) or Ad = [(8s-8p)%d + (Bs-8p)% p + (Ds-0p)%n]*? (6)
Hence ysp is calculated using

vsp = (AB)? Vo/RT (7)

Lower values ysp, suggest higher compatibility between drug and polymer. In
the same way, compatibility is predicted to be highest when the solubility
parameters of drug and polymer becomes equal (ds=9,). In other words low
values of Ad indicate good solubilization. The equation 7 also indicates that
the interaction parameter depends on the molecular volume of the drug.
Larger molecular volumes of the drug increase the interaction parameter

value, hence will reduce compatibility with the polymer.
6.2.2 Preparation of Blank and Indomethacin Loaded Micelles

6.2.2.1 Dialysis Method

The dialysis method was used for copolymeric micelles preparation according
to reported method with some modifications.® The block copolymer (50 mg)
and indomethacin (4 mg, 1.1X 10 moles) was dissolved in 5 mL of organic
solvents at room temperature. The organic phase was added into the water

(10 mL) with stirring at a fixed rate of 0.5 mL/min using syringe pump. The
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solution was stirred for 2 h followed by dialysis of the suspension for 24 h
against 5 L of deionized water using cellulose dialysis membranes (molecular
weight cut-off (MWCO): 1.2 X 10%. The water was replaced at a
predetermined time interval (6 h). The obtained formulation was passed
through a membrane syringe filter (pore size: 220 nm) (Millex-LG, Millipore
Co., USA) to remove any aggregates. A portion of the formulation was
frozen and lyophilized to obtain freeze dried products. The same procedure
was used for the preparation of blank micelles except that indomethacin was
not added in the organic phase. The organic phase used for micellar
preparations included acetone, tetrahydrofuran (THF) and ethanol (water

miscible solvents).

6.2.2.2 Emulsion (O/W) Method

The emulsion method of drug encapsulation was used according to reported
procedures with some modifications.®” The loading was performed by
dissolving polymer (50 mg) and drug (4 mg) in 2 mL of dichloromethane
(DCM) (water immiscible organic solvent). To this solution, 10 mL of water
was added with stirring and suspension was emulsified using probe
sonication for 5 min. The DCM was evaporated by stirring the emulsified
suspension at room temperature for 3 h. The obtained formulation was left
overnight (open vial) in a fume cupboard to allow any residual solvents to
evaporate. The micellar solution was then filtered through a membrane

syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA) to remove
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any aggregates. The drug loaded micelle formulation was then passed
through a PD10 desalting column (Sephadex G-25 Medium, GE Healthcare
Life Sciences) to remove any free drug and small molecular weight
impurities (<5 K). A portion of the formulation was freeze dried to determine
the drug content in the formulation. The blank micelle formulation was made

by omitting the addition of drug in organic phase.

6.2.2.3 Nanoprecipitation

Micelles of the block copolymers were prepared by nanoprecipitation
methods.®® Briefly, copolymer (50 mg) and indomethacin (4 mg) were
dissolved in the organic phase (5 mL) and added dropwise at a fix rate of
0.5 mL/min into HPLC water (10 mL) with stirring (1000 rpm). The solution
was stirred for 4 h at room temperature and then left overnight for complete
removal of acetone residue. The obtained micelles solution was passed
through membrane syringe filter (pore size: 220 nm) (Millex-LG, Millipore
Co., USA) to remove any aggregates. The formulation was then passed
through a PD10 desalting column (Sephadex G-25 Medium, GE Healthcare
Life Sciences) to remove any free drug and small molecular weight
impurities (<5 K). The same procedure was used for the preparation of
blank micelles except that indomethacin was not added in the organic phase.
The organic phase wused for nanoprecipitation included acetone,
tetrahydrofuran (THF) and ethanol. A portion of the obtained micellar

solution was freeze dried to calculate drug content (% DC).
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6.2.3 Characterization of the Micelles

The amount of indomethacin loaded in the micelles was estimated by
dissolving a known amount of micelles (5 mg) in methanol followed by
estimation through UV-visible spectrophotometer at Amax = 318 nm. A
calibration curve was constructed over the quantification range of 5-50

Hg/mL (Beckman Coulter DU 800 UV spectrophotometer) (Figure 6-1).

1.0
y = 0.0163x

0.84 R2=0.9987

Absorbance

0 10 20 30 40 50 60

Concentration (pg/mL)

Figure 6-1 Standard calibration curve of indomethacin in methanol at wavelength (Anax) of
318 nm.

Size, size distribution and polydispersity of the prepared micelles were
determined by dynamic light scattering (DLS) at a polymer concentration of
0.5 mg/mL in HPLC grade water using Malvern NanoZS instrument. Surface
zeta potential was measured in HEPES 10 mM buffer (pH-7.4) using the
same instrument. The surface morphology and size were confirmed by TEM
images. The samples were imaged without staining of the samples on TEM
grid. The size analysis of TEM images were performed using Image J

software. The full experimental characterization procedures are given in
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chapter 2. All the measurements were performed on three different batches

and the mean values were reported.

