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Abstract

Oligo (ethylene glycol) methacrylate (OEGMA) based copolymers were branched with
ethylene glycol dimethacrylate (EGDMA) and poly(ethylene glycol) dimethacrylate
(PEGDMA) using ATRP and characterised using 'H-NMR and GPC. The stabilising
properties of synthesised DBiB-p(OEGMA) based homo- and copolymers were assessed
using a model oil in water emulsion study with n-dodecane. The polymer chosen for
evaluation as a stabiliser for SLNs was DBiB-p(OEGMA)1-co-(EGDMA)o6. This polymer was
tested its ability to assist lipids in forming drug free SLN through such processes as hot high
shear homogenisation, hot probe sonication and solvent injection. In all cases Compritol
ATO 888 was used as the solid lipid excipient. In our study, the best technique to process
DBiB-p(OEGMA)1o-co-(EGDMA)os stabilised drug-free SLNs was an optimised solvent
injection method. The conditions under which the solvent injection method was shown to
give successful results were a w/w ratio of 1:3 DBiB-p(OEGMA)1-co-(EGDMA)ss to
Compritol 888 ATO and a total solid content (DBiB-p(OEGMA)-co-(EGDMA)os and
Compritol ATO 888) of 1.2 mg/mL in deionised water. The solvent were removed by dialysis
and DLS stability studies showed that the drug-free SLN dispersions were stable up to 39
days. MVC was then encapsulated into SLNs and the drug loading was quantified using '°F-
NMR. However, it was shown that most of the drug was lost upon dialysis. On that basis
another method was used to remove IPA which was to freeze dry the MVC-SLN formulation
and redispersed it using ultrasonication. A formulation was developed with 80 wt. % MVC
relative to lipid encapsulation in MVC-SLN formulation. The sample was tested in vitro and in
vivo as a *H-labelled drug. Overall the in vitro and in vivo tests showed slow release and
improved bioavailability. Moreover, tissue analysis of oral administration of MVC-SLNs in
rats showed increased concentration of MVC in the intestine and liver when compared to

unformulated oral administered MVC.



Table of contents

Chapter 1 Literature background.............coooiiiiiiiiii e 11
1.1 Introduction to Human Immunodeficiency (HIV)........ccooooiiiiiccicen e, 12
1.1.1 HIV/AIDS lifecycle and current treatment to attack lifecycle ...............ccccccceens 13
1.1.2 Drug delivery ChalleNgESs ..........uuuiiii i 14
1.1.3 MAraviroC (MVC) ... ettt e e e e e e e e e e e e 15
1.2 State of the Art Oral deliVEry..........ooo e 18
1.2.1 NANOCAITIEIS ...ttt e e e e e e e e e e e e e aaaes 18
1.3 Solid lipid nanoparticles (SLNs) for encapsulation of hydrophobic drugs ................... 26
1.3.1 Methods to prepare SLNS ........ovuiiiiii e 26
1.3.2 Lipids used for SLN production ..o 28
1.3.3 Surfactants for SLINS ........oooiiii e 30
1.4 Synthesis and application of branched amphiphilic copolymers..............cccccvvvvuvnnnnes 32
1.4.1 Reversible deactivation radical polymerisation (RDRP)...........c.ccovceeiiiiiiiieeninnnnnn. 32
1.4.2 Atom transfer radical polymerisation (ATRP).......ccoooiiiiiiiiiiiiiiee e 33
1.5 Nanomedicine adminiStration.................euuuueuiieiiiiiii e 35
1.5.1 Oral administration of drugs ........cccoooiiiiiiiiiee e, 35
1.5.2 Lipids in oral administration ..o 36
1.5.3 SLNs for oral administration ... 38
1.6 Objectives of the reSEarCh ... 39
Chapter 2. Synthesis and characterisation of branched oligo ethylene glycol methacrylate
(OEGMA) based polymers utilizing ATRP used in n-dodecane model oil studies................ 43
P2 [ oo [T T i o o HO PP PPUPPPPPPPPPN 44
2.2 ReSUItS @Nd iSCUSSION ......ueieiiiiiiiiiiieieieeietteeetee ettt ee s estnnsnsennnsnnnnnnes 49
2.2.1 Synthesis of DBIB initiator..............uooiiiiiii e 49
2.2.2 Kinetic studies of polymerisation of linear DBiB-p(OEGMA)s50........cueeeeeeriiiiuniennne. 52
2.2.3 Synthesis of p(OEGMA) based copolymers utilising ATRP ..........ccvieiiiiieiininn, 56

2.2.4. Synthesis and characterisation of DBiB-p(OEGMA)10.50 branched with EGDMA 59
2.2.5. Synthesis and characterisation of DBiB-p(OEGMA)10-50 branched with PEGDMA

.................................................................................................................................... 68
2.2.6 n-dodecane emulsion studies of linear and branched DBiB-p(OEGMA)10.50 ........ 75
2.2.7 Surface tension MeasUrEMENTS.......ccooiiiiiiiieei e 93
2.2.8 Thermo responsive behaviour of DBiB-p(OEGMA)1o-co-(EGDMA)os6 .................. 94

R T 0] 1] (V1] (o] o FHTT OO TPTRT 98



Chapter 3 Synthesis, optimisation and stability studies of OEGMA based polymer stabilised

SN S e 100
1 Tt I [ 01 {0 Yo [U T} i o) o VTR 101
3.2 RESUILS @NA QiSCUSSION ... e ettt ettt ettt e et et e e e e e e e eens 104

3.2.1. Synthesis of p(OEGMA) based polymer stabilised drug-free SLNs using
homogenisation apProach .......... ..o 104

3.2.2 Synthesis of p(OEGMA) based polymer stabilised drug-free SLNs using sonication
.................................................................................................................................. 106

3.2.3 Synthesis of p(OEGMA) based polymer stabilised SLNs using solvent injection107

3.2.4 Optimisation of solvent injection method ..., 111
3.2.5 Polymer to lipid ratio optimisation experiment .............cccccviiieiiiiiieeee e, 114
3.2.6 Stability studies of dialysed versus non-dialysed empty SLN dispersions.......... 120
3.2.7 Temperature stability studies of dialysed versus non-dialysed empty SLN
Lo 1153 o<1 =3 o] o 1S SRR 125
3.3 CONCIUSION....cceeee e 127
Chapter 4. Synthesis, optimisation and stability studies of OEGMA based polymer stabilised
aE= =YV o ToN [0 F= o [=To BT I AN £ 129
S I 1 1o T U T3 1T o I 130
4.2. Optimisation of methodology and synthesis of drug loaded MVC in SLNs .............. 133
4.2.1. DLS measurements of MVC encapsulation SLNs after dialysis........................ 136
4.2.2 Stability studies of MVC encapsulation SLNs after dialysis ..............cccccceennnne 138
4.2.3 Stability studies of MVC loaded SLNs after dialysis in PBS..................ccoonnnnniin. 142
4.2.4 "H NMR studies of MVC encapsulation SLNs after dialysis.............ccccccceevvrene.. 145
4.2.5 F NMR studies of MVC encapsulation SLNs after dialysis and freeze drying.. 149
4.2.6. Differential scanning calorimetry (DSC) of MVC-SLNS ..o 160
G T @] o U1 o] o 1SR 162
Chapter 5. Optimisation of freeze dried MVC loaded SLNs for in vitro and in vivo studies 163
5. INIrOAUCHION. ... 164
5.2 Results and diSCUSSION ........ccoiiiiiiiiieeie e 165
5.2.1 Freeze drying of MVC loaded SLNs using sugars as cryoprotection ................. 165
5.2.2. Freeze drying of MVC loaded SLNs with PEGs as cryoprotant versus no
CPYOPIOtECTANT ... et e e et e e e eeeees 166
5.2.3 Role of MVC, Compritol ATO 888 and DBiB-p(OEGMA)1o-co-(EGDMA)o ¢ in MVC-
S R 171
5.2.4 Stability studies of freeze dried MVC-SLNs with 80 wt. % MVC loading............. 176
5.2.5. Synthesis of Radiolabelled MVC loaded SLNs and biological evaluation ......... 179

5.2.6. In vivo evaluation of 3H-labelled MVC loaded SLNS .......ccooveeeeeeeeeeeeeeeeeeeeeeeee, 184



LIRS T O 14 (3 (V1= (o) o VU T TR 187

Chapter 6. Overall conclusions and future WOrk ...........cccooeiiiiiiiiiiiei e, 189
6.1 OVerall CONCIUSIONS .......uuiiiiiiiiiii i e e 190
8.2 FULUIE WOTK ... 192

6.2.1 Synthesis of DRV loaded SLNs using solvent injection .............ccccoovveieiiiiiinnnn, 192
6.2.2 Synthesis and characterisation of gemini surfactants for use as stabilisers in MVC-
SN S et e e s 193
6.2.3 Characterisation of size and structure of SLNs using "HNMR ...............ccccc.e.... 194

Chapter 7 Experimental SECHON .......cccoooiiiiiieciee e 196

7.1 Materials and methods — Chapter 2............eiiiiiiiiii e 197
T AT MAEEIIAIS ... ne 197
7.1.2 Synthesis of DBiB-p(OEGMA) based copolymers..........cooeevveeeieeeeiieeiiiieee e, 197
7.1.3 Characterisation of p(OEGMA) based copolymers............coocuviiiieeieieniniiiiiien, 202

7.2 Materials and methods — Chapter 3. 204
7.2 MALEIIAIS ...ttt e 204
7.2.2 Synthesis of empty SLNs by hot high shear homogenisation ........................... 205
7.2.3 Synthesis of empty SLNs by hot probe sonication..............occcciiiiiiiiiene. 205
7.2.4 Synthesis of drug-free SLNs by solvent injection methods ...........cccccccoiinnnnnn. 206

7.3 Materials and methods — Chapter 4...........eeiiiiiiiiii e 208
7.3.1. MALEIIAIS ... 208
7.3.2 Synthesis of MVC loaded SLN dispersion by optimised solvent injection method
.................................................................................................................................. 208

7.3.3 Dialysis of MVC loaded SLN dispersion by optimised solvent injection method. 210
7.3.4 Freeze drying of MVC loaded SLN dispersion by optimised solvent injection

MEENOA. ...ttt e e e e e e e e e e 210
7.3.5 Quantification of MVC in MVC loaded SLNS..............oooviiiiiiiiiiiieeee e 211

7.4 Materials and methods — Chapter 5. 213
7.4.1 Freeze drying of MVC loaded SLNs using cryoprotection............ccccccceviiiniinnnn. 214
7.4.2 Freeze drying of MVC loaded SLNs without cryoprotection.............cccccccceee. 215
7.4.3. Synthesis of *H-labelled MVC loaded SLNS ..........cccoceiiiieiiiecie e 215

(23] o] [ oTo =T o] o )V 218

Y o] 01T oL [ P 240



Chapter 1 Literature background



1.1 Introduction to Human Immunodeficiency (HIV)

Human immunodeficiency virus (HIV) is a lentivirus that infects the body’s immune system
by damaging the cells responsible for its defence. The virus is transmitted through body fluid
contact such as unprotected sex, needle sharing, blood borne infection or from mother to
child during pregancy.’? It is estimated by the WHO, that over 37 million people were
infected and live with HIV/AIDS worldwide in 2015° among those only 17 million receive anti-
HIV therapy Fig.1.1. Most of the HIV infected populations are in the third world and in Africa

there are 23 — 28.4 million victims.3

Adults and children estimated to be living with HIV, 2015
By WHO region

Number of people, by WHO region

| Eastern Mediterranean: 330 000 [240 000-490 000] Americas: 3 400 000 [3 000 000-3 900 000] Total: 36 700 000
 Western Pacific: 1 400 000 [1 100 000-2 000 000] Il South-East Asia: 3 500 000 [3 000 0004 100 000] [34 000 000—39 800 000]
[ | Europe: 2 500 000 [2 300 000-2 700 000] I Africa: 25 500 000 [23 000 000-28 400 000] o a5 7% 3500 Kiameers
T
The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever Data Source: World Health Organization ARy
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authori lap Production: ion Evidence and Research (IER) g@& World ,Hea,“h
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines World Health Organization g;‘l_é’ Orgamzat'on

for which there may not yet be full agreement.
©WHO 2016. All rights reserved

Fig. 1.1. Estimated numbers of HIV infected people in World Health Organization (WHQO). From AIDS
epidemic update, August 20163

HIV is a life threatening disease as if left untreated it results in immunodeficiency syndrome
known as acquired immunodeficiency syndrome (AIDS); a severely damaged immune

system open to other infections and diseases.’



1.1.1 HIV/AIDS lifecycle and current treatment to attack lifecycle

HIV is a 100 nm virus particle that comprises an outer envelope and an inner capsid. Its
outer surface envelope is functionalised with glycoproteins, known as gp120 and gp41.' The
HIV capsid encompasses a positive sense developed ribonucleic acid (RNA), protease,
integrase and reverse transcriptase enzymes. The virus proliferates by using immune cells
as host cells and these include T cells, macrophages and the dendritic cells."*® The life

cycle of HIV which results in pathogenesis is divided into seven stages and described briefly,

Fig.1.2A.
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Fig. 1.2. A) HIV lifecycle and B) antiretroviral drugs that act at different stages of the virus lifecycle.
1) Binding of the virus gp120 and gp41 to host cell receptor, CD4, CCR5 or CXCRA4. 2) Viral fusion.
3) Reverse transcription of positive sense RNA catalysed by reverse transcriptase. 4) Integration of
viral DNA into chromosome in nucleus. 5) Replication and integration of viral proteins. 6) Viral
particle assembly. 7) Budding of mature virions from the host cell. NNRTI: non-nucleoside protease

inhibitor; NRTI: nucleoside protease inhibitor; Pl: protease inhibitor.

Fusion inhibitors:
Enfuvirtide

NRTI:
Abacavir
Didanosine
Emtricitabine
Lamuvudine
Tenofovir
Zalcitabine
Zidofuvidine

NNRTI:
Ateviridine
Delaviridine
Efavirenz
Nevirapine
Pyridinone

Integrase Inhibitor:
Raltegravir

Pl
Atazanavir
Darunavir
Fosamprenavir

Lopinavir
Nelfinavir
Ritonavir
Saquinavir




In stage 1) the glycoproteins on the surface of the virus, gp120 and gp41, bind to a receptor,
cluster differentiation 4 (CD4), C-C chemokine receptor (CCR5) or C-X-C chemokine
receptor type 4 (CXCR4), on the surface of the host cell.* Stage 2) comprises viral cell entry
via endocytosis which allows the surface of the viral envelope to fuse with the surface of the
target cell and subsequently release the positive sense RNA and corresponding enzymes
into the host cell”® Stage 3) starts with reverse transcription of the positive RNA followed by
integration of the viral DNA into the chromosome of the host cell in stage 4).# During stage
5), the replication and translation of viral proteins take place followed by viral particle
assembly at the cell membrane to produce progeny immature virions during stage 6).*
During the last stage of the cycle, stage 7), the mature virions will be budding from the host
cell and continue spreading the infection through other host cells.® A more detailed

description of the mechanism of the infection is described in the literature.*°

1.1.2 Drug delivery challenges

Antiretroviral drugs work by inhibiting different stages of the HIV lifecycle as shown in Fig.
1.2B. These drugs were introduced in 1987 and since then more than 26 antiretroviral drugs
became available for treatment of HIV." The first known approved anti-HIV drug was a
cancer drug and classified as a nucleoside reverse transcriptase inhibitor (NRTI) and named
zidovudine (AZT)." Later other drugs were introduced to the market inhibiting other stages
of the HIV life cycle. The commercial anti-HIV drugs are divided into categories based on
their activities on the stages of HIV cycle mentioned in the lifecycle. These included entry
inhibitors, fusion inhibitors, reverse transcriptase inhibitors that can be classified as NRTI or
non- nucleoside reverse transcriptase inhibitors (NNRTI), integrase inhibitors and protease
inhibitors (PI), Fig.1.2B.

The treatment and monitoring of HIV is challenging as the use of a single category of anti-
HIV drug alone is not efficient in terms of managing the virus, as this results in the

development of resistance of the virus to the therapy.? A typical treatment of HIV requires a



combination regimens that have three drugs as a minimum from two categories."® The
administration of a cocktail of anti-HIV drugs or combinations referred to as highly effective
antiretroviral therapy (HAART) and was introduced in 1996."? This therapy approach was
demonstrated to inhibit the HIV lifecycle more aggressively and significantly reduces the
probability of the virus developing resistance so that the treatment can continue to work
safely."? The treatment is lifelong and its purpose is to effectively suppress the plasma viral
load to an undetectable level resulting in maintenance or partial recovery of CD4+ T cell
numbers and function in the blood.>'® Despite the great benefits of the therapeutic
combinations of anti-HIV drugs from different categories, HAART therapy is considered as a
challenge due to several factors which include; the multiple resistant strains of the virus,
dormant cells with integrated HIV DNA which activate in later stages, increased side effects
toxicity due to high/frequent dosing and the high cost of the drugs.® Another considerable
challenge with HAART therapy is its inability to access the reservoir sites of HIV that serve
as viral sanctuaries thereby preventing the opportunity for the HIV infection to be eradicated
in sequestered anatomically privileged sites.! The anatomically privileged sites in question
are the central nervous system (CNS),"'* lymphatic system, testes, gut, vaginal epithelium
and lungs."" Combined anti-HIV drug oral administration can also require very high daily
dosing due to some of the drugs’ low bioavailabilities.”® However, frequent (daily)
administration and high dosages are crucial in the treatment of HIV infection.’® To overcome
some of these problems novel drug delivery systems have been introduced to the area of
HIV treatment, the aim of this research is to improve the treatment of HIV/AIDS and to
overcome some of the abovementioned challenges of current drugs available in the

market."617

1.1.3 Maraviroc (MVC)

Entry inhibitors are among the categories mentioned earlier of which maraviroc (MVC) Fig.