6.2.4 Stability Studies of the Micelles

The stability of the mPEG-b-PeDL micelles in HPLC water and PBS buffer was
determined by measuring the size of the micelles after 4 weeks at room
temperature. The buffer (10 mL) solution was evaporated to get the solid
content of the PBS. The aqueous micelle solution (10 mL) was then added in
the solid material and dissolved to obtain the micelles formulation in PBS.
Size, size distribution and polydispersity of the prepared micelles were
determined by dynamic light scattering (DLS) at polymer concentrations of
0.5 mg/mL in HPLC grade water or PBS buffer using a Malvern NanoZS
instrument. The formulations were passed through a membrane syringe
filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA) before measuring

the size of the micelles.

6.2.5 Degradation Study of Micelles

The degradation of empty mPEG-b-PeDL micelles was assessed in HPLC
water (pH 7.4) and micelles formulation (in HPLC water) with Pseudomonas
cepacia lipase (0.2 mg/mL). The micelle formulations were incubated at 37
°C. One vial from each set was collected at a predetermined time (30 days)
and freeze-dried. The freeze-dried samples were then dissolved in
chloroform, filtered, and analyzed by GPC to determine the change in

molecular weight.
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6.2.6 In Vitro Indomethacin Release Study

The in vitro time profile of indomethacin release was performed according to
a reported method with minor modification.3® An appropriate amount of
freeze dried micelles, equivalent to 250 ug of indomethacin was redispersed
in HPLC grade water (1 mL).The solution was transferred to dialysis tubing
(Slide-A-Lyzer, 3.5 kDa, Thermo Scientific) and dialysed against 5 mL of
phosphate buffer solution (PBS, 0.1 M, pH 7.4) at 37 °C. At a predetermined
time intervals, the whole release media were taken as a sample and
replaced with fresh media to maintain sink conditions. The samples were
then freeze dried and dissolved in 1 mL of methanol to quantify drug by UV-
visible spectrophotometry. Three control solutions (Control ‘A’, 'B" and ‘C’)
were also prepared for comparison and analyzed by the same method given
above. Control ‘A’ solution consisted of 250 pg of indomethacin dissolved in
1mL of phosphate buffer. Control ‘B’ consisted of 250 ug/mL of indomethacin
solution in PBS in which 15 pL of mPEG-b-PeDL copolymer solution in
acetone (stock: 250 mg/mL of mPEG-b-PeDL) was added. Control ‘C’ also
consisted of 250 pg/mL of indomethacin solution in which 18 yL of mPEG-b-
PCL copolymer solution in acetone (stock: 250mg/mL of mPEG-b-PCL) was
added. Acetone in control solutions (Control ‘B’ and ‘C’) was removed by

bubbling with nitrogen and volume was made up to 1 mL, if required.

220 | Page



CHAPTER 6

6.3 Results

6.3.1 Solubility Parameters of Drug and Copolymers

The solubility parameters of indomethacin, PEG block and hydrophobic
blocks of copolymers were calculated using the Hansen solubility approach
using equation 1 given in the method section. The calculated values
tabulated in table 6-1 indicated that the Van der Waals dispersion forces
were nearly the same between copolymer segments (PeDL and PCL
segments). The polarity and hydrogen bond formation ability was higher
with the PEG segment as expected. The solubility difference (Ad) was
calculated by equation 6 using partial solubility parameters. The lowest value

of this parameter was found for PCL cores (Ad (PCL) = 4.47).

The interaction parameter (ysp) was then determined from the Ad value
using equation 7. Equation 7 also indicates the dependence of interaction
parameter on molecular volume of the drug. Larger drug volume increased
the value of interaction parameter, hence lowered the compatibility with
polymer. The values for the solubility difference and interaction parameters
are given in table 6-2. In our study, the interaction parameters were
observed in the order of ysp (PeDL)> ysp (PEG)> ysp (PCL) which indicated the

higher compatibility of the PCL compared to PeDL block of the copolymer.
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Table 6-1 Calculated value of partial solubility parameters and total solubility parameters of
copolymer segments and drug

Polvmer Partial solubility parameter Total
Y (MPa'/?) Molar Volume solubility
segments 3
and dru 5 5 5 (cm>/mol) Parameter
g d p h 61_ (Mpal/Z)
PeDL 17.05 3.00 6.54 163.20 18.50
PCL 17.66 4.97 8.42 98.50 20.18
PEG 17.17 11.11 9.12 36.00 22.85
Indomethacin 21.80 6.00 9.40 230.00 24.50

04 dispersion parameter; 0, dipolar parameter; &, hydrogen bonding parameter; & total
solubility parameter

Table 6-2 Calculated values of solubility difference (ds-8p) and interaction parameter xs,

between solute (drug) and polymer segments

Dru 0s-0,) or 0s-0,) or 0s-0,) or
° (A(PDE)G) (A(PDC)ZL) (A (PZ:)DL) Xso (PEG)  Xsp (PCL)  sp (PEDL)

Indomethacin 6.51 4.47 6.30 3.39 1.85 3.68

A stepwise calculation of various parameters is given in Appendix.

6.3.2Preparation and Characterization of Blank and Indomethacin
Loaded Micelles
The effect of the different methods on drug loading and the size of mPEG-b-
PeDL micelles were evaluated by preparing micelles using nanoprecipitation,
dialysis and emulsion methods (Figure 6-2). A slightly higher loading and
larger sizes were observed for micelles prepared by the emulsion method
compared to nanoprecipitation and dialysis (P<0.05, One way ANOVA). The
emulsion method was included for comparison but for scale-up was not
favorable as it required the use of toxic methylene chloride (International

Conference on Harmonization (ICH) class 2 solvent). On the other hand, no
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loading and size was observed between the

nanoprecipitation and dialysis methods where acetone was used as an

organic phase (P < 0.05, One way ANOVA).

A

Drug Loading (wt %)

Z-Average (d.nm)

8.0

7.5+

7.0

6.5+

6.0

80 1

60 -

-

Il -~ Nanoprecipitaion
B: Dialysis Method
I c: Emulsion Method

A

-_I_

A

T
B
Methods

Figure 6-2 Effect of different methods on (A) drug loading and (B) average diameter of
MPEG-b-PeDL micelles. A significant difference was observed between drug loading and
micelle size for nanoprecipitation/Emulsion method and Dialysis/Emulsion method (***= P
< 0.001, **= P < 0.01, One way ANOVA).

The effect of different solvents (acetone, ethanol and THF) on micelles

formed by nanoprecipitation and dialysis was accessed by determining drug

loading and size of the micelles made from mMPEG-b-PeDL copolymers. A

significant reduction in the drug loading was observed when ethanol was
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used over acetone. However, no significant difference was observed when

THF was compared against acetone in both of the methods (Figure 6-3).
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o [=2]
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o] - 61 I
« ©
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T T 4= T T
Acetone THF Ethanol Acetone THF Ethanol
Nanoprecipitation Dialysis

Figure 6-3 Effect of different solvents on (A) nanoprecipitation and (B) dialysis on drug
loading in mMPEG-b-PeDL micelles. Significant difference was observed between acetone and
ethanol solvents (***= P < 0.001, *= P < 0.05, One way ANOVA).

No significant difference in size was observed between different solvents
used in dialysis micelle formulation methods. However, a significantly larger
size was observed for THF compared to ethanol and acetone solvents used in
the nanoprecipitation method. A significant difference was also observed
between dialysis and nanoprecipitation when THF was used as an organic
phase (P < 0.001, student t test). Effects of different solvents on sizes of the
MPEG-b-PeDL micelles made by nanoprecipitation and dialysis methods are
given in figure 6-4. The effect of drug to polymer ratios (D/P ratios) during
nanoprecipitation of mPEG-b-PeDL and mPEG-b-PCL copolymers was

determined using D/P ratios of 4/50 and 8/50 (Figure 6-5).
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Figure 6-4 Effect of different solvents on sizes of the mPEG-b-PeDL micelles made by
nanoprecipitation and dialysis methods. A significant difference was observed between
solvents during nanoprecipitation (***= P < 0.001, **= P < 0.01, unpaired student’s t
test).
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Figure 6-5 Effect of different drug to polymer ratios on drug loading in mPEG-b-PeDL and
MPEG-b-PCL micelles. Significant difference in drug loading was observed for different
polymers in different drug/Polymer ratios (***= P < 0.001, **= P < 0.01, unpaired
student’s t test).

A significantly higher drug loading was observed at D/P ratio of 4/50
compared to 8/50 ratio irrespective of any copolymers used during

nanoprecipitation. A significant difference in loading was also observed when
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MPEG-b-PeDL micelles were compared against mPEG-b-PCL micelles at D/P
ratio of 4/50. Hence, nanoprecipitation at D/P ratio of 4/50 was considered
as the optimum ratio and used further for micelle preparation and
characterization for both of the polymers. The characterization data of the
micelles made from mPEG-b-PeDL and mPEG-b-PCL copolymers by

nanoprecipitation are given in table 6-3.

Table 6-3 Characterization data of blank and drug loaded micelles prepared from block
copolymers.