1.3, was the first approved for treatment of HIV through targeting the host cell.”® In the



absence of MVC the HIV virus uses its envelope to enter the host cell through interactions
with the CD4 receptor.'® This mechanism was discovered in 19864, and in 1996 a chemokine
receptor named CCRS5 receptor was demonstrated to be essential for HIV entry.? Later on
that year, another publication demonstrated a second chemokine co-receptor that was
identified as CXCR4.2" Since 1996 the understanding of the viral entry into host cells has
been redefined and viruses are characterised based on their affinity for the coreceptors; R5
uses CCR5 as a coreceptor, X4 uses CXCR4 as a coreceptor and R5X4 that uses both of

the coreceptors.??
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Fig. 1.3 Structure of CCR5 antagonist maraviroc, MVC.23

The targeting of chemokine receptors for treatment of HIV has both been characterised as
being promising and challenging.?* As mentioned earlier, MVC only inhibits the CCR5
receptor and can result in resistance when administered as a drug alone.?? CXCR4
coreceptor inhibitors such as AMD3100/plerixafor have not been approved by the food and

drug administration (FDA) for treatment of HIV/AIDS, this was due to unwanted side effects



in clinical trials such as cardiac disturbances and lack of oral bioavailability.?> However,
despite plerixafor not receiving FDA approval as an anti-HIV drug, it has been approved as
an immunostimulant to mobilise hemapoetic stem cells in cancer patients.?

MVC is currently the only FDA approved drug in the market that targets the host cell on the
CCRS5 receptor.?’22 MVC was developed after the role of CCR5 coreceptors in the HIV life
cycle was established.?®* The story behind the discovery of MVC started when a research
group, de Roda Husman et al, demonstrated that the lack of CCR5 receptor in some patient
populations resulted in HIV-1 resistance.®® The lack of CCR5 receptors was due to a
mutation in the CCR5 coreceptor gene that resulted in a translation of a truncated and
thereby a non-functional CCR5 coreceptor.®® This mutation is referred to as CCR5A32. 2232
These findings motivated pharmaceutical companies to perform high throughput screening
of existing compound libraries to find a suitable candidates to inhibit the CCR5 coreceptors
on the host cell.?? The pharmaceutical giant, Pfizer, successfully obtained FDA approved its
use of MVC as an anti-HIV therapy after a successful phase lll clinical trial.'®

MVC is typically administered in standard doses of 300 mg twice daily®3, but depending on
the drug combination used to treat HIV/AIDS MVC can be adjusted between 150 mg to 600
mg twice daily.>** However, use of MVC is limited due to adverse side effects including
hepato-toxicity.'®35 Other challenges with administration of MVC are its pharmacokinetic and
pharmacological properties, the oral bioavailability of 100 mg MVC was shown to be
between 23 % and 33 % for 300 mg doses.*® The oral bioavailability of MVC is controlled by
many factors such as the hydrophobicity of the drug, the first passage metabolism,
cytochrome CYP P450 enzymes and drug interactions.'® The CYP P450 system consists of
liver enzymes that metabolise toxins and nutrients that are delivered through the hepatic
portal system from the duodenum after digestion of food or a drug. When MVC is
administered orally it has been reported to interact with two different enzymes in the liver
called CYP3A43¢'® and CYP3A5."83" MVC'’s interaction with these enzymes has been shown
to result in additional negative side effects when other common drugs are administered

simultaneously.® In an attempt to overcome the low bioavailability of MVC the use of drug



delivery platforms have been considered. The different types of drug delivery platforms

investigated for MVC is discussed in the next section.

1.2 State of the Art Oral delivery

1.2.1 Nanocarriers

Drug encapsulation into nanocarriers is done to improve a drug’s low bioavailability, which
can be caused by the drugs hydrophilicity or hydrophobicity among other factors. Interest in
drug-loaded nanoparticles began in the early 1960s when novel nanocarrier systems for
drug delivery were first synthesised and characterised.®® A wide range of nanocarriers have
been developed (Fig 1.4a-l), of which polymeric drug conjugates’® (Fig 1.4e) and
liposomes® (Fig 1.4a) were the start of what is today called nanomedicine. These
nanocarriers were originally conceived as carrier platforms for vaccines and anticancer

drugs in 1970s.38
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Fig. 1.4 Overview of different particles and their characteristic features. a) Liposome, b) lipid
nanoparticle; LN, ¢) nanolipid carrier; NLC, d) solid lipid nanoparticles; SLN, e) polymeric drug
conjugate, f) polymeric micelles, g) dendrimeric particles, h) nanocapsule and i) nanosphere.



Since then, these early examples have been used as an inspiration to develop a broader
range of nanoparticle carrier platforms for encapsulation of a wide variety of drugs used for
treatment of various diseases including HIV/AIDS'? | cancer*'#?, diabetes*® and Alzheimer’s
disease.*4°

Nanocarrier platforms are categorised based on their constituent materials and will be
summarised in this section. Liposomes have a single type of additive, which is a lipid, for
example a phospholipid that then forms bilayers, Fig. 1.4a. Nanocarrier systems can also be
made from a lipid excipient and an amphiphilic stabiliser such as a surfactant or polymer.
Examples of this includes oil-in-water (O/W) emulsions and oil droplets, Fig. 1.4b, nano lipid
carriers (NLC), Fig. 1.4c, and solid lipid nanoparticle (SLNs), Fig. 1.4d. Another approach is
to use amphiphilic polymers as the additive, these polymers then can self-assemble into
particles with a hydrophobic core and a hydrophilic surface in an aqueous environment,
examples include, micelles, Fig.1.4f, dendrimers, Fig. 1.4g, and polymeric nanospheres. The
abovementioned nanocarriers are designed to both provide targeting and address
bioavailability issues that comes with free drug administration.? The nanocarrier systems are
thought to offer prolonged circulation time of the drug, controlled drug release and loading,
increased stability, enhanced bioavailability, decreased side effect and targeted drug
delivery."® Each of the different nanocarrier systems will be discussed in detail in the

subsequent sections.

1.2.1.1 Micelles

Amphiphilic polymers or surfactants spontaneously aggregate to form micelles after reaching

a critical micelle concentration (CMC) Fig. 1.5a-c.
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Fig. 1.5 a) Amphiphilic polymers in water, b) concentration of amphiphilic polymers below CMC, c)
concentration of amphiphilic polymers above CMC. The relationship between the concentration of the
surfactant and surface tension Adapted from Singh et al.*"

The structure of a micelle in aqueous solvents typically consists of amphiphilic surfactants
that point their hydrophilic heads outwards and hydrophobic tails are organised in a core
which then forms spherical, lamellar or worm like structures. The hydrophobic core can
entrap lipophilic drugs and the size of the nanoparticle is typically in the range of 10-100
nm.*® Some amphiphilic polymers or surfactants a high CMC which limits the use of micelles
in drug delivery.*® Surfactants with high CMC may be diluted below the CMC upon dilution in
the bloodstream or in other biological fluids leading to the micelle dissociation and expel the
drug.*® However, to overcome this problem, amphiphilic polymers or surfactants with lower
CMC concentrations have been designed by tuning the properties of amphiphilic polymers

with variety of monomeric building blocks and chain end functionalities.0->152:53.54.55



1.2.1.2 Polymeric conjugates

Polymeric drug conjugates are systems that consist of hydrophilic polymers such as
polyethylene glycol (PEG) and N-(2-Hydroxypropyl) methacrylamide (HPMA) that are
covalently attached to a drug, Fig. 1.4e. One of the purposes of conjugation has been to
extend the residence time in the circulatory system.®® An additional advantage of attaching
water-soluble polymers to a drug with poor bioavailability was to deliver the drug across
physiological barriers in the gut and intestine.®” This research dates back to 1950 and was
pioneered by Jatzkewitz®® who conjugated a mescaline to poly(vinyl pyrrolidone) (PVP)
through a dipeptide spacer.®” Since then many polymer-drug conjugation methods have
been reported including PEGylation,®® attachment of water-soluble dendrimers® to drugs
and branched polymers.®' The technology of polymer-drug conjugates gained prominence in
the scientific community after the first polymer-drug conjugate entered clinical trial in
1994 .5283 |n these clinical trials, cancer drugs such as methoxy morpholino-doxorubicin and
paclitaxel were successfully attached to HPMA through a peptidyl linker and the research
concluded that polymers could provide an ideal platform for delivery of a range of antitumor
compounds reducing their toxicities.®® In addition, conjugates can be prepared so that they
bear both therapeutic and diagnostic agents with the potential to both “see and treat”
patients.%® Despite these promising developments there are several challenges in terms of
final approval for polymeric drug conjugates in the market. For example, polymeric drug
conjugates based on PEG or HPMA progressed to clinical development, but were not
approved to progress to market due to the non-biodegradable nature of the polymers.
Additionally, conjugates with low molecular weight were evaluated, but unable to take the full
benefits of long blood circulation times.*® Due to this, many research groups are working
towards designing more biodegradable polymers for future development of polymeric drug
conjugates. Another challenge described in the literature reports is that polymeric drug
conjugates offer insufficient drug loading due to the polymer to drug ratio which remains as

an aspect constraining their clinical applications.’



1.2.1.3 Dendrimers

The term dendrimer is a term derived from dendri [branched] and mer [part of]®* and was first
time described by Tomalia et al % and Buhleier et al.%® discovered that by reacting polymers
with amines on dendritic arms they could grow the dendrimer and isolate a macromolecule
with large molecular cavities.®’®® This work inspired other research groups to develop
dendrimers with various properties. Application of dendrimers in nanomedicine is attractive
owing their tuneable features, their size and the possibility of encapsulating drugs in the
hydrophobic core. Dendrimers can be prepared with amphiphilic character; with hydrophobic
cores and branched hydrophilic surfaces. Dendrimers also offer advantages of both ‘void
spaces’ and conjugation. The most commonly reported dendrimers are derived from
polyamidoamine, polyester, polypropyleneimiine, carbosilane and polylysine chemistry.®®
This high surface functionality allows possible conjugation or functionalisation with targeted
moieties that allow the drug to be delivered to physiological barriers such as the blood brain
barrier (BBB).”° However, some dendrimers are reported to be toxic.”! To decrease the
toxicity of dendrimers it has been attempted to conjugate the surface either with targeted
moieties such as PEGs. ">7? The first nanomedicine product based on dendrimers went into

the human clinical trials but still awaits approval to get into the market.”

1.2.1.4 Polymeric nanopatrticles

In addition to dendrimers, typically, polymer nanoparticles are made from linear polymers
and copolymers. Polymer nanoparticles offer advantage for drug delivery in literature such
as size control,’* biodegradablebility ”°, control of release rate.”® Encapsulation of drugs in
various forms such as nanocapsules, Fig. 1.4h, and nanospheres, Fig. 1.4i.”>7" Polymer
nanoparticles have been used to encapsulate several drugs used in treating diseases such
as cancer, AIDS, diabetes, malaria, prion disease and tuberculosis.”

Polymeric nanoparticles can be made out of natural, synthetic and semisynthetic polymers.



The use of synthetic and semisynthetic polymers offers several desirable features including
promising reproducibility, stability and sustained drug release. Various monomers have been
used as building blocks to synthesise different types of polymers such as poly(lactic acid)
(PLA), poly(lactic-co-glycolic acid) (PLGA), poly(alkyl)-cyanoacrylates, poly(ethylene glycol-
co-(lactic—glycolic acid)), poly(caprolactone), and poly(methyl) methacrylate."”® Variation in
monomer chemistry can be used to tune the properties of the polymers and help to tailor the
encapsulation of drugs with different degrees of hydrophobicity or hydrophilicity depending
on the properties of the drugs. Tailored polymers for drug encapsulation can have
sustainable release capabilities over several weeks.”*® In addition, depending on the

structure of the polymer backbone, biodegradability of polymers is possible.”

1.2.1.5 Liposomes

Liposomes were originally derived from intravenous nutrient emulsions that were later
developed into drug delivery systems.”® They were first introduced in the early 1960s and the
first successful PEGylated liposome nanoparticle received FDA approval in 1995 followed by
20 different clinical investigations.** Liposomes are known as one of the first drug
nanocarrier systems published in 19767° with the aim to protect labile drugs from
denaturation by the acidic environment of the digestive system.8081.82

The structure of liposomes is characterised as phospholipid bilayers formed from
phospholipids with hydrophobic tails and a hydrophilic core, Fig. 1.4a. The amphiphilic
phospholipids form either one or more bilayers. Liposomes are spherical vesicles with a
broad particle size range from 30 nm to several microns® and are classified as three main
types which include the small unilamellar vesicles (SUV), large unilamellar vesicles (LUV)
and multilamellar vesicles (MLV).848% Liposomes can encapsulate both hydrophilic drugs in
the hydrophilic core and/or hydrophobic drugs in the bilayers,®® and encapsulated drugs
used for treatment of cancer,8?%788 ocular diseases,® Alzheimer's disease,** Parkinson’s

disease,® HIV'®! and skin disorders. Liposomes are considered as a promising delivery



system that improves biocompatibility but there remains challenges associated with drug
leakage and a short shelf life as a result of instability upon storage.® Other disadvantages
reported in the literature include low encapsulation efficacy, rapid removal by
reticuloendothelial system (RES), cell interactions or adsorption and intermembrane

transfer.%

1.2.1.6 Oil in water (O/W) emulsions and solid lipid nanoparticles

Lipids are water insoluble biodegradable organic molecules and some of them function as
energy storage in our body or as building blocks with different physiological and biological
roles in the cell membranes. Lipids can pass through biological membranes and be digested
by enzymes. Lipids have been used in variety of formulations in the pharmaceutical industry
and examples include formulations such as emulsions, pellets, ointments and suppositories
9495 The advantage of using a lipid matrix as a colloidal carrier system is that the excipient is
composed of physiological components are typically selected from materials that have a
generally recognised as safe (GRAS) status.®® Lipids used for the preparation of
nanoparticles can either have a melting point below or close to body temperature or a
melting point above the temperature of the body. If the lipids are solid at body temperature
these nanocarriers are described as solid lipid nanoparticles (SLNs). A wide range of
different of lipids have been used for SLNs in the literature, including fatty acids, free fatty
alcohols, glycerol esters of fatty acids and waxes.®” However, lipids with a high melting point
used in nanoparticles formation have disadvantages such as crystallisation and low drug
loading when used in drug delivery.®* If the melting point of the lipid used for the drug
delivery system is below body temperature the liquid lipids are referred to as ‘oil-in-water’
(O/W) emulsions or nanoemulsions. The common feature that the low and high melting point
lipids share in a drug delivery system is that they can encapsulate poorly water-soluble
hydrophobic drugs. The O/W emulsions are known to be used in variety of administration

routes such as parenteral, oral and ocular delivery.®® O/W emulsions comprise a biphasic



dispersion of oil dispersed in water, which are thermodynamically unstable and will ultimately
separate into two layers over time. In the presence of an emulsifier the liquid oil droplets can
be given a high degree of kinetic stabilisation and the length of time for which the oil droplet
will stay well dispersed is dependent on the emulsifiers stabilising properties.®
Nanoemulsions can made with liquid lipids such as castor oil, corn oil, coconut oil, evening
primrose oil and olive 0il.*® Liquid lipid nanoparticles emerged as a potential drug carrier to
improve the gastrointestinal (Gl) absorption and oral bioavailability of lipophilic drug.®® Lipid
droplets in nanoemulsions or nanoparticles in dispersions can vary in size below 1000
nm.'®The process used to make O/W emulsions often involves applying mechanical energy
in various forms (e.g. high-pressure homogenisation) to an immiscible two-component liquid
system to break the oil phase into droplets.

Replacing liquid lipid core in liquid lipid emulsion with lipids that are solid at body
temperature allow the drug mobility to be lower .°1%2 These lipids refer to as solid lipids and
examples of those are triglycerides, partial glycerides, fatty acids, steroids and waxes.'®
Solid lipid nanoparticles may be prepared using similar techniques used to process O/W
emulsions, however, heat is also regularly used to melt the lipids during processing followed
by cooling steps to form the solid lipid dispersion. Examples of processes that requires heat
to produce SLNs are hot high shear homogenisation.'® In this example by Alex et al,'* the
hydrophobic drug is added to a lipid and melted to 80 °C. Then a hot aqueous surfactant
solution is added to hot lipid phase and homogenised with high-speed homogeniser.'0410°
After cooling the mixture result in a SLN dispersion. SLNs (Fig. 1.4d) are described as
having a solid sphere and an amorphous and lipophilic surface.® They can be prepared with
different forms of lipids, surfactants and processing methods and have been investigated to
encapsulate different drugs.. The next section summarises the features of SLNs by
highlighting the preparation techniques, use of excipients, surfactants and design and

synthesis of biodegradable macromolecular surfactants.



1.3 Solid lipid nanoparticles (SLNs) for encapsulation of hydrophobic
drugs

1.3.1 Methods to prepare SLNs

SLNs can be prepared by many different techniques and can be divided into experiments
that either requires high energy or low energy during the processing and these techniques
are summarised in Table 1.1. Once SLNs have been produced a dry product can be
produced using a number of different methods for removing the aqueous phase such as

freeze-drying, evaporation or dialysis. %'

Table 1.1. Methods for preparation of SLNs.

Method

High pressure homogenisation06.107.108
High shear homogenisation 04105109
Ultrasonication109.110

Probe sonication"

High energy

Microemulsion method'12113

Membrane contactor''4

Low energy Phase inversion temperature (PIT) method'5.116
Coacervation method17.118

Double emulsion method?19.120.121

Emulsification-solvent evaporation'??
Emulsification solvent diffusion??
Solvent injection124125

Supercritical fluid (SCF) technique'2®

Organic solvent

One of the most frequently used SLN production techniques is homogenisation which can be
performed by either high shear mixing or high pressure and the two different methods are

discussed and illustrated in Fig. 1.6.
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Fig. 1.6. Two different high-energy procedures used to prepare SLNs a) high pressure
homogenisation versus b) high shear homogenisation.

The preparation of solid lipid nanoparticles by high pressure homogenisation (HPH), Fig.
1.6a, and this process was described in the literature.’® This method is favourable in
commercial large-scale production and very cost effective. Using this technique, a coarse
emulsion is forced at a high pressure (100-2000 bar) through a narrow submicron sized gap.
The high shear stress and cavitation forces at the adjustable gap between the valve seat
and the piston valve is used to decrease the particle size.”®" The resulting dispersion is
generally obtained with a narrow size distribution. Another typical method to prepare SLNs
used in research is high shear speed homogenisation, Fig. 1.6b. A typical procedure for SLN
preparation involves using the high shear obtained by using homogenisation while heating
the sample.'%2” A research group, Olbrich et al,'?® investigated and optimised the
homogenisation process by considering variables and parameters such as time, stirring rate,
cooling conditions and zeta potential that might have an impact on the particle sizes. They
managed to optimise the homogenisation procedure and concluded that a faster stirring
speed could result in a narrow and smaller size of resulting SLNs when analysed by dynamic
light scattering (DLS). In addition to that the addition of more surfactants to the composition

result in producing a narrow size distribution for the resulting SLNs. %!



1.3.2 Lipids used for SLN production

The pharmaceutical properties of the drug that is encapsulated in SLNs can be adjusted by
the use of the lipid matrix as it forms the structure that stores, transports and releases the
drug from the nanocarrier. The lipid core of SLNs has physical stability and is generally
highly biocompatible.® It can incorporate a lipophilic drug by the emulsification of a molten
matrix lipid followed by cooling the mixture down.%1%312% Solid lipids used for the preparation
of SLNs usually require temperatures above 50 °C to melt before they can be mechanically
incorporated into a SLN structure.®®1%31%0 The different solid lipids used for preparation of
SLNs have been summarised in a review by Mehnert and Mader'® and a table of lipids is

listed in Table 1.2

Table 1.2. Lipids with high melting points used for preparation of SLNs. 101. 103

Lipid class Examples

Triglycerides Dynasan 114131182 = 11612 and 11813134
(monoacid triglyceride)

Mono, di and triglycerides mixture Witeposol bases'5,  Glyceryl Monosterate
(Inwitor 900)'3%6, Glyceryl behenate (Comopritol
ATO 888)195.137 and Glyceryl Palmitostearate
(Precirol ATO 5)135.138

Waxes Beewax '3, Cetyl palmitate!4°

Hard fats Stearic acid#"142.143 Palmitic acid!'8144 arachidic
acid™3, behenic acid'"?, Myristic acid''”

Other lipids Miglyol 812 133, Miglyol 840133 (triglycerides with
fatty acids C8 and C10) and Paraffin'4®

Glyceryl dibehenate, also known as Compritol ATO 888, is a lipid frequently used in SLN
formulations due to its properties including controlled and sustainable drug release.®
However, a significant disadvantage of using Compritol ATO 888 as an excipient for drug
delivery in SLNs has also been highlighted °*% suggesting that Compritol ATO 888 can

undergo polymorphic transition that leads to drug expulsion upon storage.®*'4¢ Compritol



ATO 888 based SLNs have also been shown to have relatively poor drug loading. The poor
drug loading has been linked to crystallographic transitions of pure lipids upon storage. The
stability has been investigated by differential scanning calorimetry (DSC) to detect the
polymorphic transitions of lipids in SLNs and it is based on monitoring changes in melting
points.% The polymorphic transition happens over time upon storage and involves various
crystal forms of the lipid such as «, B and B’."" The a form is the most thermodynamically
unstable while the B forms are thermodynamically stable.'-'¥® Dynamic light scattering
(DLS) is another technique which has been used to investigate if a lipid in SLN formulation
crystallises over time due to changes in the observed size distribution.'® In order to avoid
the polymorphic transition additional liquid or solid lipids are often blended into the
formulation, and this nanocarrier system is referred to as a nanolipid carrier (NLC)."50.1%1
SLNs and NLCs has been compared to each other in terms of their structural properties, Fig.
1.7. SLNs can form highly ordered crystalline structures, sometimes depicted in a ‘brick wall’
arrangement, known as a perfect crystal arrangement. This leaves no holes in which drugs
can reside and consequently this lead to expulsion. This happens when a highly ordered
crystalline structure undergoes a polymorphic transition from o to B’ in the brick wall
arrangement as seen on Fig.1.7. NLCs utilise the co-formulation of a second lipid to form a
less ordered structure to form a lipid matrix that is less susceptible to crystallisation and able

to accommodate drug compounds in a more stable form.'s?

Ordered lipids Less ordered lipids

SLN NLC

Fig. 1.7. lllustration of SLN (ordered structure) and NLC (less ordered structure). Adapted
from Beloqui et al.146



1.3.3 Surfactants for SLNs

Surfactants are used to stabilise liquid and solid colloids. In general, when oil droplets are
formed or particles are dispersed in another liquid, an interfacial boundary between the two
immiscible phases is created with a corresponding interfacial energy that depends on the

surface area and the interfacial tension (Ap) as given by the following equation.?’

Ap = Pin-Pout = 2'Y/r (11)

Where Pi, is the pressure inside the lipid droplet/particle and P is the pressure outside the
droplet/or particle, y is the surface tension and r is the radius of the spherical
droplet/particle.®” The radius r of the droplet is inversely proportional to the pressure, so
decreasing the droplet size results in an increase in the pressure difference across the
droplet and also leads to a higher interfacial tension. Therefore, a nanoscale dispersion may
require a lot of energy to form small droplets/particles dispersed in water. In order to create
smaller droplets while minimising the interfacial tension the surface tension needs to be
lowered by a surfactant.®” However, it is common for a limit of surface tension stabilisation to
be present within the chosen system. In order to further decrease the surface tension a co-
surfactant can be added to the system. The structure of the surfactant can influence the
particle size obtained from the production process, the physical long-term stability during
storage, the drug release profile and the enzymatic degradation rate.'®3

Other types of stabilisers mentioned in literature, which include Pickering stabilisers, Fig. 1.8.
Pickering stabilisers, sometimes called Ramsden stabilisers, are used to make Pickering
emulsions were introduced by the pioneering work of Ramsden et al in 1903 and Pickering in
1907."%41%5Pjckering emulsions are stabilised by solid particles within a size range of several
nanometers to microns'* These particles are absorbed into liquid-liquid interfaces and

provide emulsion stability.’®This happens by interfacial absorption of the particle into the



surface of the colloid."®® Pickering emulsions opened a new avenue of emulsion stabilisation
and practical applications, such as biomedicine, food, fine chemical synthesis and
cosmetics.’® This can be done by tuning the types and properties of solid emulsifiers."’
They showed that solid particle stabilisers result in a very stable emulsion and that it is
energetically unfavourable for the solid particle multi attachment stabilising ends on the
surface of the emulsion to exist freely in solution.''5” Examples of solid particles that
stabilise Pickering emulsions include hydroxyapatite (HAP) silica, clay, magnetic
nanoparticles, chitosan, cyclodextrin, nanotube, and food-grade stabilisers such as protein
based particles.”” Another type of polymer that resembles the character of Pickering
emulsions are branched copolymers. There are many examples of types of building blocks in
literature that can be used to synthesise branched copolymers such as vinyl and divinyl

functional monomers.158.159,160-162
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Fig. 1.8. Schematic illustration of synthesis of emulsions that result in O/W emulsion with the use of
three different types of stabilisers described in the key as 1) Surfactant or amphiphilic polymers, Il)
Pickering stabilisers and emulsion stabilised by solid particles absorbed on the surface of an oil
droplet and Ill) branched polymers on the surface of an oil droplet.



1.4 Synthesis and application of branched amphiphilic copolymers

1.4.1 Reversible deactivation radical polymerisation (RDRP)

Linear and branched grafted polymers can be synthesised by variety of methods that are
collectively known as conventional free radical polymerisations.'®® These approaches are
considered to be cost effective, versatile and scalable approaches for industry
manufacturing.’®'%* Another advantage of conventional free radical polymerisation is that it
requires facile reaction conditions and can use a broad range of monomers in order to
synthesise a customised polymer.'60161.165 Conventional free radical polymerisations
reactions may be controlled by a range of techniques collectively known as reversible-
deactivation radical polymerisation (RDRP).'® There are many different RDRP methods
presented in literature.’ The methods are divided into nitroxide mediated polymerisation
(NMP),167.168.169  reversible  addition  fragmentation  chain  transfer  (RAFT)
polymerisation'’®171:172 variations of organometallic-mediated polymerizations (OMRP)'"3
and atom transfer radical polymerisation (ATRP),"4-17¢ NMP and ATRP follow a very similar
mechanistic strategy which is based on the dynamics of equilibrium between the majority of
dormant species and a few active species and this result in a low radical concentration,

Scheme 1.1.177:178
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Scheme 1.1 General mechanism of ATRP X; halide Br, Cl. kact; activity rate, kdeact ;deactivation rate,
kt; termination rate, kp is the propagation rate. Modified from literature. 179175



The mechanism of RAFT polymerisation is different in terms of it being controlled by a

reversible chain transfer.'”?

1.4.2 Atom transfer radical polymerisation (ATRP)

ATRP is a reversible-deactivation radical polymerisation technique that has been thoroughly
investigated since its discovery and development.’”®>'"® Its typical conditions require a
copper (Cu) catalyst and a ligand which is often 2,2’-bipyridyl (bpy), Scheme 1.1.180.181.182 G,
is by far the most widely used metal catalyst due to its versatility in ATRP and relatively low
cost. The bpy ligand controls the redox chemistry of the final metal complex in the reaction
media through selective steric and electronic effects, additionally the redox equilibrium leads
to the maintenance of a low radical concentration as demonstrated on Scheme 1.180.181.182
The controllability of ATRP can be used to synthesise brushed and graft copolymers with
different initiators such as for example macroinitiators or bromoisobutyrate initiators and
monovinyl or divinyl monomers such as methacrylates and other acrylates.'83184.185.186,187
Moreover, ATRP offers several advantages such as varying parameters that result in
different polymer architectures.86.187.185.188,189.190 Qur group has used ATRP to synthesise
branched amphiphilic polymers often with methacrylate and acrylate building blocks.'8187 |n
a study by He et al,'® poly(n-butyl methacrylate) (poly(nBuMA)) branched copolymers were
synthesised using monovinyl and divinyl monomer, ethylene glycol dimethacrylate
(EGDMA), as a branching agent. They synthesised various polymer architectures to
demonstrate self-assembled nanomaterials.’® Similar materials synthesised with
methacrylate polymers have been demonstrated to stabilise oil emulsions.’' This research
demonstrated that the individual emulsion droplets retained their structural integrity and no
de-emulsification was observed after disassembly. Moreover, the engineered emulsions
have far-reaching potential in applications where encapsulation and controlled delivery of
large payloads is desirable.”®' Additionally, the branched architecture ensures that each

stabiliser molecule contains multiple potential points of attachment to the droplet surface and



dodecane chain ends were chosen to mimic the oil phase which in this case is the
dodecane.'' Weaver et al, used another approach to synthesis the branched polymer
architecture which is the ‘Stratchclyde route’ in which the reaction is controlled by a chain
transfer agent (CTA). The function of this approach is to control the reaction and inhibit
gelation.’® However, the amphiphilic branched copolymers can be synthesised by other
controlled free radical approaches such as ATRP and RAFT among those the ATRP is
widely studied in our group as mentioned earlier.

To demonstrate the controllability of ATRP for a given reaction samples can be collected at
the beginning of the reaction and monitored throughout the reaction from the time a copper
catalyst has been added to the reaction. There are two different methodologies that can be
used to control ATRP reaction which '"H NMR and gel permeation chromatography (GPC).
This has already been demonstrated in studies performed in our group.'®18.192 |n the work
by Dwyer et al'®®, analysis was carried out by '"H NMR in CDCI; and the monomer
conversion was determined by using crude samples of the reaction medium.'? The integrals
of the vinyl protons of the unreacted monomer were compared against integration of an
internal reference which in this case was the CH; signal adjacent to an ester group of the
formed polymer repeat units and the monomer. This could be used to determine the
conversion of the polymer in the reaction mixture.'®® GPC is another method that can be
used to confirm the controllability of the ATRP. In this case crude samples can be analysed
at different time points during throughout the reaction. The parameters obtained from GPC is
the number average molecular weight (M,) and weight average molecular weight (My) and
can be plotted as My or M, against % of converstion to give a straight line in case of
controlled radical polymerisation.'®'”® |n the event that the reaction is not controlled (such
as a free radical polymerisation) this line is not straight. Lack of controllability can be due to
rapid termination or if the concentration of dormant species is far less than the concentration
of the radical and thereby that the equilibrium has been shifted towards the radicals as

shown on Scheme 1.1.77%177



These methods will be used to create a range of highly branched polymers which may be
able to envelop the SLNs imitating the effect of a Pickering emulsion which confers
additional stability to the SLNs. The criteria which will be used to determine which polymer is
best suited to stabilise SLNs. The use of suitable polymer can be evaluated by designing a
model oil study designed by earlier mentioned research group.’ This allows the
assessment of the stabilising effect of different synthesised polymer architectures when

comparing different features.

1.5 Nanomedicine administration

1.5.1 Oral administration of drugs

When drugs/active compounds are orally administered into the body their therapeutic goals

are fulfilled through absorption, distribution, metabolism and elimination or excretion.'®
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Fig. 1.9. Examples of two oral delivery routes a) hepatic portal system and first passage metabolism
and the b) lymphatic system. ¢) other liver metabolisms that results in clearance.

In the first process, absorption, the drug is administered orally and transported into the blood
through the digestive system. There are three well-known pathways that the drug can use to

reach the circulatory system after traversing mucus barrier within the gut, the two main



routes are the hepatic portal system (Fig. 1.9a) and the lymphatic system (Fig. 1.9b). When
the drug is administered orally, it is absorbed from duodenum which lead to the drug
entering the hepatic portal vein and undergo a first round of metabolism (first passage
metabolism)."®® As a result the CYP450 enzymes oxidise, hydrolyse or reduce which
chemically modify the drug and this may lead to toxic or non-toxic metabolites that may be
excreted through the kidney.'® First passage metabolism of an orally administered free drug
can cause several common issues. Firstly, if a high level of metabolism occurs during the
first pass this will result in less delivery of active drug into the circulatory system as most of
the drug has been metabolised and excreted by the kidneys.'®* Secondly, the active free
drug can be metabolised by other wild type CYP450 enzymes depending on the genetics of
the subject that might result in side effects and toxicity. Thirdly, drug interactions with
CYP450 enzymes that either induce or inhibits the enzymes can be an issue.’” The
concentration of active drug is measured by pharmacokinetic studies in which a subject
takes a drug and the concentration of metabolites and the drugs are measured in the blood
throughout time after the drug was orally administered.'®®'%° After the active free drug has
undergone the first round of metabolism it is distributed to different compartments of the
body by the circulatory system in a process which involves transport proteins etc. The drug
undergoes several rounds of metabolism before it gets cleared from the body as illustrated in

Fig. 1.9.