Z-average Drug
Z-average Zeta Drug
size (d/nm) PDI Encapsula
size (d/nm) PDI Potential Loading
Polymer (£SD) (Drug -tion
(£SD) (Blank) (mv) (wt%)
(Drug loaded) +S.D.
(Blank) (£SD) +S.D.
loaded) (%)
mMPEG- 0.16 £ -3.3 £ 0.21+ 6,55+ 81.10 =
38 + 2° 39+5
b-PeDL 0.02 1.3 0.02 0.17° 6.32°
mMPEG- 0.18 £ -1.9 £ 0.20+ 539 66.14 +
30+ 3 32+ 4
b-PCL 0.01 1.2 0.02 0.49 7.06

@ Significant difference from mPEG-b-PCL (P < 0.05, unpaired student’s t-test).

The percent micelles recoveries were determined after freeze drying of
empty micelles and found in the range from 90 % to 95 %. The drug
contents  in loaded micelles  were  estimated in term  of
indomethacin/copolymer (wt%). Copolymeric mPEG-b-PeDL micelle was able
to load 6.55 wt% whereas only 5.39 wt% drug was loaded by mPEG-b-PCL
micelles. A significant difference was observed between the loading

capabilities of the copolymers (P < 0.05, unpaired student’s t test). In fact,
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PeDL core enhanced the loading by 1.22 times compared to the PCL core of
micelles. A significant difference was also observed between sizes of the

MPEG-b-PCL with respect to mPEG-b-PeDL micelles (Figure 6-6).
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Figure 6-6 Nanoprecipitation of the copolymers (A) indomethacin loading (weight % to
polymer) (B) Z- average size of the micelles. A significant difference (*= P < 0.05, unpaired
student’s t test) was observed between both of the copolymers for loading and size.

The Z-average diameter of mMPEG-b-PeDL micelles was 38 nm determined in
HPLC water. On the other hand, a significant reduction in the average size of
the mPEG-b-PCL micelles (30 nm) was observed. The smaller size with
narrow polydispersity indicated greater uniformity in the size. No secondary
peaks were observed for either of the micellar formulations which indicated
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that only one detectable population was made during nanoprecipitation. No
significant difference in sizes was observed between blank and drug loaded
micelles for both of the copolymers. Furthermore, no significant change in
the micelle size was observed when micelles were stored in PBS for 4 weeks.
The degradation of the mPEG-b-PeDL micelles was detected in presence and
absence of the enzyme. The reduction in the M, was significantly higher in

the presence of enzyme (Figure 6-7).
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Figure 6-7 Loss in molar mass (M,) of mPEG-b-PeDL copolymer (A) and polydispersity
index (B) with time (days) in the presence and absent of Pseudomonas cepacia lipase (0.2
mg/mL) at 37 °C

The TEM images of the micelles showed the formation of uniformly
distributed spherical micelles with a clear surface boundary. However, the
analysis of TEM images (by Image J software) suggested the mean size to
be <60 nm for both of the micelles formulation. The images did not reveal

any sign of aggregation for either of the copolymers (Figure 6-8).
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Figure 6-8 Micelle Size distributions by TEM Image and size distribution histogram (using
Image J software) of empty (A) mPEG-b-PeDL micelles, (B) mPEG-b-PCL micelles. The
images were taken without staining. Scale bar - 1000nm.

6.3.3In Vitro Indomethacin Release

The percent cumulative release profile of indomethacin against time for

different formulations and control systems is shown in figure 6-9. Control ‘A’
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which contains drug solubilized in PBS, showed a rapid drug release profile.
A fast release of the free indomethacin (> 90 %) was observed across the
membrane within 12 h. In contrast to rapid release from control ‘A’,
indomethacin mixed with empty micelles of mPEG-b-PeDL (Control ‘B") and
PEG-b-PCL (Control ‘C’) in PBS took a longer period of time to cross the
dialysis membrane, requiring 24 h for 90 % of the indomethacin to be
separated from from control ‘B’ and '‘C’ micelles. There was no significant
difference between control ‘B’ and control ‘C’ formulations in terms of time to
retain indomethacin, but there was a significant difference observed for
control ‘A" with respect to control ‘B’ and control ‘C’ formulations.

In comparison, the drug loaded micelles showed sustained release
characteristics regarding kinetics of drug transport across the membrane. A
difference in the release profiles was observed between mPEG-b-PeDL and
MPEG-b-PCL micelles. An initial rapid release was followed by a slow and
sustained release phase from both of the formulations. The mPEG-b-PeDL
micelles exhibited an initial burst release of 34 % in 6 h. This is followed by
a sustained release phase (92 % in 120 h) where drug was slowly moved
across the dialysis membrane into the release media. The mPEG-b-PCL
micelle was able to hold the drug for a longer period of time with a
significantly reduced burst release of the drug in comparison to mPEG-b-
PeDL micelles. It exhibited a rapid release of 25 % in 6 h followed by 85 %

in 120 h.
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Figure 6-9 In vitro indomethacin release (%) from different test formulations in pH 7.4 PBS
buffer solution at 37 °C. Each point represents mean + SD (n=3).