1.5.2 Lipids in oral administration

Lipids delivered by oral administration have been shown to enhance the bioavailability of
poorly bioavailable drugs.®® The use of lipids has been shown to decrease the effect of
cytochrome CYP450 on drug when the lipid is administered with a drug.?®® Moreover lipids
have an impact on the uptake of poorly water soluble drugs through the intestine.?°'A
nanocarrier formed by lipids can be compared to chylomicron particles (Fig. 1.11)

synthesised by the body in the endocytes?®? of the small intestine and secreted to the



lymphatic vessel through to the circulatory system. The function of the chylomicron is to
deliver water insoluble long chained fatty acids to supply the tissues with fats absorbed from
the diet bypassing the portal system of the liver. This behaviour means that lipids containing
nanoparticles may be adsorbed by the lymphatic route, avoiding the first-passage

metabolism and acting as a bypass route for compounds with lower bioavailability.?®

1.5.2.1 Influence of uptake in the epithelial barrier and intracellular drug
delivery

The uptake mechanism through the intestinal barrier of an orally administered nanoparticle

depends on the specific characteristic features of the particle used, Fig. 1.10.
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Fig. 1.10. Mechanisms of uptake of nanoparticles that reach the epithelial barrier from intestinal
lumen. Transport mechanisms a) receptor mediated transcytosis, b) paracellular diffusion, c)
transcellular diffusion, d) absorption mediated transcytosis e) M cell antigen sampling. Adapted from
Yu et al. 204

First, a particle may pass through the intestinal barrier using the mechanism of transcytosis,
Fig. 1.10a, which is the passage of material from one side of the cell called the epithelial
barrier through the other with subsequent release on the other side of the cell. Second, a
particle can use paracellular diffusion, Fig. 1.10b, which is facilitated by particles that are

coated with polymers or the size of the particle that is small enough to penetrate the narrow



junction between the cells.?** Third, particles can use transcellular diffusion, Fig. 1.10c,
through the intestinal barrier, which depends on the lipophilicity of the nanoparticles.
Additionally, there are two ways that nanoparticles can be absorbed through the epithelial
barrier due to its surface charges that facilitates either absorption mediated transcytosis, Fig.
1.10d and/or antigen recognition that facilitate M-cell antigen sampling, Fig 1.10e. 252% The
mechanism by which SLNs get absorbed when orally delivered to the body has not yet been
investigated in detailed literature reports. Since SLNs share similarities with chylomicron
particles it is possible that they may also benefit from a degree of absorption via the
lymphatic system. Some articles have shown this by studies performed in rats. %42% Cho et
al% compared two drugs, docetaxel and taxotere, encapsulated in SLNs. They?* concluded
that SLNs injected into the intestine of rats showed enhanced intestinal absorption,
lymphatic uptake, and relative oral bioavailability of docetaxel compared with taxotere.?%
Based on this the similarities between SLNs and chylomicron is interesting to consider as
both type of particles share characteristic features in terms of size, absorption and

encapsulation of hydrophobic moieties which will be outlined in the next section.

1.5.3 SLNs for oral administration

The structure of SLNs, Fig. 1.11a, resembles the structure of a physiological chylomicron
particle which is a nanoparticle synthesised naturally by the endosomes using long chained
fats in the body.2%? Chylomicrons, Fig. 1.11b, are a good example of natural lipid carriers that
are produced in the gut.®® and the structure of chylomicrons is characterised as having a lipid
core. The aforementioned property of chylomicrons is very similar to the behaviour observed
from SLNs in many aspects. SLNs are composed of biodegradable and physiological solid
lipids such as high melting point fat and cholesterols. These lipids give the particle the

property of sustainable and controlling release a hydrophobic drug into a system. 94 207, 208209
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Fig. 1.11. Comparison of solid lipid nanoparticles and chylomicron nanoparticles. a) Synthesised solid
lipid nanoparticles stabilised with simple surfactants with a hydrophobic core comprising of lipid and
hydrophobic drug and b) chylomicron nanoparticles stabilised with proteins, phospholipids and free
cholesterol with a hydrophobic core comprising of cholesterol esters and/or triglycerides.

1.6 Objectives of the research

MVC is the only drug in its category of CCR5 receptor inhibitor of anti-HIV drug that targets
the binding of the virus to a host cell in the beginning of the HIV life cycle, but MVC has
limitations due to low bioavailability and complications with its commercial formulation. The
complications with the commercial formulation is due to the drug hydrophobicity. In order to
increase the bioavailability of the drugs a different formulation approach needs to be
considered. It is hypothesised that encapsulation of MVC in a delivery platform is likely to
improve its bioavailability. Our group has already demonstrated improved delivery of anti HIV
drugs using other types of delivery systems including solid drug nanoparticle (SDN) delivery
of lopinavir?"® and efavirenz.?'

Various drug delivery platforms have been considered for MVC and those examples
include PLGA nanoparticles?'? and nanolipogels.?”® It has been demonstrated that such
nanocarrier platforms provide sustained release and that there is a possibility to extend the

dosage interval in different delivery compartments of the body. This is based on body



mimicking in vitro studies.?'?2'® However, the understanding of how a combination of a lipid
and a polymer in MVC loaded nanoparticles impacts the release of drug in vitro has not yet
been demonstrated in the literature. Solid lipids are known to also delay release of a drug in
tablets and other formulation forms.** It is our objective to provide a framework for making
MVC more bioavailable and for this we chose SLNs. SLNs are a good choice to achieve
such a release due to the fact that MVC is a hydrophobic drug and compatible with
encapsulation in a hydrophobic core using a biocompatible and biodegradable lipid
excipient.'®" Other hydrophobic anti-HIV drugs have already been encapsulated in SLNs in a
number of previous reports,'%4214215 however no anti-HIV drugs has been encapsulated
SLNs in our group. Anti-HIV drugs in our groups has been encapsulated in related
nanoparticles such as SDNs.2'%2"" Those encapsulation studies successfully showed an
improvement in bioavailability of lopinavir?'® and efavirenz.2'" In other research groups, anti-
HIV drugs including examples such as lopinavir,'® darunavir,2'52'® tenofovir?'” and
efavirenz?'* have been encapsulated in SLNs. Alex et al, ' synthesised SLNs lopinavir
using the lipid Compritol ATO 888 as a hydrophobic excipient. The study showed an
encapsulation efficiency (EE) of above 99 %.'% This study showed that oral SLN formulation
of lopinavir in vivo improved the bioavailability in Wistar male rats.'® Other research groups,
Bhalekar et al,>'® demonstrated that encapsulated darunavir relative to lipid (GMS) in the
processing of DRV- increased the bioavailability of DRV and lymphatic uptake in Wistar male
rats.?'® The same was demonstrated by Gaur et al*' that encapsulated efavirenz into a SLN
containing GMS as a lipid excipient. In conclusion all of these pharmacokinetic researches
by Alex et al, ' Bhalekar et al,?'® and Gaur et a'* demonstrated that the oral bioavailability
of in vivo SLN formulation increased when compared against the conventional formulation of
the investigated anti-HIV drugs administered orally to Wistar rats.

The stability of SLNs has often been reported to be a challenge due to low drug loading and
crystallisation of particularly the lipid excipient in the core. The stabilisers used to make
SLNs usually small molecular surfactants. However, the use of large amphiphilic polymer

structures as stabilisers in SLN system has not been demonstrated. Large amphiphilic



polymer structures may potentially imitate the behaviour of Pickering stabilisers. We
hypothesise that branched polymers can be used to stabilise a SLN system via a
mechanism that imitates the use of Pickering stabilisers. This hypothesis is based on the
idea that bigger stabilisers with multiple chain ends such as branched polymers can form a
stronger attachment to the surface of a given droplet. In order to maximise the stability of the
SLNs we will identify important parameters that determine the branched copolymeric
architecture. These architectures can be varied using ATRP as a synthesis route. The
stabilising properties of the branched copolymers can be tested using a model oil study that
is inspired by an early a research group Weaver et al'®" This study can be used to compare
different parameters in the obtained polymer library such as chain length, molecular weight,
degree of branching and linear vs. branched polymers as a stabiliser. It can be hypothesised
that these comparisons can help us to assess the stabilising properties of the branched
polymers in a simple oil emulsion study that can be translated to a more complicated study
using solid lipids.

Since optimisation of SLNs with large amphiphilic and branched copolymers has not yet
been described in the literature many general processing procedures will be tested. Hot high
shear hot homogenisation which is the common methodology for processing of SLNs will be
tested. In this methodology experimental parameters such as stirring speed, heat,
composition and solvents will be varied. Moreover, other methodologies in literature will also
be considered such as sonication* and solvent injection.’* Probe sonication uses high
energy in the system to make SLNs. With the use of this methodology we can speculate if
the high energy is the important parameter to vary. The synthesis of SLNs by a solvent
solvent injection method will also be assessed, this is an approach that imitates
nanoprecipitation method that has been used in our group with similar types of branched
copolymers.'8%188.192 This methodology involves the injection of a water miscible solvent
containing the lipid and the polymer into a stirred solution of water containing the polymer.
The use of this approach for synthesis of SLNs is relatively obscure and requires more

optimisation than former mentioned hot high shear homogenisation methodology. This



methodology for synthesis of branched copolymer stabilised SLNs is used as it is
hypothesised that the variation of parameters in those platforms can be used to optimise a
SLN system with maximum MVC loading and increased stability over time. The final aim is to
find a suitable and reproducible processing methodology of SLNs that can be used to

encapsulate hydrophobic drugs such as MVC.



Chapter 2. Synthesis and characterisation of
branched oligo ethylene glycol methacrylate
(OEGMA) based polymers utilizing ATRP used in n-
dodecane model oil studies



2.1 Introduction

SLN platforms for anti-HIV treatments have been developed with the aim of encapsulating
drugs with poor water solubility and bioavailability.'°4202214.215 Encapsulating drugs in the
matrix of SLNs has been shown to allow drugs to slowly be released into target tissue
including brain and intestine. 04215218

In order for SLNs to display colloidal stability surfactants (also called stabilisers) are used to
stabilise the interface between the colloidal surface and its surroundings.?'9220221 The
stabilisers are categorised into different types based on their physical properties such as
being anionic, cationic, amphoteric and non-ionic®?? as was described in Chapter 1 section
1.6.3. This chapter is focused on the design of new non-ionic stabilisers and comparisons
with commercial materials, specifically poloxamers, Fig. 2.1, used to stabilise SLN systems,
in order to determine specific benefits; poloxamers exhibit low toxicity which is attributed to
their non-charged nature.??®> Examples of the use of non-ionic stabilisers have been reported

in various SLN systems in the literature.?24:22%:226
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Fig. 2.1. General structure of poloxamers modified from Shubhra et al.?2?” EO: ethylene oxide; PO;
propylene oxide; a: repeats of EO forming PEG; b: repeats of PO forming PPO.

One of the most commonly used polymers for stabilising SLN formulations is poloxamer 188
(Pluronic® F-68)228-230 which is a non-ionic amphiphilic copolymer?' consisting of hydrophilic
poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO) blocks that are

arranged in A-B-A tri-block structure: PEO-PPO-PEOQ, see Fig. 2.1.227232 Poloxamer 188 has



a nominal molecular weight of 8.4 kDa, which makes it a high molecular weight surfactant in
comparison to for example sodium dodecyl sulphate (SDS), which has a molecular weight of
288 Da. Another parameter of interest is the critical micelle concentration (CMC) for
poloxamer 188 which has been determined to be 4.8 x 104 M.2%

Some problems have been found to be inherent in the use of poloxamers as an excipient or
surfactant for drug delivery systems. A study by Lee et al.?** demonstrated that poloxamer in
a dose dependent manner could result in cellular necrosis as it is capable of sealing
electroporated and radio permeabilised cells which prevented rapid exhaustion of high-
energy cellular compounds.?®* There is also evidence that poloxamers may cause other
cytotoxicity issues including inhibition of multidrug resistance, P-glycoprotein (Pgp), the
modulation of the membrane fluidity, and the impairment of adenosine triphosphate (ATP)
synthesis.?®* Examples of inhibition of multidrug resistance was demonstrated by a study of
different poloxamers carried out in the group of Miller et al.?*> They used monolayers of
human pancreatic adenocarcinoma cells (Panc-1) to express the multidrug resistance-
associated protein (MRP) to investigate the effects of poloxamer block copolymers on the
functional activity of MRP.?*> The study concluded that poloxamer block copolymers could
inhibit multidrug resistance-associated protein (MRP), however was found to be dependent
on the poloxamer molecular structure, specifically, the lengths of hydrophilic PEO and
hydrophobic PPO.%® The effects of Pluronic block copolymers on MRP have been compared
to P-glycoprotein drug efflux systems and it was demonstrated that there is a single unifying
mechanism which may explain the inhibition of both mechanisms.?3® However, poloxamer
also results in cytoprotection by enhancing the drug delivery of anti-cancer, -fungi, and -
bacterial drugs which can be further studied in given references.?%'232.233

Poloxamers are promising stabilisers, excipients and binding agents used in the
pharmaceutical industry. Their chemical structures are comparable particularly to PEO/PEG
based copolymers synthesised by research groups using simple and well-known radical
polymerisation methods.'®*18 Recent development of graft (comb) copolymer surfactants for

specific applications in dispersions are already demonstrated and examples include



commercial structures with meth)acrylate backbones and numerous PEO side chains, such
as materials sold under the name of poly(methyl) methacrylate.??® It is sold under the name
Hypermer CG6 and known to have excellent stabilising properties for concentrated
dispersions of hydrophobic particles in water.??

PEO/PEG based synthetic polymers have already been used in a variety of drug delivery
systems®':2%650.237 gnd a range of polymers containing PEO have been made within
academic studies using a well-known synthetic route called atom transfer radical
polymerisation (ATRP) which are described in Chapter 1 section 1.7.3.1. This method is
useful because it offers a numbers of advantages such as facile, versatile reaction
conditions and possible scalability.’®’ Additional advantages offered include the ability to
vary different parameters during synthesis of the polymer e.g. the number average degree of
polymerisation and the targeted brancher to initiator ratio when designing branched
copolymers.'60-162.165188 Thjs can be used to synthesise a library of polymers.' ATRP is
described as a controlled radical polymerization technique and has been widely used in our
group to synthesis similar polymer architectures. '8-187.1%3Amphiphilic branched copolymers
with hydrophobic chain-end chemistry have been shown to provide excellent stabilisation of
oil in water emulsions and in the literature reports branched copolymers have stabilised oils
such as n-dodecane,'?® dicaprylyl carbonate, propyl-heptyl caprylate, silicone oil, and
isooctyl palmitate.?®® These studies have demonstrated that the stabilising mechanism is
related to the degree of branching of the polymers, which also relates to the number of
chain-ends within each polymer structure.’®2%8.23 |n addition, the studies have shown that
an increase in the targeted degree of branching increases the stability of an oil droplet and
decreases the particle agglomeration. Weaver et al,'’®' have shown that a variety of
branched oligo(ethylene glycol) methyl ether methacrylate (OEGMA) based polymers
polymerised with a long chained hydrophobic initiator can stabilise oil-in-water emulsions
using n-dodecane as an oil. The authors have proposed that the enhanced stability of the
emulsions is due to the increased degree of branching which provides multiple sites for the

hydrophobic initiator group to anchor onto the hydrophobic surface thereby increasing the



stabilising efficiency when compared to their linear analogue.'®"?® Furthermore, it has been
demonstrated that varying the hydrophilic part of an A-B-A block copolymer can have an
impact on the CMC and the molecular weight.?4%-241:233 This can be done by either changing
the degree of polymerisation or by using a different brancher. In conclusion the CMC and
molecular weight parameters have all been shown to be important when designing branched
copolymer stabilisers. This chapter focuses on the synthesis and characterisation of a library
of linear OEGMA based homopolymers and branched OEGMA based copolymers
polymerised with either EGDMA or PEGDMA to act as stabilisers for SLN manufacture.
Methods to synthesise PEG based polymers are well-established using ATRP and will be
described below.'®17%176  The building blocks chosen for the synthesis of stabilisers for
SLNs resembles the hydrophilic PEG structure in poloxamer 188 which is a typical
conventional stabiliser reported to stabilise SLN202230.242 The structure of OEGMA, and the
bifunctional monomers ethylene glycol dimethacrylate (EGDMA) and poly(ethylene glycol)

dimethacrylate (PEGDMA) are shown in Fig. 2.2.
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Fig. 2.2. Monovinylic; oligo(ethylene glycol) methacrylate (OEGMA) and divinylic; ethylene glycol
dimethacrylate (EGDMA) and poly(ethylene glycol) dimethacrylate (PEGDMA) building blocks, DBIB;
dodecyl-2-bromoisobutyrate chosen for the study.



These building blocks are used to synthesise highly branched copolymers. The molar ratios
of the branching agents are varied relative to the initiator. This was done with the purpose of
investigating how the stabilisation changes depending on the architecture of these stabilisers
in SLN dispersions. The chain end functionality is chosen to be a long C+> dodecyl chain,
dodecyl-2-bromoisobutyrate (DBiB), Fig. 2.2. The initiator chosen for the synthesis of the
polymer is DBiB. The influence of the hydrophobic chain ends on the amphiphilic branched
copolymer’s properties is interesting to compare against the chain end functionality of
polymers such as poloxamer 188 and Tween 80 which are typical polymers used to stabilise
SLNs in literature reports.'%292214 A |ibrary of polymers will be synthesised with different
degrees of polymerisation with the hydrophilic OEGMA monomer and lipophilic, dodecyl-

bromoisobutyrate (DBiB), initiator by varying the monomer to initiator ratio as shown in Fig.

2.3.
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In order to probe the influence of the brancher on the architecture and physical properties of
branched polymer macromolecules, the two different branching agents will be used, EGDMA
and PEGDMA, the molar ratios of the brancher to the initiator will be varied between 0.2 -
0.95:1 in order to investigate how to obtain high molecular weight copolymers. By varying
the size of the polymer with different number average degrees of polymerisation (DP,) of
OEGMA and tuning the degree of branching with EGDMA or PEGDMA we hypothesise that
a longer branching agent will results in more flexibility and greater distance between the
primary chains, while smaller branching agents will result in less flexibility and closer
distance between the primary chains, Fig. 2.3. These two different characteristic features of
amphiphilic polymers are interesting to investigate and compare in an SLN stabilised
systems. Subsequently, the aim of this study is to assess the polymeric architectures from
the library using model oil in water emulsion studies and choose the best candidate for future
studies of branched polymers as stabilisers in an SLN system. The structural architecture
could lead to a potential impact in drug delivery systems where the highly branched
copolymer stabilises emulsions or other nanoparticles as already seen in case of polymeric

nanoparticles and micelles mentioned in Chapter 1.

2.2 Results and discussion

2.2.1 Synthesis of DBIB initiator

DBIB initiator was synthesised by an esterification reaction between the hydroxyl groups of
dodecyl alcohol and 2-bromoisobutyryl bromide using a well-known procedure®®® and the
synthesis method is described in the experimental section in chapter 7 section 7.1. DBIB
was characterised by 'H, *C NMR and ESI mass spectra and the results are given in Fig.

2.4-2.6.
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Fig. 2.4. '"H NMR (400 MHz, MeOD-d4) of 2-dodecyl-2-bromoisobutyrate (DBiB); 1. **solvent
residual peak at 3.31 ppm and *H20 at 4.87 ppm

In the 'H and ®C NMR spectra the proton and carbons located at the ends of DBIiB
can be identified unambiguously while the protons and carbons on the long alkane
chain has chemical shifts which are too similar to be distinguished and therefore
lumped together. The full assignment can be seen on Fig. 2.4-2.5 and Chapter 7
section 7.1.

Moreover the mass of CisH31BrO, found by ESI-MS is given on Fig. 2.6 and is
[M+Na]* = 357.1 Da. This is comparable to the theoretical calculated mass M* of
DBIiB, which is 335.32 Da.

In conclusion the 'H-, *C and ESI-MS results showed that DBiB was successfully

synthesised and purified.
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Fig. 2.6. ESI-MS (MeOH) of 2-dodecyl-2-bromoisobutyrate (DBIB).



2.2.2 Kinetic studies of polymerisation of linear DBiB-p(OEGMA)s,

The controllability of the ATRP polymerisaion reaction was investigated by a kinetic study
targeting a DP, of 50 monomer unit with the linear homopolymer. In this study, the main
focus was to show that the reaction was controlled and provided a polymer with a specific
number average molecular weight (M») and low dispersity index (Mw/M;,). Two different
measurements, '"H NMR as well as gel permeation chromatography (GPC) were used to
characterise the polymers that were formed. It was expected that an ATRP reaction would
follow a first order kinetic relationship. The data from these studies were therefore plotted on
a semi-logarithmic graph showing Ln ([M]o/[M],) against the timepoints.'’®'"® The ATRP
reaction was monitored by observing vinyl 'H chemical shifts of resonances from the
OEGMA structure and 'H & resonances from the internal reference, mesitylene. Examples

of such spectra are shown in Fig. 2.7.
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Fig. 2.7. Zoomed in overlay of '"H NMR spectra (MeOD-d4) selected sample points t= 0- 240 min of

kinetic studies for synthesis of DPso. Signals of two vinyl protons Ha and Hp was integrated against an
internal reference -CH- signal of mesitylene.*



A few drops of the internal reference, mesitylene, was added to the reaction mixture while it
was degassed with a nitrogen inlet. The concentration of mesitylene remains constant
throughout the polymerisation and within all timepoint samples taken during the reaction
copper (1) chloride (CuCl) was added to the reaction at the timepoint t = 0 min. The reaction
was then monitored by analysing sample points at times t = 15, 30, 45, 60, 90, 120, 180, 240
minutes. The samples for '"H NMR were prepared as described in Chapter 7, section 7.1.
The monomer conversions were assessed by '"H NMR spectroscopy in MeOD-ds, Fig. 2.7,
and the polymer conversions were calculated by integrating the 'H resonances of the vinyl
groups on the monomer relative to the internal reference 'H resonance of mesitylene.

The NMR resonance of mesitylene —CH group with a chemical shift of '"H & = 6.8 ppm was
integrated to 1 and compared against the vinyl chemical shifts of the OEGMA monomer in
the range between 'H &= 5.6 and 6.1 ppm, Fig. 2.7. At t = 0 the monomeric conversion was
given by [M]o and at timepoints t = 15, 30, 45, 60, 90, 120, 180, 240 minutes as [M].. A first
order kinetic semilogaritmic plot of Ln[M]o/[M]. versus time gave a straight line, Fig 2.8a. The
straight line of the 'TH NMR studies indicated that the reaction followed a first order kinetic
model and that the radical polymerisation was controlled in agreement with examples in the
literature.'>17® The ultimate monomer conversion was 94 + 2%. In addition to '"H NMR the
molecular weight distributions of DP, 50 at timepoints t = 15, 30, 45, 60, 90, 120, 180, 240
minutes was assessed by GPC. The samples were taken at the same time points as for "H-
NMR samples mentioned earlier in this section. The preparation of GPC samples is
described in Chapter 7, section 7.1.

The GPC results at t = 15, 30, 45, 60, 90, 120 and 240 min, Fig. 2.8b, showed a linear
increase in the number average molecular weight (M,) as a result of the increase in
conversion from monomer to polymer. This demonstrated that M, was controlled throughout
the experiment. This was in agreement with the increase in molecular weight, M,, calculated
using '"H NMR. The M./M, distribution of the GPC traces remained constant throughout the

reactions, Fig 2.8b.
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Fig. 2.8. a) 'H NMR kinetics of DBiB-p(OEGMA)so kinetics and b) number average molecular weight
Mn of DBiB-p(OEGMA)so kinetic experiment calculated from GPC traces recorded in DMF (blue and
red) and '"H NMR spectroscopy (black) at timepoints t = 0, 15, 30, 45, 60, 90, 120, 180, 240 minutes.
PDI distribution (green) of GPC traces. Conv.; Conversion. PDI; polydispersity.

The GPC traces of the kinetic points are shown in Fig. 2.9. The overlay of the traces over the
time points given demonstrated that the retention volume decreased as the chain size
increased in the reaction mixture. The polydispersity and retention time of the polymer were

estimated by a plot of retention volume in mL against the IR signal, see Fig. 2.9. This



estimate is sufficient for our purposes rather than an accurate molecular weight distribution
plot of logM versus dw/dlogM was not deemed nessesary. These observations are
supported by the M, increasing as observed in the 'H-NMR studies, Fig. 2.8a and are

comparable to examples of kinetic studies mentioned in the literature.'®
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Fig. 2.9. Raw RI data of GPC chromatograms of DP, of 50 kinetics. Traces at time points t = 15-120
and 240 min taking during kinetics of p(OEGMA)so are normalised with the intensity of the highest trace
signal. The retention volume is given in mL. Analysis performed by GPC with mobile phase of DMF (+
0.01M) at 1mL/min 60 ‘C. Traces were normalised to the highest peak. Ret.; retention. Vol.; volume.

In conclusion, it was demonstrated that the synthesis of DBiB-p(OEGMA)s, by the ATRP
conditions given in Chapter 7, section 7.1 was controlled. This condition will be used to

synthesis a polymer library of DPioso of both linear homopolymers and branched

copolymers.



2.2.3 Synthesis of p(OEGMA) based copolymers utilising ATRP

Controlled radical polymerisation, ATRP was used to synthesise a library of p(OEGMA)
based homo- and copolymers using procedures described in Chapter 7 section 7.1 while
targeting the degree of polymerisation (DP,) of 10, 20 and 50 monomer units. The branchers
used in the experiments were short chained EGDMA; M,= 198.9 gmol"' and long chained
PEGDMA; M,, = 875 gmol™'. Their proportions were varied relative to initiator DBIiB for each
of the targeted polymerisations. Reactions were left until 93-99 % conversion and were
assessed using "H-NMR spectroscopy in MeOD-ds. After precipitation of the polymer into
petroleum ether, the final pure OEGMA based polymer product was dried in the vacuum
oven at 40 °C to ensure that all of the solvent was evaporated. The final polymer products
were characterised by 'H NMR and GPC to assess the polymer architecture in terms of
dispersity (B) and molecular weights (M, and M,,). The library of OEGMA based homo- and

copolymers are discussed in the next subsections.

2.2.3.1 "H NMR Characterisation of linear DBiB-p(OEGMA)10-50

A characterised '"H NMR spectrum of a selected 'H-NMR spectra of linear DBIiB-
p(OEGMA)so is shown in Fig. 2.10. The protons at 'H & = 0.9 ppm were assigned to the —
CHs group on the initiator chain end and the —CH»2- group on the backbone of the DBIB-
p(OEGMA)s, polymer. The integral of the resonance at & = 0.9-1.1 ppm is 153, which
indicates that there are 3 protons in the terminating —CHs; and 150 protons from the —CHs on
the polymer backbone, The CHs from the backbone are in different chemical environments
and therefore appear at a different chemical shift depending on whether it's nearer to a C-Br
or a C-CH, on the polymer backbone. Therefore, the —CHs nearer to the C-CH, have a
chemical shift of 1.1 ppm and the —CHs; nearer to C-Br have a higher chemical shift in the

range of 1.5-1.9 ppm due to the higher electronegativity of Br compared to C.



The increase depends on how close the CH; is to C-Br on the backbone of DBIiB-
p(OEGMA)so. The signal at 'H & = 1.3 ppm was integrated to 18 protons and assigned to the
—CHy- groups on the initiator part of the polymer. The signals between 'H & = 1.5 -1.9 ppm
were assigned to the —CH;- group and the two —CHs groups on the initiator part of the
polymer. The signal at 'H & = 3.4 ppm were integrated to 150 H and was assigned to the —
CHs group at the end of the OEGMA chain of the resulting polymer. The peaks from 3.5-4.1

ppm were assigned to the PEG protons from the —CHa- in the PEG part of the polymer.
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Fig. 2.10. Characterised '"H NMR spectra of DPso OEGMA homopolymer. **Solvent residual peak at
3.33 ppm and *H:20 at 4.88 ppm.



ATRP was used to synthesise homopolymers of OEGMA with a My = 300 gmol' and with a
degree of polymerisation DP, of 10, 20 and 50. The reactions were left for 2-8 hours to reach
completion depending on the degree of polymerisation based upon the starting composition.
The % conversion of linear DBiB-p(OEGMA)1o, DBiB-p(OEGMA)2 and DBiB-p(OEGMA)so
were calculated through ratio of pendant vinyl groups by integrating the signal of vinyl
protons 'H & = 5.6 and 6.1 ppm with chemical shift of against an internal reference from the
mesitylene (=CH- group) with a chemical shift of 'H & = 6.8 ppm. DP, and the initiator
efficiency was calculated by integrating the chemical shift '"H & = 1.3 ppm and 3.4 ppm. DP,
and |E calculated by integrating 'H resonances of the —(CH.)s- group (Fig. 2.8b) from
reacted initiator at '"H & =1.35 ppm (18 H) with —CHs; of reacted OEGMA peak at & = 3.40
ppm 'H signal assigned to m see Fig. 2.10 and the DP,.x, is calculated by the value of the
integral X divided by 3 H of the —CHz group of the initiator assigned to m see Fig 2.9m. The

calculated parameters are given in the Table 2.1.

Table 2.1. '"H NMR of DBiB-p(OEGMA)10.50. DPn; degree of polymerisation. IE; initiator efficiency.
Analysis performed in MeOD-ds and the residual solvent and water peaks were assigned with
respect to literature.244

Polymer M theo DP,, theo M exp DP,, exp IE % Conv.%
gmol? gmol?
DBiB-p(OEGMA),, 3,335 10 3,635 1 91 98
DBiB-p(OEGMA),, 6,335 20 6,635 21 95 99
DBiB-p(OEGMA),, 15,335 50 15,335 50 96 >99

The experimentally calculated DP, was used to calculate Mnexp Of the resulting
homopolymer. The experimentally calculated Mnex for DBiB-p(OEGMA)o, DBIB-
p(OEGMA)2 and DBiB-p(OEGMA)sy where in agreement with the theoretically calculated
Mniheo. The IE for the homopolymers were 91 % for DBiB-p(OEGMA)1, 95 % for DBIB-
pP(OEGMA)2 and 96 % for DBiB-p(OEGMA)so. IE was calculated to be above 91 % for the
homopolymers which is a high value. IE is the efficiency of an initiator to initiate and rapidly

establish the dormant and active equilibrium. The IE is calculated using '"H NMR by the



comparison of DP,targeted and DP,, achieved as measured by NMR. Any unreacted initiator
will interfere with the signals if the sample is not rigorously purified and purification can
fractionate the polymer sample.

2.2.3.2. Characterisation of DBiB-p(OEGMA)«, DBiB-p(OEGMA)z, and DBiB-
p(OEGMA)s; by GPC

Samples DBiB-p(OEGMA)+, DBiB-p(OEGMA)2 and DBiB-p(OEGMA)s, were purified and
vacuum dried at 40 °C. They were then dissolved in DMF (+0.01 M LiBr) and analysed using
GPC. GPC results of M,, M\, and dispersity (D) are given on Table 2.2. The results showed
that M, increased from 3,230 gmol” to 15,700 gmol”' as the degree of polymerisation
increases from DP, of 10 to 50. A similar trend was observed for M,. However, it was also
observed that the B of DBiB-p(OEGMA)¢ was 2.1 while the D of DBiB-p(OEGMA)z2 and
DBIiB-p(OEGMA)so were 1.4. This indicates that the size distribution of for DBiB-p(OEGMA)1o

is broader than those of the other polymers.

Table 2.2. Calculated Mn, Mw and D for GPC data obtained for DBiB-p(OEGMA)1w, DBiB-
p(OEGMA)20 and DBiB-p(OEGMA)so recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M, (gmol?) b
DBiB-p(OEGMA),, 3,230 6,920 2.1
DBiB-p(OEGMA),, 9,390 13,060 1.4
DBiB-p(OEGMA),, 15,700 22,450 1.4

2.2.4. Synthesis and characterisation of DBiB-p(OEGMA)10.50 branched with EGDMA

2.2.4.1. '"H NMR characterisation of DBiB-p(OEGMA)1o.s0 branched with EGDMA

EGDMA was used to synthesis branched p(OEGMA)1o.50 copolymers with the aim to create
a library of high molecular weight branched polymers. This was done by using ATRP.161245
DBiB was used an initiator in the reaction. The molar ratio of the brancher was varied

relative to the initiator. The ratios used were in the range between 0.2:1 and 0.8:1. A higher



brancher to initiator molar ratio was initially used to investigate how much the molar ratio
could be increased before reaching the gel point. The gel point is the point in which
occurrence of gelation in polymerisation can be observed visually and a polymerisation
mixture loses its fluidity and becomes insoluble in all solvents. ?*¢ The formed gel
corresponds to the formation of an infinite network in which the polymer molecules have
been crosslinked to each other to form macroscopic molecule. 246 The reactions of DBiB-
p(OEGMA)1050 branched with EGDMA were left 2-8 hours to reach completion and
monitored with 'H NMR. The 'H-NMR results obtained for EGDMA branched DBiB-
p(OEGMA)+o, DBiB-p(OEGMA )2 and DBIiB-p(OEGMA)s, were calculated using the methods

mentioned earlier and are shown on Table 2.3-2.5.

Table 2.3. '"H NMR of EGDMA branched DBiB-p(OEGMA)+0. DPn; degree of polymerisation. |E;
initiator efficiency. Analysis performed in MeOD-d4 and the residual solvent and water peaks were
assigned with respect to literature.24

brancher to
Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),-co-(EGDMA), , 0.2:1 10 >99 94
DBiB-p(OEGMA), -co-(EGDMA), 5 0.5:1 10 >99 >99
DBiB-p(OEGMA),o-co-(EGDMA) ¢ 0.6:1 11 91 >99
DBiB-p(OEGMA),,-co-(EGDMA), , 0.7:1 11 91 >99
DBiB-p(OEGMA), ,-co-(EGDMA), 5 0.8:1 10 >99 >99

EGDMA branched DBiB-p(OEGMA)1o were branched with molar brancher to initiator ratios
of 0.2:1-0.8:1. All of the reactions reached a high conversions of 94 - >99 % according to 'H-
Using NMR spectra analysis at time points t = 0 and t = 2-8 hours. DP,, were calculated to be
10-11 and the IE values were relatively high. Overall the '"H NMR data of EGDMA branched
DBiB-p(OEGMA)o showed that it was possible to increase the molar brancher to initiator
ratio to 0.8:1 without experiencing gelation. EGDMA branched DBiB-p(OEGMA)x were

branched with molar brancher to initiator ratios of 0.2:1-0.8:1. All of the reactions reached a



high conversions of 99 % according to "H-NMR spectra analysis at time points t =0 and t =
7-8 hours. DP, were calculated to be 20-23 and the IE values were high. Overall the '"H NMR
data of EGDMA branched DBIiB-p(OEGMA), showed that it was possible to increase the

molar brancher to initiator ratio to 0.8:1 without experiencing gelation.

Table 2.4. '"H NMR of EGDMA branched DBiB-p(OEGMA). DPn; degree of polymerisation. IE;
initiator efficiency. Analysis performed in MeOD-d4 and the residual solvent and water peaks were
assigned with respect to literature.?44

brancher to

Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),,-co-(EGDMA), , 0.2:1 21 80 99
DBiB-p(OEGMA),,-co-(EGDMA), 5 0.5:1 22 91 >99
DBiB-p(OEGMA),,-co-(EGDMA), 0.8:1 23 87 >99

DBiB-p(OEGMA)sy were branched with EGDMA using molar brancher to initiator ratios of
0.2:1 to 0.95:1, Table 2.5. All of the reactions reached a high conversion rate of 97 - >99 %
according to "H-NMR spectra analysis at time points t = 0 and t = 8-13 hours. DP, were

calculated to be 50-52 and the corresponding IE values were calculated to be 94-99 %.