6.4 Discussion

The potential of the mPEG-b-PeDL micelles for drug delivery was determined
by loading a relatively hydrophobic drug indomethacin (log P = 4.25) and
comparing results against mPEG-b-PCL micelles. The latter micelles have
been widely investigated previously for encapsulation of hydrophobic
molecules.?? The formulations in this study were accordingly investigated for
drug loading and size of the micelles. The loading capacities and sizes of
MPEG-b-PeDL micelles were determined by emulsion, dialysis and
nanoprecipitation methods. As expected, higher drug loadings and micelle
size was observed for micelles prepared by the emulsion method. The water

immiscible methylene chloride was used as an organic phase in the emulsion
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method, and this solvent diffuses only very partially into water. This was
predicted to prevent the desolvation of polymeric chains present in the
methylene chloride droplets. In fact, the desolvation mainly occurs by the
evaporation of organic phase. Hence, the addition of methylene chloride into
the water produced concentrated organic phase droplets, containing
polymeric chains and drug. This provided more opportunities for the drug to
interact with polymer chains and hence precipitate together. The slower
evaporation of organic solvent caused desolvation of the hydrophobic
polymer blocks resulted in precipitation of larger size particles with more
volume to accommodate the drug. However, the toxicity of the organic
phase restricted us to adopt the method for micelle preparation any further.
On the other hand, a water miscible solvent (acetone) was used during
dialysis and nanoprecipitation method. Here, the organic phase could diffuse
into the water phase, potentially to carry some of the polymer chain which
on later stage of diffusion precipitated under conditions of greater polymer
dilution to produce smaller block co-polymer micelles. Although no
significant differences were observed when dialysis methods were compared
against nanoprecipitation for drug loading and size, the long dialysis time
persuaded us to use the one step nanoprecipitation method for both of the
copolymers. Nanoprecipitation has been used previously for self-assembly of
many similar copolymers hence this method was adopted as a ‘one step’

method for micelle preparation.®® %! *2 The size of the empty mPEG-b-PeDL
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micelles (38 nm) was slightly higher compared to mPEG-b-PCL micelles (30
nm) (P < 0.05, unpaired student’s t test). The calculated total volume of
MPEG-b-PeDL micelles (amorphous PeDL cored) was 1.81 times higher
compared to the volume of mMPEG-b-PCL micelles (semicrystalline PCL
cored). The volume was determined for the spherical micelles (detected by
TEM) using formula of volume of sphere: 4nr®/3 (r determined by DLS).
This may have been due to the amorphous nature of the PeDL core which
can take up more volume compared to semicrystalline PCL core. A single
population shown via DLS with low polydispersity for both the copolymers
confirmed the relative uniformity in the micelles formulations. The stability
of the micelles was also evaluated in PBS after 4 weeks of storage. No
significant differences in the sizes indicated that the micelles were stable
under these conditions. The morphology of the micelles was also confirmed
by TEM, which showed mostly uniform spherical micelles. The micelles were
well separated from each other indicating further the higher stability of the
micelles conferred by the outer PEG corona even in the dry state. This
suggested that micelles would not easily aggregate upon injecting in
circulation, although the presence of multiple serum proteins in vivo might
still be problematic for prolonged micellar stability. The size obtained from
Image ] software analysis of TEM images suggested the mean size to be less
than 60 nm. The appropriate size along with non-aggregating characteristics

of the micelles is important for in vivo stability and prolonged circulation of
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drug delivery systems. Kim et al. showed that the size of block co-polymer
micelles can be affected by the loading of drug within the cores®®. However,
in this case, no significant difference in size was observed, before and after
drug loading in micelles. This illustrated that the specific loaded drug in the
copolymer, i.e. indomethacin, did not influence the size of the micelles to a
measurable extent. No sign of aggregation was observed upon dilution of
micelles with PBS indicating the stability of the formulation for longer period
of time. However, in the presence of an esterolytic enzyme, the polymer was
degraded fast, suggesting that the micelles might be cleared from the body
by enzymatic hydrolysis. A marginally higher drug loading was found with
MPEG-b-PeDL copolymer (6.55 wt%) compared to mPEG-b-PCL copolymers
(5.39 wt%). This might be due to the higher volume of the highly
hydrophobic amorphous PDL core (1.81 times to PCL) compared to
semicrystalline PCL core of the micelles. The drug transport profiles revealed
sustained release characteristics of the micellar systems. Different controls
were used to compare the release profile to indomethacin loaded micelles.
Control ‘A’ represented indomethacin solution in PBS and hence no transport
barriers existed except the dialysis membrane. On the other hand control ‘B’
and 'C’ contained indomethacin solution in PBS but with empty micelles
added in order to assess if indomethacin inherently partitioned into the
micelles or associated with the micellar coronae. Indomethacin transport in

these cases was slower compared to control ‘A’, which indicated IND was
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interacting with the micelles. There was no significant difference observed
between transport in the presence of control ‘B’ and control '‘C" which
showed that the IND was interacting in a similar manner with both of the
empty micelles. In contrast to the control formulations, the indomethacin
loaded micelles were able to delay the drug transport significantly and a
sustained release pattern for a period of 120 h was found. A significant
difference in indomethacin release was observed between PEG-b-PeDL and
PEG-b-PCL micelles (P < 0.05, unpaired student’s t test). The PEG-b-PeDL
micelles exhibited burst release (34 % in 6 h) followed by a sustained
release phase up to 120 h. On the other hand, PEG-b-PCL micelles were able
to hold the drug for a longer period of time and reduced the burst release
(25 % in 6 h) significantly. Approximately 80 % of drug was released in 72 h
and 110 h for mPEG-b-PeDL and PEG-b-PCL micelles respectively. This
indicated that the amorphous core of the mPEG-b-PeDL micelles was not
able to hold the drug as compared to mMPEG-b-PCL micelles with
semicrystalline core. This result was expected as drug molecules might more
easily move from the mobile chains of the PeDL core compared to those of
the semicrystalline PCL core.

In order to collect more evidence, drug-polymer compatibility was calculated
by determining Flory-Huggins interaction parameters. Indeed, the low values
of the interaction parameter (ysp) of < 5 for all the segments of copolymers

(mPEG, PeDL and PCL) suggested that the drug can interact with all the
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segments. However, lack of the functional groups in the polyester
copolymers reduced the possibility of any specific interactions like hydrogen
bonding and ionic complex formation. This in turn indicates that dispersion
forces will be involved in the drug-polymer interaction. However, as the
relative values of dispersion parameters are similar [PCL (17.66)>PEG
(17.17)> PeDL (17.05)], the strength of drug-copolymer interaction will be
the same and hence, not make a proper distinction between polymer
segments. Therefore, solubility differences were then calculated for
determination of Flory-Huggins interaction parameters. The solubility
difference (A) results showed the lower value for PCL (4.47) compared to
PeDL (6.30) indicated the higher compatibility of the drug with PCL core.
These results were also confirmed by determining interaction parameter
(xsp). The PCL (xsp = 1.85) was found to have higher compatibility compared
to PeDL (xsp = 3.68) and mPEG (ysp = 3.39). Theoretically, these values
indicate that more drugs should encapsulate within the micelles with PCL
core compared to PeDL core. Conversely, the indomethacin loading study
revealed an overall higher loading in PeDL core (6.55 wt%) compared to PCL
core (5.39 wt%). However, the comparison of indomethacin loading on the
basis of per unit volume of the micelles revealed that the semicrystalline PCL
cored micelle (mMPEG-b-PCL) was able to load 1.5 times more compared to
the amorphous PeDL cored micelle (mPEG-b-PeDL). This result illustrated the

higher compatibility of the indomethacin with PCL core which obtained in
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accordance with the solubility parameter calculations. It also demonstrated
that the overall higher IND loading in PeDL core was obtained due to the
amorphous nature of the core which increased the PeDL cored micelles
volume by 1.81 times compared to the PCL cored micelles. This conclusion
was also reinforced by a recent literature report where the core crystallinity
of the PCL block was reduced by the incorporation of medium chain
triglyceride (MCT) to enhance the loading of disulfiram (DSF), cabazitaxel
(CTX), and TM-2 (a taxane derivative).*?

The higher compatibility of the PCL core with indomethacin compared to the
PeDL core suggested a slower release of drug from the mPEG-b-PCL
micelles, and this was indeed observed in indomethacin release profiles.
Also, the release can also be explained by the fact that PCL cores were
expected to be semicrystalline hence less mobile to allow drug transport
compared to amorphous PeDL core as explained earlier. The mPEG block,
which was a common segment for both of the copolymers, showed a low
interaction parameter value mMPEG (ysp = 3.39). This also suggested
compatibility between indomethacin and PEG. Although in micellar
formulations the mPEG block would remain in the aqueous phase as a
hydrated form, and hence have high energy costs for the drug to displace
water and associate with it. The interaction parameters predicted from Flory-
Huggins theory nevertheless suggested a binding possibility. The burst

release in the first 6 h from micelles might be due to the loose interaction of
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the indomethacin with mPEG at core-corona interface. Thus it might be
expected that drug molecules might not only be in the core but also at the
core-corona interface, and the association of indomethacin with micelles in
the indomethacin transport studies with pre-formed empty micelles gave

partial backing for this assertion.
6.5 Conclusions

The drug delivery potential for the mPEG-b-PeDL micelles was evaluated and
compared with mPEG-b-PCL micelles. We showed that the copolymers self-
assemble in water to give non-aggregated nanosized micelles with
amorphous (mPEG-b-PDL) and semicrystalline (mPEG-b-PCL) cores. The
amorphous (PDL) core resulted in increased drug loading due to increased
core volume. However, the determination of loading in term of per unit
volume of the core illustrated the higher loading in PCL core which was in
accordance with the Flory-Huggins interaction parameter. A sustained
release pattern was also demonstrated by PDL core based micelles.
However, a faster release form PDL core compared to PCL core illustrated
the effect of core crystallinity on release properties. Therefore, the higher
indomethacin loading and small size with sustained release characteristics of
the mPEG-b-PDL micelles demonstrate the potential of the system to be

used as a delivery vehicle.
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CHAPTER 6