Table 2.5. '"H NMR of EGDMA branched DBiB-p(OEGMA)so. DP»; degree of polymerisation. IE;
initiator efficiency. Analysis performed in MeOD-d4 and the residual solvent and water peaks were
assigned with respect to literature.?44

brancher to

Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),,-co-(EGDMA), , 0.2:1 52 9% 98
DBiB-p(OEGMA).,-co-(EGDMA), - 0.5:1 50 94 >99
DBiB-p(OEGMA).,-co-(EGDMA), . 0.6:1 51 08 99
DBiB-p(OEGMA),,-co-(EGDMA), 0.7:1 50 >99 97
DBiB-p(OEGMA).,-co-(EGDMA), , 0.8:1 50 >99 98
DBiB-p(OEGMA),,-co-(EGDMA), ; 0.9:1 50 >99 >99
DBiB-p(OEGMA). ~-co-(EGDMA), o 0.95:1 51 98 >99



Overall the '"H NMR data of EGDMA branched DBiB-p(OEGMA)s, showed that it was
possible to increase the molar brancher to initiator ratio to 0.95:1 without experiencing

gelation.

2.2.4.3. GPC characterisation of DBiB-p(OEGMA)10-50 branched with EGDMA

In the previous section we described the synthesis and characterisation of DBIiB-
p(OEGMA)10-50 that were branched with EGDMA using 'H-NMR spectroscopy. The molar
ratios between brancher and initiator were varied with the aim to obtain highly branched
polymer architectures. The resulting purified and vacuum dried EGDMA branched DBiB-
p(OEGMA)1o, DBiB-p(OEGMA)20 and DBiB-p(OEGMA)so were analysed using GPC.
Parameters obtained by GPC were My, M, and D given on Table 2.6-2.8. These parameters
can be used to assess the branched polymer architecture e.g to calculate other parameters
such as the numbers of conjoined chains, the average number of primary chains per
branched polymers, denoted WA #, was determined. This parameter was calculated by an

equation given by the equation (2.1):

WA# =

__ My, (branched copolymer) (2 1)
My, (primary chain) )

Where M, (branched copolymer) is given in Table 2.6-8 and My (primary chain) is given in
Table 2.1. The obtained My, M», B and WA # for EGDMA branched DBiB-p(OEGMA);, are

given on Table 2.6.



Table 2.6. Calculated Mn, Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)10 polymers
branched with EGDMA recorded in DMF (+0.01 M LiBr).

Polymer M, (gmol?) M, (gmol?) b WA #
DBiB-p(OEGMA),,-co-(EGDMA), , 7,610 11,840 1.6 2
DBiB-p(OEGMA),,-co-(EGDMA), 11,490 23,660 2.1 3
DBiB-p(OEGMA),,-co-(EGDMA), 14,800 38,440 2.6 6
DBiB-p(OEGMA),,-co-(EGDMA), , 14,950 46,730 3.1 7
DBiB-p(OEGMA),,-co-(EGDMA), 15,240 48,670 3.2 7

The results showed that M, increased from 7,610 gmol” to 15,240 gmol' when the molar
ratio of brancher to initiator was increased from 0.2:1 to 0.8:1. Moreover, the Mw values
increased from 11,840 gmol™ to 48,670 gmol' when the molar ratio of brancher to initiator
was increased from 0.2:1 to 0.8:1. In addition to that D of the resulting polymer increased
from 1.6 to 3.2. These observations suggest that the EGDMA branched DBiB-p(OEGMA)1q
became more disperse as the molar ratio of brancher to initiator increased from 0.2:1 to
0.8:1. It was also observed that the maximum number of conjoined chains pr. branched
polymer WA # were calculated to be 7 for DBiB-p(OEGMA)1o-co-(EGDMA)g s.

GPC chromatograms of linear DBiB-p(OEGMA)1o overlaid with two selected branched
copolymers, DBiB-p(OEGMA)1¢-co-(EGDMA)o s and DBiB-p(OEGMA)+¢-co-(EGDMA)o s, were
shown in Fig. 2.11 and appendix Fig. A1-A3. As mentioned earlier this estimate is sufficient
for our purposes throughout this chapter rather than an accurate molecular weight
distribution plot of logM versus dw/dlogM was not deemed nessesary. The results showed
that the linear DBiB-p(OEGMA)1o has a narrower distribution while the branched copolymers
DBiB-p(OEGMA)1o-co-(EGDMA)os and DBiB-p(OEGMA)1o-co-(EGDMA)o s had much broader

distributions due to branching.
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Fig. 2.11. Selected raw GPC chromatograms obtained with RI detector in mV. Selected
chromatograms of linear DBiB-p(OEGMA)1, DBiB-p(OEGMA)10-co-(EGDMA)os, DBIiB-
p(OEGMA)10-co-(EGDMA)os. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at
1mL/min 60 °C. All of the RI traces were normalised. Ret.; retention. Vol.; volume.

The obtained My, M, B and WA # for EGDMA branched DBiB-p(OEGMA)2 are given on
Table 2.7.

Table 2.7. Calculated M», Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)20 copolymers
branched with EGDMA recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M, (gmol?) b WA #
DBiB-p(OEGMA),,-co-(EGDMA), , 16,230 34,930 2.1 3
DBiB-p(OEGMA),,-co-(EGDMA), s 20,020 114,870 5.7 9
DBiB-p(OEGMA),,-co-(EGDMA), 5 102,950 1,430630 13.7 109

The results showed that M, increased from 16,230 gmol™* to 102,950 gmol™' when the molar
ratio of brancher to initiator was increased from 0.2:1 to 0.8:1. Moreover, the Mw values
increased from 34,930 gmol” to 1,430,630 gmol"’ when the molar ratio of brancher to

initiator was increased from 0.2:1 to 0.8:1. In addition, the D of the resulting polymer



increased from 2.1 to a significantly broader D of 13.7. This indicated that DBiB-
p(OEGMA)x-co-(EGDMA)os was highly branched. These observations showed that the
EGDMA branched DBiB-p(OEGMA)+1 became more disperse as the molar ratio of brancher
to initiator increased from 0.2:1 to 0.8:1. It was also noted that the maximum number of
conjoined chains pr. branched polymer, WA #, were calculated to be 109 for DBIB-
p(OEGMA)2-co-(EGDMA)o.s.

GPC chromatograms of linear DBiB-p(OEGMA)x was overlaid against branched DBiB-
pP(OEGMA)z-co-(EGDMA)o s and DBiB-p(OEGMA)x-co-(EGDMA)os and shown in Fig. 2.12
and Appendix Fig. A4-A6 The results showed that the linear DBiB-(OEGMA)2, has a narrow
distribution than the branched polymers DBiB-p(OEGMA)x-co-(EGDMA)os and DBiB-
p(OEGMA)2-co-(EGDMA)os. This indicated that DBIiB-p(OEGMA)2-co-(EGDMA)os and

DBiB-p(OEGMA)z0-co-(EGDMA)o.s was highly branched.

- - DBiB-p(OEGMA),,
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Fig. 2.12. Selected raw GPC chromatograms obtained with Rl detector. Selected chromatograms of
Linear DBiB-p(OEGMA)2, DBiB-p(OEGMA)20-co-(EGDMA)o5, DBiB-p(OEGMA)20-co-(EGDMA)o.s.
Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. All of the RI
traces were normalised. Ret.; retention. Vol.; volume.



The obtained My, M, D and WA # for EGDMA branched DBiB-p(OEGMA) are given on

Table 2.8.

Table 2.8. Calculated Mn, Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)so
copolymers branched with EGDMA recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M, (gmol?) b WA #
DBiB-p(OEGMA).,-co-(EGDMA), , 23,460 35,590 1.5 2
DBiB-p(OEGMA).,-co-(EGDMA), . 26,940 57,980 2.1 3
DBiB-p(OEGMA).,-co-(EGDMA), 28,200 58,130 2.1 3
DBiB-p(OEGMA).,-co-(EGDMA), , 29,920 63,620 2.1 3
DBiB-p(OEGMA).,-co-(EGDMA), 5 33,870 90,880 2.7 4
DBiB-p(OEGMA).,-co-(EGDMA), 5 34,100 92,080 2.7 4
DBiB-p(OEGMA).,-co-(EGDMA), 5 41,500 136,090 33 6

The results showed that M, increased from 23,460 gmol™ to 41,500 gmol' when the molar
ratio of brancher to initiator was increased from 0.2:1 to 0.95:1. Additionally, the Mw values
increased from 35,590 gmol” to 136,090 gmol™ when the molar ratio of brancher to initiator
was increased from 0.2:1 to 0.8:1. In addition, the B of the resulting polymer increased
slightly from 1.5 to 3.3 as the molar ratio of brancher to initiator from 0.2:1 to 0.95:1 for
polymers DBiB-p(OEGMA)so-co-(EGDMA)o> and DBiB-p(OEGMA)se-co-(EGDMA)oes. This
indicated that the increase in molar ratio of brancher to initiator from 0.2:1 to 0.95:1 only
resulted in slight increase in B. These observations showed that the EGDMA branched
DBiB-p(OEGMA)+, became 2 fold more disperse as the molar ratio of brancher to initiator
increased from 0.2:1 to 0.95:1. It was also observed that the numbers of conjoined chains pr.
branched polymers WA # were calculated to be 6 for DBiB-p(OEGMA)so-co-(EGDMA ) g5.

Chromatograms of linear DBiB-p(OEGMA)so was overlaid against selected branched DBIiB-
p(OEGMA)so-co-(EGDMA)o s and DBiB-p(OEGMA)se-co-(EGDMA)o.gs and shown in Fig. 2.13

and Appendix Fig. A7- A9.
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Fig. 2.13. Selected raw GPC chromatograms obtained with Rl detector in mV. Selected
chromatograms of linear DBiB-p(OEGMA)so, DBiB-p(OEGMA)so-co-(EGDMA)os and DBiB-
p(OEGMA)so-co-(EGDMA)o.05 were overlaid. Analysis performed by GPC with mobile phase of DMF
(+ 0.01M) at 1mL/min 60 °C. All of the RI traces were normalised. Ret.; retention. Vol.; volume

The results showed that the linear DBiB-(OEGMA)s; has a narrow distribution than the
branched polymers DBiB-p(OEGMA)s,-co-(EGDMA)os and  DBiB-p(OEGMA)so-co-
(EGDMA)o.05. This indicated that DBiB-p(OEGMA)so-co-(EGDMA)o.s and DBiB-p(OEGMA)se-
co-(EGDMA)o.95 was highly branched.

Overall the results obtained for the chromatograms of EGDMA branched of DBiB-
p(OEGMA)10-50 copolymers indicated that the increase of monomer units per initiator from 10
to 50 has an impact on the branching of the copolymer system. This has been demonstrated
in literature by Bannister et al.?*® The highly branched copolymers composed of a broad
distribution of molecular weights and architectural variations and this was well studied in literature.
8 Another approach was used to investigate at which point the reaction gelled when

increasing EGDMA to DBIB ratio. Using this approach, it was concluded that it was possible

to increase the EGDMA to DBIB ratio up to 0.95 without the reaction gelling. However, it was



observed that the chromatogramsof DBiB-p(OEGMA)120 branched with EGDMA with a
brancher to initiator ratio above 0.8:1 was not changed relative to 0.95:1. This trend was only
observed for DBIiB-p(OEGMA)10-20 while DBiB-p(OEGMA)sy branched with EGDMA above

0.95:1 brancher to initiator ratio showed a a broad D.

2.2.5. Synthesis and characterisation of DBiB-p(OEGMA)10-50 branched with
PEGDMA

2.2.5.1 "H-NMR characterisation of PEGDMA branched DBiB-p(OEGMA)10-50
copolymers

PEGDMA which is a longer chained brancher with a molecular weight of M= 875 gmol' was
used to synthesis branched DBiB-p(OEGMA)10.50 copolymers. PEGDMA was used in this
study as the length of the PEGDMA in comparison to earlier used brancher, EGDMA, may
be sterically easier to branch if the brancher is longer. The aim of this study was to
investigate how the length of a brancher can change the polymer architecture of library of
high molecular weight branched polymers. Same method as described earlier was used to
synthesise the PEGDMA branched DBiB-p(OEGMA)+¢.50 copolymers. DBIiB was again used
as an initiator in the reaction and the molar ratio of the brancher was varied relative to the
initiator with the same compositions as described for EGDMA branched copolymers earlier.
The ratios used were in the range between 0.2:1 and 0.8:1. The reactions of DBIB-
p(OEGMA)1050 branched with PEGDMA were left 3-8 hours to reach completion and
samples were withdrawn and analysed by with '"H NMR. The 'H-NMR results obtained for
PEGDMA branched DBiB-p(OEGMA)1o, DBiB-p(OEGMA) and DBiB-p(OEGMA)sy were

calculated using methods from earlier and are shown on Table 2.9-2.11.



Table 2.9. 'H NMR of PEGDMA branched DBiB-p(OEGMA)1w0. DP,; degree of polymerisation. IE;
initiator efficiency. Analysis performed in MeOD-d4 and the residual solvent and water peaks were
assigned with respect to literature.24

brancher to
Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),,-co-(PEGDMA), , 0.2:1 13 77 >99
DBiB-p(OEGMA), ;-co-(PEGDMA), 0.5:1 11 91 >99
DBiB-p(OEGMA),,-co-(PEGDMA), , 0.7:1 Gel Gel Gel

PEGDMA branched DBiB-p(OEGMA)+, were branched with molar brancher to initiator ratios
of 0.2:1-0.7:1. However, it was observed that the molar brancher to initiator ratio 0.7:1
resulted in the reaction to gel. The reactions with the other molar brancher to initiator ratio
resulted in high conversions of 99 % according to "H-NMR spectra analysis at time points t =
0 and t = 3-4 hours. DP, were calculated to be 13 and 11 and the corresponding IE values
were calculated to be 77 and 91 %. Overall the '"H NMR data of PEGDMA branched DBiB-
p(OEGMA)+o showed that it was possible to increase the molar brancher to initiator ratio to
0.8:1 without experiencing gelation.

PEGDMA branched DBiB-p(OEGMA), were branched with molar brancher to initiator ratios
of 0.2:1-0.8:1 and the results were summarised in Table 2.10. PEGDMA branched DBiB-
p(OEGMA)2 were branched with molar brancher to initiator ratios of 0.8:1 resulted in the
reaction to gel. The reactions with the other molar brancher to initiator ratio resulted in high
conversions of 97-99 % according to '"H-NMR spectra analysis DP, were calculated to be

21-23 and the corresponding |E values were calculated to be 87-95%.



Table 2.10. '"H NMR of PEGDMA branched DBiB-p(OEGMA)2. DPy; degree of polymerisation. IE;
initiator efficiency. Analysis performed in MeOD-ds and the residual solvent and water peaks were
assigned with respect to literature.24

brancher to

Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),,-co-(PEGDMA), , 0.2:1 22 91 97
DBiB-p(OEGMA),,-co-(PEGDMA), 5 0.5:1 23 87 99
DBiB-p(OEGMA),;-co-(PEGDMA), , 0.7:1 21 95 96
DBiB-p(OEGMA),,-co-(PEGDMA), 0.8:1 Gel Gel Gel

Overall the '"H NMR data of PEGDMA branched DBiB-p(OEGMA)x showed that it was
possible to increase the molar brancher to initiator ratio to 0.7:1 without experiencing
gelation. However, when the molar brancher to initiator increased to 0.8:1 the reaction
started gelling.

Finally, PEGDMA branched DBiB-p(OEGMA)so were branched with molar brancher

to initiator ratios of 0.2:1-0.7:1 and the results were summarised in Table 2.11.

Table 2.11. '"H NMR of PEGDMA branched DBiB-p(OEGMA)so. DP»; degree of polymerisation. IE;
initiator efficiency. Analysis performed in MeOD-d4 and the residual solvent and water peaks were
assigned with respect to literature.24

brancher to

Polymer initiator molar DP, IE % Conv.%
ratio
DBiB-p(OEGMA),,-co-(PEGDMA), , 0.2:1 50 >99 >99
DBiB-p(OEGMA),,-co-(PEGDMA), 5 0.5:1 51 98 >99
DBiB-p(OEGMA),,-co-(PEGDMA), , 0.7:1 Gel Gel Gel

PEGDMA branched DBiB-p(OEGMA)so branched with molar brancher to initiator ratios of
0.7:1 resulted in the reaction to gel. The reactions with the other molar brancher to initiator
ratios resulted in high conversions of >99 % and a soluble product. DP, were calculated to
be 50-51 and the corresponding IE values were calculated to be 98- >99%. Overall the 'H
NMR data of PEGDMA branched DBiB-p(OEGMA)so showed that it was possible to increase

the molar brancher to initiator ratio to 0.5:1 without experiencing gelation.



2.2.5.2 GPC characterisation of PEGDMA branched DBiB-p(OEGMA)10-50
copolymers

The obtained My, M, D and WA # for EGDMA branched DBiB-p(OEGMA) are given on

Table 2.12.