Stepwise calculations for determination of solubility parameters of polymer segments and

drug
PCL Polymer
Fragments Frequency V? (em®*mol™)  Hansen solubility parameterb
Fg (Jl/2 cm*? mol ™) Fo Z(Jl/2 cm™? mol ™) En (J mol™)
coo 1 1x18 1x390 390 (1x490)° 240100 1x7000 7000
CH, 5 5x16.1 5x270 1350 (5%0)* 0 5x0 0
985 1740 240100 7000
o 84=Fy/V 8, =(Fo ) /V) 8= (E/V)"?
o) 84 = (1740/98.5) 8, = (240100)"/2/98.5) &, = (7000/98.5)*
n 17.66 MPa 2 4.97 MpPa? 8.42 Mpa 2
8y =(64°+8, +6,))"" (17.66%+4.97%+8.42%) 20.18 Mpa 2
PeDL Polymer
Fragments Frequency V? (em®*mol™)  Hansen solubility parameterh
Fy (Jl/2 cm*? mol ™) sz(Jll2 cm*? mol ™) E, (J mol™)
coo 1 18 1x390 390 (1x490)* 240100 1x7000 7000
CH 1 -1 1x84 84 (1x0)? 0 1x0 0
CH, 7 7X16.1= 112.7  7x270 1890 (7x0)? 0 7x0 0
CH; 1 335 1x420 420 (1x0)° 0 1x0 0
163.2 2784 240100 7000
O
(@] 84 = SFy/V ep2412 _ 112
4= 2Fq 8= (XF%) "7 /V) &n = (ZEw/V)
m 84=(2784/163.2) 8, = (240100)%/163.2) 8, = (7000/163.2)2
17.05 Mpa*? 3.00 MPa'? 6.54 MPa /2
8y =(642+8,2 +6,1) "2 (17.05%+3.00%+6.54%) "2 18.5 MPa*/?
PEG Polymer
Fragments Frequency V? (cm®*mol™)  Hansen solubility parameterb
Fq (Jl/2 cm*? mol™) FZ;,(JU2 cm*”? mol™) E, (J mol™)
o} 1 1X3.8 1X100 100 1X(400)* 160000 1X3000 3000
CH, 2 2X16.1 2X270 540 2X(0)* 0 2X0 0
36.0 640 160000 3000
H 64 = 3Fa/V 8,= (SF)Y2 /) 8y = (SEw/V)"?
HaC” o 84 = (640/36.0) 8, = (160000)"/36.0) 5, = (3000/36.0) 2
n 17.77 MPa'? 11.11 MPa*? 9.12 Mpa 2

51 =(84°+8, +6,)"

(17.77%+11.11%49.12) 2

22.85 MPa 2
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Indomethacin

CHAPTER 6

Fragments Frequency Vv: (cm3 mol'l) Hansen solubility parameterb
Fg “1/2 cm™? mol™) FZ;,(JU2 cm*”? mol™) En (J mol™)
a 1 1X24.0 1X450 450 1X(550)* 302500 1X400 400
N 1 1X5.0 1X20 20 1X(800)° 640000 1X5000 5000
o] 1 1X3.8 1X100 100 1X(400)° 160000 1X3000 3000
c=0 1 1X10.8 1X290 290 1X(770)° 592900 1X2000 2000
COOH 1 1X28.5 1X530 530 1X(420)* 176400 1X10000 10000
CHs 2 2X33.5 2X420 840 2X(0)° 0 2X0 0
CH, 1 1X16.1 1X270 270 1X(0) 0 1X0 0
C= 2 2X-5.5 2X70 140 2X(0)* 0 2X0 0
Disubstituted
isubstitute 1X52.4 1X1270 1270 1X(110) 12100 1X0 0
phenyl ring
Trisubstituted 5
) 1 1X33.4 1X1110 1110 1X(110) 12100 1X0 0
phenyl ring _
230.0 5020 1896000 20400
° @Cl 8= 3F/V 8= (3F%)*/V) &= (SEw/V)"
N 1/2 1/2
)—CHs 84 = (5020/230.0) 8, = (1896000)"*/230.0) 84 = (20400/230.0)
21.8 MPa'? 6.0 MPa*? 9.4 MPa '
[e]
OH
By =(642+8,2 +6,2) 2 (21.8%4+6.0%+9.4%) 2 24.5 MPa*?