Table 2.12. Calculated Mn, Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)10 copolymers
branched with PEGDMA recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M,,(gmol?) ] WA #
DBiB-p(OEGMA), ;-co-(PEGDMA), , 10,620 21,730 2.0 3
DBiB-p(OEGMA),,-co-(PEGDMA), 21,150 154,540 7.3 22

The results showed that M, increased from 10,620 gmol™ to 21,150 gmol' when the molar
ratio of brancher to initiator was increased from 0.2:1 to 0.5:1. M, values increased from
21,730 gmol’ to 154,540 gmol™, respectively. In addition, the D of the resulting polymer
increased significantly from 2 to 7.3 as the molar ratio of brancher to initiator from 0.2:1 to
0.5:1 for polymers DBiB-p(OEGMA)io-co-(PEGDMA),2 and DBiB-p(OEGMA)o-co-
(PEGDMA)os. This indicated that the increase in molar ratio of brancher to initiator from
0.2:1 to 0.5:1 only resulted in slight increase in . It was also observed that the numbers of
conjoined chains pr. branched polymers WA # were calculated to be up to 22 for DBIB-
p(OEGMA)1o-co-(PEGDMA)o 5.

Chromatograms of linear DBiB-p(OEGMA)1o was overlaid against selected branched DBIiB-
p(OEGMA)1o-co-(PEGDMA)os and DBiB-p(OEGMA)e-co-(PEGDMA)ogs and shown in Fig.
2.14 and Appendix Fig. A1, A10-A11. The results showed that the linear DBiB-(OEGMA)1o
has a narrow distribution than the branched polymers DBiB-p(OEGMA)1o-co-(PEGDMA)o.2
and DBiB-p(OEGMA)e-co-(PEGDMA)os which indicated that DBiB-p(OEGMA)o-co-
(PEGDMA)o> and DBIiB-p(OEGMA)c-co-(PEGDMA)os was highly branched. In addition to

that and DBIiB- more disperse than DBiB-p(OEGMA)1o-co-(PEGDMA)o 2.
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Fig. 2.14. Selected raw GPC chromatograms obtained with RI detector in mV. Selected
chromatograms of linear DBiB-p(OEGMA)10 and copolymers DBiB-p(OEGMA)1o-co-(PEGDMA)o.2
and DBiB-p(OEGMA)10-co-(PEGDMA)o.5. Analysis performed by GPC with mobile phase of DMF (+
0.01M) at 1mL/min 60 ‘C. All of the Rl traces were normalised. Ret.; retention. Vol.; volume

The obtained My, M, D and WA # for EGDMA branched DBiB-p(OEGMA) are given on

Table 2.13.

Table 2.13. Calculated Mn, Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)20 copolymers
branched with PEGDMA recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M, (gmol?) b WA #
DBiB-p(OEGMA),,-co-(PEGDMA), , 16,080 26,520 16 2
DBiB-p(OEGMA),,-co-(PEGDMA), 15,590 38,880 2.5 3
DBiB-p(OEGMA),,-co-(PEGDMA), , 12,260 48,450 3.9 4
DBiB-p(OEGMA),,-co-(PEGDMA), 20,980 106,500 5.1 8
DBiB-p(OEGMA),,-co-(PEGDMA), 15,120 148,200 9.8 11

DBiB-p(OEGMA),,-co-(PEGDMA), , 335,450 3,060000 9.1 234



GPC chromatograms of linear DBiB-p(OEGMA)» were overlaid against selected branched
DBiB-p(OEGMA)z-co-(PEGDMA)o s and DBiB-p(OEGMA)2-co-(PEGDMA)e7 and shown in

Fig. 2.15 and Appendix A4, A12-A13.
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Fig. 2.15. Selected raw GPC chromatograms obtained with Rl detector. Selected chromatograms of
Linear DBiB-p(OEGMA), DBiB-p(OEGMA)2-co-(PEGDMA)os and  DBiB-p(OEGMA)zo-co-
(PEGDMA)o.7. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. All
of the RI traces were normalised. Ret.; retention. Vol.; volume

The results showed that the linear DBiB-(OEGMA) has a narrow distribution than the
branched polymers DBiB-p(OEGMA)x-co-(PEGDMA),s and DBiB-p(OEGMA)1o-co-
(PEGDMA)o7. This indicated that DBiB-p(OEGMA)x-co-(PEGDMA),s and DBiB-
p(OEGMA)x-co-(EGDMA)o7 was highly branched when PEGMA was introduced into the

polymerisation.

The obtained My, M, B and WA # for EGDMA branched DBiB-p(OEGMA)so are given on

Table 2.14.



Table 2.14. Calculated M», Mw, B and WA # for GPC data obtained for DBiB-p(OEGMA)so copolymers
branched with PEGDMA recorded in DMF (+0.01 M LiBr)

Polymer M, (gmol?) M, (gmol?) b WA #
DBiB-p(OEGMA).,-co-(PEGDMA), , 15,170 27,850 1.8 1
DBiB-p(OEGMA).y-co-(PEGDMA), 23,200 88,010 3.8 4

The results showed that M, increased from 15,170 gmol" to 23,200 gmol™ when the molar
ratio of brancher to initiator was increased from 0.2:1 to 0.5:1. M., values increased from
27,850 gmol™* to 88,010 gmol™', respectively. In addition, the D of the resulting polymer
increased significantly from 1.8 to 3.8 as the molar ratio of brancher to initiator from 0.2:1 to
0.5:11 for polymers DBiB-p(OEGMA)so-co-(EGDMA)> and DBiB-p(OEGMA)so-co-
(EGDMA)o 5. This indicated that the increase in molar ratio of brancher to initiator from 0.2:1
to 0.5:1 only resulted in slight increase in D. It was also observed that the numbers of
conjoined chains pr. branched polymers WA # were calculated to be up to 4 for DBIB-
pP(OEGMA)10-co-(EGDMA)o 5.

Selected GPC chromatograms of linear DBiB-p(OEGMA)sy was overlaid against selected
branched DBiB-p(OEGMA)so-co-(PEGDMA)o. and DBiB-p(OEGMA)so-co-(PEGDMA)os and
shown in Fig. 2.16 and Appendix Fig. A7, A14-A15. The results showed that the linear DBiB-
(OEGMA)so has a narrow distribution than the branched polymers DBiB-p(OEGMA)so-co-
(PEGDMA)>, and DBiB-p(OEGMA)so-co-(PEGDMA)ys. This indicated that DBiB-
p(OEGMA)so-co-(PEGDMA)o.2 and DBiB-p(OEGMA)so-co-(PEGDMA)os was highly branched

when PEGMA was introduced into the polymerisation.
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Fig. 2.16. Selected raw GPC chromatograms obtained with RI detector. Selected chromatograms of
linear DBiB-p(OEGMA)s0, DBiB-p(OEGMA)so-co-(PEGDMA)o2 and  DBiB-p(OEGMA)so-co-
(PEGDMA)o5. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
All of the RI traces were normalised. Ret.; retention. Vol.; volume.

2.2.6 n-dodecane emulsion studies of linear and branched DBiB-p(OEGMA)10.50

The stabilising properties of synthesised linear and branched DBiB-p(OEGMA)10.50 were
tested using a n-dodecane in water emulsion study. For this homogenisation was used as a
method and was earlier reported by Weaver et al.’®" The formation of emulsion using
homogenisation is illustrated Fig. 2.17.

In this method, n-dodecane was redispersed 1:1 v/v ratio in water with polymer
concentrations of 60-300 mg /mL water as shown in Fig. 2.171). The sample was
homogenised for 10 min at ambient temperature with a homogenisation speed of 25,000
rom, Fig. 2.17a). This process results in an emulsion that is stabilised by a linear or

branched DBiB-p(OEGMA)10.50 based polymer, Fig. 2.171l).
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Fig. 2.17. Formation of emulsion using homogenisation technique. The selected DBiB-p(OEGMA)
homo- or copolymers were dissolved in the water phase. I) The water phase combined with the ail
phase were a) homogenised 10 minutes at 25,000 rpm at ambient temperature to yield 1) DBIiB-
p(OEGMA) homo — or copolymer stabilised n-dodecane oil in water emulsion.

Droplet sizes in resulting emulsions were measured using a laser diffraction technique. The
diffraction pattern is measured using wide angle and backscattering detectors.?4":*8 The
signal obtained is used to calculate the particle size by Mie Theory.?*7:248 As a result of those
measurements many parameters can be obtained such as D(10 %), D(50%) and D(90 %),
D[3,2] and D[4,3] and the span of a distribution.?*"?*® The volume weighted mean average
(D[4,3]) and the span were analysed with the aim to provide information about the resulting
droplet in the n-dodecane emulsion. D[3,2] is the surface volume mean D[3,2] and measures
the diameter of droplet surface as if they were flat objects. The calculation of D[3,2] does not
take the third dimension into account but the calculation for D[4,3] does. D[4,3] is also known
as De Brouckere mean diameter and it is calculated using the sum of diameters of all
particles spheres of the same volume divided by the sum the number of particles in the
same volume?4"2*8 The span is the width of the distribution and is calculated fitting three
parameters. It can be calculated for any of the distribution types such as volume weighted

mean (v), surface weighed mean (s), length of the distribution (I) and number of the resulting



distribution (n). All those distributions has a set of parameters which are D(10 %), D(50 %)

and D(90 %). The equation used to calculate the span is given as follows:24%.248

D(90 %)—D(10 %)
D(50 %)

Span = (2.2)

Where D(10 %) is the size distribution size of particles below 10 %, D(50 %) is the
distribution size of particles below 50 % and D( 90 %) is the distribution size particles below
90 %.248

2.2.6.1. n-dodecane in water emulsion study of linear DBiB-p(OEGMA)10, DBiB-
pP(OEGMA)20 and DBiB-p(OEGMA)so

n-dodecane emulsion studies were initially generated with the synthesised linear
homopolymers of DBiB-p(OEGMA)1, DBiB-p(OEGMA) and DBiB-p(OEGMA)se. The
purpose of this study was to investigate stabilising properties based on the chain length of
the primary chains. In order to do so, the number of chain ends in a composition was kept
constant while the size of the primary chain was the only variable to change. With this the
polymer concentrations in the aqueous phase were chosen to be 60 mg/mL of DBIB-
p(OEGMA)10, 120 mg/mL of DBiB-p(OEGMA)2 and 300 mg/mL of DBiB-p(OEGMA)so in
deionised water. These different concentrations were selected so that all so that the molar
number of polymer chains within each emulsion was the same as 60 mg/mL of DBiB-
p(OEGMA) in water. The samples with a relative phase ratio of 1:1 v/v ratio of water to oil
were homogenised at ambient temperature for 10 min and the sizes of the oil droplets in the
emulsions were analysed using laser scattering. The traces obtained for the measurements
showed a monomodal distribution after 11 days for DBiB-p(OEGMA), and DBiB-
p(OEGMA) as illustrated on the diagram, Fig. 2.18 and corresponding data obtained by

laser diffraction measurements are given in Appendix A16-A21.
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Fig. 2.18. Size distribution of oil droplets in n-dodecane emulsion droplets stabilised with DBiB-
p(OEGMA)10 (60 mg/mL) and DBiB-p(OEGMA)20 (120 mg/mL) on day 11.

Data was collected of the droplet sizes measured over 0, 1, 3, 5, 7, and 11 days are plotted
to show a of the oil droplets stabilised by linear homopolymers of DBiB-p(OEGMA)1o, DBIB-
p(OEGMA)2 and DBIiB-p(OEGMA)s, Fig. 2.19, poor emulsion stability would be revealed by
a tendency for the droplets to increase in size or phase separate.

The droplet diameter of oil droplets stabilised with DBiB-p(OEGMA)10 and DBiB-p(OEGMA )2
were shown to increase over 11 days, Fig. 2.19. The mechanism, which causes the droplet
size was likely due to a phenomenon known as coalescence or Oswald ripening. It is
posited that coalescence occurs when oil droplets fuse together. That is, when two oil
droplets fuse together to form a single oil droplet.?®® The polymer with the longest chain
length, DBiB-p(OEGMA)so, was only stable for 2 days and as a separated oil layer were
observed on the top of the emulsion day 3 (Fig. 2.19 inset). The corresponding spans of the
distributions, Fig. 2.19b, demonstrated that the size distributions, Fig. 2.19a, are narrow over
time even though the size increases. The span of the distribution traces indicates that the

distribution remains narrow even though the D[4,3] increases over time.
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Fig. 2.19. Diagram of volume weighed mean average D [4,3] of oil droplet in 1:1 v/v ratio n-
dodecane in water emulsions measured over 11 days and stabilised with three different
compositions of polymers in water a) DBiB-p(OEGMA)1o (60 mg/mL), DBiB-p(OEGMA)20 (120
mg/mL) and DBiB-p(OEGMA)so (300 mg/mL). Each sample was measured in triplicate and
standard deviations are given in the error bars. Inset- Picture of n-dodecane emulsion
stabilised with DBiB-p(OEGMA)so with an oil layer on the top. b) Span of distribution of traces
measured over 11 days for DBiB-p(OEGMA)1, DBiB-p(OEGMA)20 and DBiB-p(OEGMA)so.
Green bars only present day 0-3 due to DBiB-p(OEGMA)so instability.



When linear polymers were compared against each other it was observed that DBiB-
p(OEGMA)o and DBiB-p(OEGMA)2o exhibited better activity than DBiB-p(OEGMA)s, over a
short period of time. However, overall linear polymer it was demonstrated that instability
occurred for both DP+1o and DPy after 11 possibly due to the sample coalescing. This would
also lead to the later observation of oil droplets on the of the top of the emulsions. In
conclusion, the DBiB-p(OEGMA)o.50 polymers were not good stabilisers for n-dodecane
emulsion systems. This is thought to be due to the linear polymers only having one chain
end to stabilise the surface of an oil droplet and the dynamic nature of such polymer
stabilisation. Highly branched polymers have multiple hydrophobic chain ends and present a
significant opportunity to create stable emulsions, therefore the materials synthesised in

section 2.2.4 and 2.2.5 were evaluated in detail.

2.2.6.2. Study of emulsion stabilised with EGDMA branched DBiB-p(OEGMA)1o-
50 with WA # of 3-4

As shown in the previous section, the linear polymers with a single chain end did not
stabilise the n-dodecane emulsion droplets over more than 11 days. Therefore, another
study was performed to investigate the stabilising properties of branched copolymer
compositions in n-dodecane emulsions. In this initial study, DBiB-p(OEGMA)1o-co-
EGDMAos, DBiB-p(OEGMA).co-EGDMAy2 and DBiB-p(OEGMA)se-co-EGDMAs were
compared as the low branching in each material gave rise to a similar weight average
number of conjoined chains (WA # = 3).

The aqueous continues phase of the emulsion was prepared to contain 60 mg/ mL of
branched DBiB-p(OEGMA)+1, 120 mg/mL of DBiB-p(OEGMA) and 300 mg/mL of DBIiB-
p(OEGMA)sy to ensure that the amount of chain ends in each formulation were
approximately similar. The aim of this study was to investigate the impact of light branching
on the stability of branched copolymer stabilised emulsions in direct comparison with the

linear copolymers of similar hydrophilic chain length. The size distributions of the selected



samples in the emulsion n-dodecane emulsion study are shown in Fig. 2.20 and
corresponding data obtained from laser diffraction are given in Appendix Fig. A22-A27 and

were compared on day 0 and day 21, respectively
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Fig. 2.20. Laser diffraction measurement traces of 1:1 v/v ratio n-dodecane in water
emulsion recorded on a) day O and b) day 21 with following compositions DBiB-
p(OEGMA)10-co-(EGDMA)os (60 mg/mL), DBiB-p(OEGMA)z0-co-(EGDMA)o2 (120 mg/mL)

and DBiB-p(OEGMA )so-co-(EGDMA)os (300 mg/mL).

The size distribution of the samples appeared to be broad on day 0 but had become
monomodal by day 21. The D[4,3] of the oil droplets stabilised by the different polymers

appeared to be different. The initial analysis appeared to show that the shorter primary chain

length, DBiB-p(OEGMA)+-co-(EGDMA)o s, acted as the more efficient stabilisers, generating



the most uniform distribution, however, smaller emulsion droplets were formed in a
multimodal distribution when using DBiB-p(OEGMA)so-co-(EGDMA)os. When left to stand for
several days, the observed behaviour of D[4,3] of the three branched copolymers were very
similar as shown on Fig. 2.21a. In both cases D[4,3] increased. For DBiB-p(OEGMA)1o-co-
(EGDMA)o5s stabilised oil droplets from 3.57 to 4.73 um while DBiB-p(OEGMA)x-co-
(EGDMA)o 5 stabilised oil droplets increased from 1.69 to 4.21 uym and for oil droplets
stabilised with DBiB-p(OEGMA)so-co-(EGDMA)o 7 this increase was from 0.94 to 3.23 ym. It
was concluded that DBiB-p(OEGMA)+¢-co-(EGDMA)o s stabilised oil droplets increased 1.32
fold in comparison to DBiB-p(OEGMA)x-co-(EGDMA)os stabilised oil droplets which
increased 2.49 fold and oil droplets stabilised with DBiB-p(OEGMA )so-co-(EGDMA)o 7 which
increased 3.44 fold. It is speculated that this difference is due to some changes of the chain
end functionality when changing the degree of the polymerisation of the primary p(OEGMA)
chain. It could be hypothesised that a shorter chain size of p(OEGMA), will lead to an
increase in stability than a longer primary chain size of p(OEGMA)so.