@ Calculated from values

reported by Fedors>®

P Calculated from values and procedures described by Barton*°
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CHAPTER 7

7.1 Conclusions

In the present thesis, polyesters were synthesized by polycondensation and
ring opening polymerizations. The synthesized polymers were characterized
and evaluated for properties important for commercial and biomedical

applications.

In chapter three, the synthesis of polyester polymers was described by melt
polycondensation methods. The effect of phenyl content on polymer
properties (e.g. crystallinity) and nanoparticle properties (e.g. size, dye
loading) was evaluated and it can be concluded that increasing the phenyl
content in the polymer changed its properties from semi-crystalline to
amorphous. The dye loading of the polymer was also dependent on the
phenyl content of polymer. In addition, the study also provided the
information about the stability and degradability of the P02 (Pluronic coated
and uncoated) nanoparticles. The low cellular toxicity and efficient cell
uptake were advantages found with the selected polymer (P02 polymer).
However, the high polydispersity of the polymers, the use of non-renewable
monomer, tedious method of synthesis and the overall low loading of the
dye directed us to use more efficient ring opening polymerizations of
renewable e-decalactone monomers to generate polyesters for potential

biomedical applications.
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Chapter 4 described the ring opening polymerization (ROP) of renewable
decalactone monomers (e-DL and 0-DL) by conventional heating (CH)
methods using mPEG initiator in conjunction with TBD as an organic catalyst
to replace Sn(Oct),. The copolymer of non-renewable e€-CL was also
synthesized for a proper comparison. The TBD route showed efficient
catalytic activity compared to Sn(Oct), The study also suggested that the
alkyl chain of the decalactone reduced the polymerization rate. Moreover, a
significant difference in the reaction temperature was observed for seven
membered e-DL monomer (120 °C) compared to six membered &-DL

monomer (50 °C) confirming the effect of ring size on polymerization.

Chapter 5 described the improvement in €-DL polymerization by utilizing
MROP reactions to replace conventional ROP. The dielectric measurements of
the reagents indicated that all the reaction materials absorbed microwaves
at the selected reaction temperature of 120 °C. Microwave based ROP
reduced the polymerization time of €-DL by half compared to conventional
hot plate ROP method. The data also demonstrated that the copolymers
were able to self-assemble into water to give micelles with amorphous
(mPEG-b-PeDL) and semicrystalline cores (mPEG-b-PCL). A higher
thermodynamic and kinetic stability was confirmed by lower CMC and
smaller size of the mPEG-b-PeDL micelles. The synthesized mPEG-b-PeDL

copolymer micelles also showed a lower toxicity and time dependent uptake
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into C3A cells which demonstrated the potential of the copolymer for future

drug delivery applications.

A preliminary drug delivery investigation of the mPEG-b-PeDL copolymer
micelles was described in chapter 6. Indomethacin (IND) was chosen as a
model drug, and it was found that an overall higher loading by wt % of IND
occurred in the amorphous core of mMPEG-b-PeDL copolymer micelles
compared to mPEG-b-PCL copolymer micelles. However, estimation of the
IND loading per unit core volume of the micelles suggested that the PCL core
was able to load 3.57 times more compared to the PeDL core which was
consistent with predicted Flory-Huggins interaction parameters. It is likely
that the overall higher IND loading in PeDL core was obtained due to the
amorphous nature of the PeDL regions which increased the interior volume
by 1.81 times compared to the PCL core. The sustained release pattern
obtained from mMPEG-b-PeDL copolymer micelles along with the higher
loading suggesting the possible utility of the synthesized copolymer in the

biomedical field.

7.2 Future Work

The work presented in the thesis provides useful preliminary data for the

novel polymers. Future work might include the following points:
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» The ROP of decalactones with different sizes is required to understand
the effect of size and alkyl chains on reaction kinetics and polymer
properties.

» Improvements in the MROP synthesis method is needed to establish by
controlling the process parameters in pilot scale production to ensure
the widespread use of MW based polymerization technology.

» One polymer cannot be used for all drugs for drug loading. For
instance, a huge difference in the loading was observed for coumarin 6
dye (0.33 wt%) compared to indomethacin (6.55 wt%) in mPEG-b-
PeDL micelles. Hence, the drug delivery aspects of the
poly(decalactone) copolymers needs to be explored with other
hydrophobic drugs to establish the copolymer as a delivery vehicle.

» Full degradation profiles of the poly(decalactone) copolymers are
required prior to in vitro and in vivo studies.

» The uptake mechanisms and polymer toxicity profiles are required in a
range of human cell lines for better understanding of the delivery
vehicle.

> Finally, the potential of the poly(decalactone) copolymers is needed to
established by performing in vivo study particularly the bio-distribution
study on tumor (KB cells induced) bearing athymic mice models by
injecting micelles formulation (anticancer drug loaded) with or without

tagged folic acid (FA) ligand.
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