The droplet size of selected oil droplets stabilised with DBiB-p(OEGMA)1o-co-(EGDMA)o s,
DBiB-p(OEGMA)z0-co-(EGDMA)o.2 and DBiB-p(OEGMA)se-co-(EGDMA)o 5 were analysed by
laser diffraction and the D[4,3] and corresponding span were assessed over a period of 21
days, Fig. 2.21. The stabilising properties of DBiB-p(OEGMA)-co-(EGDMA)os, DBIB-
pP(OEGMA)2-co-(EGDMA)o2, DBiB-p(OEGMA)so-co-(EGDMA)os were analysed by laser
diffraction and the results showed that stabilised n-dodecane oil droplets increased
significantly in size over 21 days. The behaviour of the size distribution over the 21 days
showed DBiB-p(OEGMA)so-co-(EGDMA)s has increased nearly 3-fold, the DBIB-
p(OEGMA)2-co-(EGDMA)o2 increased with 50% (based on the day 1 result and day 21),
and the DBIiB-p(OEGMA)i-co-(EGDMA)os has increased by about 35%. Fig. 2.21a.
Additionally, the corresponding span of the traces of oil droplets stabilised with DBiB-
p(OEGMA)+o-co-(EGDMA)os was constant over time, Fig. 2.21b. After 21 days, oil layers
were observed on the top of all the emulsions and measurements of those samples were

discontinued.
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Fig. 2.21. a) Diagram of droplet size distribution in n-dodecane in water emulsions given in pum
measured over 21 days. The n-dodecane in water emulsion was stabilised by three different
compositions of polymers DBiB-p(OEGMA)10-co-(EGDMA)o.5 (30 mg/mL), DBiB-p(OEGMA )20 -co-
(EGDMAY)o.2 (60 mg/mL) and DBiB-p(OEGMA)so0 -co-(EGDMA)os (150 mg/mL). Each sample was
measured in triplicate and standard deviations are given in the error bars.



2.2.6.3 Study of emulsion stabilised with PEGDMA branched DBiB-
P(OEGMA)10-50 with WA # of 3-4

The effect of WA # branched with PEGDMA on the potential for emulsion stabilisation was
then investigated. PEGDMA branched copolymers with a WA # between 3-4 were studied
with the same compositions were dissolved in water at concentrations between 60-300
mg/mL as described for the former study on EGDMA. This was done with the aim to keep
the number of chains the same while varying parameters such as the chain lengths of the
primary chain and varying the length of the brancher unit and the chain length of the
brancher were changed. The following compositions of selected polymers from the libraries,
Table 2.1-2.3, were given as 60 mg/ mL of DBiB-p(OEGMA)1o-co-(PEGDMA)o2, 120 mg/ mL
of DBiB-p(OEGMA)2-co-(PEGDMA)o3 and 300 mg/mL of DBiB-p(OEGMA)so-co-
(PEGDMA)o5 in deionised water were used. The distribution of the emulsion droplets
stabilised with the DBiB-p(OEGMA)x-co-(PEGDMA)ys and DBiB-p(OEGMA)se-co-
(PEGDMA)o5 were compared on day 0 and 11, Fig. 2.22 and corresponding laser diffraction
measurements are given in Appendix A34-A39.

The traces of the selected polymers showed a monomodal distribution after 11 days. The
narrowness of the distribution is hypothesised to be caused by Oswald ripening as D[4,3]
increases slightly from day 0 to day 11. However, the size distribution of emulsions droplets
stabilised with DBiB-p(OEGMA)10-co-(PEGDMA)o.2 was not taken into consideration as some
visible phase separation of this sample had occurred with an oil layer observed on the top of
the emulsion after 3 days.

The two parameters, D[4,3] and span of the emulsion droplet distribution stabilised by
polymers did not remain stable over 11 days in the case of DBiB-p(OEGMA)z-co-

(PEGDMA)o5 and DBiB-p(OEGMA )so-co-(PEGDMA)g 5, Fig. 2.23a.
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Fig. 2.22. Size distributions of 1:1 v/v ratio dodecane in water emulsion recorded on a) day
0 and b) day 11 with following composition of DBiB-p(OEGMA)20-co-PEGDMA0.3 and DBiB-
p(OEGMA)s0-co-(PEGDMA)o 5.

However, the size distribution of emulsions droplets stabilised with DBiB-p(OEGMA)+o-co-
(PEGDMA)o2 was not taken into consideration as some visible phase separation of this
sample had occurred with an oil layer observed on the top of the emulsion after 3 days.

The two parameters, D[4,3] and span of the emulsion droplet distribution stabilised by
polymers did not remain stable over 11 days in the case of DBiB-p(OEGMA)z-co-

(PEGDMA)o5 and DBiB-p(OEGMA )so-co-(PEGDMA)g 5, Fig. 2.23a.
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Fig. 2.23. a) Diagram of droplet size distribution and b) span in ym droplets in n-dodecane in
water emulsions measured over 11 days. The n-dodecane in water emulsion was stabilised
by three different compositions of polymers DBiB-p(OEGMA)10-co-(PEGDMA)o.2 (60 mg/mL),
DBiB-p(OEGMA)20-co-(PEGDMA)o3 (120 mg/mL) and DBiB-p(OEGMA)so -co-(PEGDMA)o.5
(300 mg/mL). Each sample was measured in triplicate and standard deviations are given in
the error bars.



This was due to the DBIiB-p(OEGMA)so-co-(PEGDMA) 5 stabilised emulsion droplet grew by
over 200 % and the emulsion droplets stabilised by DBiB-p(OEGMA)x-co-(PEGDMA)o 3
grew with nearly 50 %. However, the D[4,3] and span distribution of DBiB-p(OEGMA)1o-co-
(PEGDMA)o2 was only studied for 3 days as thereafter an oil layer was observed on the top
of the emulsion. The span of emulsion droplets stabilised by DBiB-p(OEGMA)so-co-
(PEGDMA)os decreased considerably. The spans of DBiB-p(OEGMA)-co-(PEGDMA)o 3
stabilised emulsion droplets were much more strable. This study demonstrated that the
composition of p(OEGMA) copolymers branched with PEGDMA used to stabilise n-
dodecane emulsion droplets only exhibit stability under 11 days which was a much shorter
timespan than EGDMA branched copolymer with the same WA # chain which were stable

for at least 21 days.

2.2.6.4. Study of emulsion stabilised with EGDMA branched DBiB-p(OEGMA)1o-
50 with WA # of 6-9

In the previous sections it was demonstrated that EGDMA and PEGDMA branched
copolymers with WA # chain of 3-4 increase the lifetime of oil droplets but an oil layer forms
on the top of the emulsion eventually. However, it takes 21 days before an oil layer on the
top of selected emulsions of samples stabilised with EGDMA branched copolymers were
observed, Fig. 2.21, in comparison to PEGDMA branched copolymers which was after 11
days, Fig. 2.23. This suggests that the EGDMA branched polymers were better stabilisers.
This is possibly due to the more compact nature of branching leading to a more dense
arrangement of the polymer chains at the oil-water interphase. This led us to further
investigate EGDMA branched DBiB-p(OEGMA)10.50 copolymers in n-dodecane emulsions.
Therefore, a series of polymers with a WA # chains = 6-9 were selected to generate a direct
comparison with the stabilising properties of the more lightly branched materials when used

in the aqueous continuous phase of the emulsion; namely DBiB-p(OEGMA)o-co-EGDMAg 6



(60 mg/mL), DBIiB-p(OEGMA)z.co-EGDMAss (120 mg/mL) and DBiB-p(OEGMA)se-co-
EGDMA .95 (300 mg/mL).

The droplet size distribution was measured by laser diffraction of the samples on day 0 and
21 were shown for all three copolymers in n-dodecane emulsions, Fig. 2.24. and
corresponding laser diffraction measurements are given in Appendix A28-A33 The traces
showed a broad polydisperse distribution on day 0 for all three copolymers that becomes
more monomodal after 21 days. The monomodal distributions suggest that the samples are

stable over 21 days.
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Fig. 2.24. Traces obtained from laser diffraction measurements of 1:1 v/v ratio n-dodecane
in water emulsion recorded on a) day 0 and b) day 21 with following composition DBiB-
pP(OEGMA)10-co-(EGDMA)os, DBIiB-p(OEGMA)20-co-(EGDMA)os and DBiB-p(OEGMA)so-
co-(EGDMA)o.os.



The D[4,3] and span of emulsions stabilised with DBiB-p(OEGMA)1o-co-(EGDMA)o6, DBIB-
pP(OEGMA)2-co-(EGDMA)os and DBiB-p(OEGMA)so-co-(EGDMA)o9s were then compared
after 0, 1, 3, 5, 7, 13, and 21 days, Fig. 2.25. The results showed that D[4,3] of n-dodecane
emulsions stabilised with DBiB-p(OEGMA)+-co-(EGDMA)os nearly constant over time while
the trend for DBiB-p(OEGMA)20-co-(EGDMA)os and DBiB-p(OEGMA)so-co-(EGDMA)o.95 were
similar and the size increased significantly over time.

Moreover, the size of n-dodecane in water emulsions stabilised with DBiB-p(OEGMA)+o-co-
(EGDMA)os remained stable with a D[4,3] ~ 5 um after 21 days and no oil layer was
observed on the top of the emulsion. By comparison, the D[4,3] of n-dodecane in water
emulsion stabilised with DBiB-p(OEGMA)2-co-(EGDMA)o s stabilised n-dodecane droplets
increased from 2 to 4 um over 21 days and an oil layer was observed on the top of the
emulsion after 21 days, and the D[4,3] of n-dodecane in water emulsions stabilised with
emulsions stabilised with DBiB-p(OEGMA)so-co-(EGDMA)o.95 droplets increased from 1 to 3
um over 21 days and the oil layer was observed on day 21. Overall this study demonstrated
that the increased number of chains impacts the stability and the shorter the chains,

branched with the shorter brancher are more efficient.
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Fig. 2.25. a) Diagram of droplet size distribution and b) span of um droplets in n-dodecane
in water emulsions measured over 11 days. The n-dodecane in water emulsion was
stabilised by three different compositions of polymers DBiB-p(OEGMA)10-co-(EGDMA)o.6
(60 mg/mL), DBiB-p(OEGMA)2-co-(EGDMA)os (120 mg/mL) and DBiB-p(OEGMA)so-co-
(EGDMA)ogs (300 mg/mL). Each sample was measured in friplicate and standard
deviations are given in the error bars.



2.2.6.5 Pursued studies on n-dodecane emulsions stabilised with EGDMA
branched DBiB-p(OEGMA)10 polymers

Further studies of the effect of changing the EGDMA brancher to initiator ratio in
compositions of DBiB-p(OEGMA)o-co-(EGDMA)se0s in n-dodecane emulsion were
pursued. A composition of DBiB-p(OEGMA)i-co-(EGDMA)os (30 mg/mL), DBIiB-
p(OEGMA)1o-co-(EGDMA)o.7 (30 mg/mL) and DBiB-p(OEGMA)1o-co-(EGDMA)os (30 mg/mL)
and the n-dodecane emulsions were prepared using the homogenisation procedure
described in Chapter 7, section 7.1. The stability of the emulsion droplet in presence of
DBiB-p(OEGMA)10-co-(EGDMA)s (30 mg/mL), DBiB-p(OEGMA)-co-(EGDMA)o7 (30
mg/mL) and DBiB-p(OEGMA)p-co-(EGDMA)s (30 mg/mL) were analysed by laser

diffraction using laser diffraction and optical microscopy (Fig. 2.26 and 2.27).
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Fig. 2.26. Diagram of droplet size distribution of um droplets in n-dodecane emulsions
measured over 7 days. The n-dodecane emulsion was stabilised by three different
compositions of polymers DBiB-p(OEGMA)10-co-(EGDMA)o.6-0.8 (60 mg/mL). Each sample
was measured in triplicate and standard deviations are given in the error bars.



The size distribution of n-dodecane oil droplets stabilised with the copolymer compositions
DBiB-p(OEGMA)1-co-(EGDMA)o.7.08 remained constant over 7 days and showed similar
trend as its corresponding reference copolymer DBIiB-p(OEGMA)o-co-(EGDMA)os , Fig.
2.26. No oil layer was observed on the top of the DBiB-p(OEGMA)1-co-(EGDMA)os6.0.8
stabilised emulsions over 7 days. Moreover, the laser diffraction results obtained with laser
diffraction measurement was compared to microscopy images collected for a n-dodecane
emulsion stabilised by DBiB-p(OEGMA)1-co-(EGDMA)os composition after 21 days, Fig.
2.27. The average sizes of the oil droplets measured to be Daverage = 2.1 um, Fig. 2.27 b

which is in agreement with data obtained by the laser diffraction Appendix Fig. A28.
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Fig. 2.27. a) n-dodecane oil droplets stabilised with DBiB- p(OEGMA)10-co-(EGDMA)o6 in emulsion
after day 21. b) Histogram of the n-dodecane oil droplets in water emulsion stabilised with DBiB-
p(OEGMA)10-co-(EGDMA)o.6.



2.2.7 Surface tension measurements

To understand how the different polymer architectures might have different abilities to
stabilise an oil in water emulsion the surface tensions of selected polymers were
investigated: DBiB-p(OEGMA)1o, DBiB-p(OEGMA)10-co-(EGDMA)os, p(OEGMA)so and DBIB-
p(OEGMA)so-co-(EGDMA)os. DBIB-p(OEGMA)soc and DBiB-p(OEGMA)se-co-(EGDMA)o 6
were chosen to investigate how the size of a primary chain can have an impact on the
surface tension. These experiments were performed in triplicate on samples prepared with
concentrations between 0.004 — 10 mM. The surface tension is given in mN m™ and is
plotted against the concentration of the polymer in mM. The surface tension was measured
using the preparation procedure described in Chapter 7 section 7.1.

The surface tensions and CMC concentrations of linear DBiB-p(OEGMA)+, were compared
against branched DBiB-p(OEGMA)1o-co-(EGDMA)gs, Fig. 2.28 and Table 2.15, as well as

against two commercial surfactant SDS and poloxamer 188.
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Fig. 2.28. Overlap of all of the surface tension measurements DBiB-p(OEGMA)10, DBiB-p(OEGMA)1o-
co-(EGDMA)o.s, DBiB-p(OEGMA)s0, DBiB-p(OEGMA)s0-co-(EGDMA)o.6, SDS.

The CMC of SDS was measured to be 7 mM which was in good agreement with literature.?*"
The CMC of linear DBiB-p(OEGMA)o was measured to be 7x10° mM which is low in
comparison to SDS and poloxamer. However, the increase in targeted degree of branching,

DBiB-p(OEGMA)1o-co-(EGDMA)os, results in a much lower CMC concentration of low of



3x10* mM. This showed that an increase in WA # chains from 1 to 6 for DBiB-p(OEGMA)o
based polymers has a considerable impact on the surface activity.

In another study, the CMC concentration of linear DBiB-p(OEGMA)s, was measured with the
aim to investigate how the size of chain can have an impact on the formation of micelles by
the polymer. The CMC concentration of DBiB-p(OEGMA)s, was measured to be 7x10* mM.
The CMC concentration of DBiB-p(OEGMA)sy appeared to be lower than that measured for
DBiB-p(OEGMA)+o. This shows that an increase in number of chain ends has an impact on
the CMC concentration. The concentration of the prepared compositions were diluted from
the maximum concentration of 10 mM. Due to that the measured curves did not fully reach
the plateau.

Finally, the CMC concentration of synthesised linear DBiB-p(OEGMA)s; was compared
against branched DBiB-p(OEGMA)so-co-(EGDMA)os and was slightly lower than that of

linear DBiB-p(OEGMA)so of 6.5x10“* mM.

Table 2.15. Table overviewing CMC concentration values of selected polymers.

Compound CMC/mM
DBiB-p(OEGMA),, 7.0-103
DBiB-p(OEGMA), ,-co-(EGDMA), 3.0-10*
DBiB-p(OEGMA)., 7.0-10%
DBiB-p(OEGMA).,-co-(EGDMA), 6.5-10%
SDS 7.0
Poloxamer 188 3.2

2.2.8 Thermo responsive behaviour of DBiB-p(OEGMA)1o-co-(EGDMA)o 6

OEGMA based polymers have been reported in the literature to exhibit thermoresponsive
behaviour.?%225 The thermoresponsive behaviour is entropy driven and leads to the polymer

releasing bound water and essentially becoming hydrophobic; this also leads to insolubility in



water, shown schematically in Fig. 2.29. Since the applications of these materials are for the
stabilisation of SLNs and some processing methods require heating, the thermoresponsive

behaviour of the branched polymers was investigated.
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Fig. 2.29. The behavior of LCST in water. Adapted and modified from Phillips et al.?54Picture on the
left demonstrate a clear solution of 10 mg/mL DBiB-p(OEGMA)+o-co-(EGDMA)os in water and picture
EOCt)h? right is 10 mg/mL DBIiB-p(OEGMA)10-co-(EGDMA)o6 in water at temperature above LCST (> 52
The cloud point of DBiB-p(OEGMA)i-co-(EGDMA)os was measured at different
compositions in water from 5 to 35 mg/ mL. The samples were measured using OptiMelt
which is an instrument that continuously records real-time images of heated samples, and
uses digital image processing to determine results.?*®* The experiments were performed in
triplicate of three different samples with same compositions and the cloud points (LCSTSs)
were determined from an extrapolation of the SRS OptiMelt automated melting-point
apparatus at a heating rate of 1-2 °C/min as described in Chapter 7 section 7.1. Cloud points
were determined from an extrapolation of the measured opacity above and below the cloud
point back to the baseline which are indicated as a) and b) in Fig. 2.30 The cloud points

were then plotted as composition of DBiB-p(OEGMA)o-co-(EGDMA)os as a function of

temperature, respectively. The plot showed that the cloud point was higher at lower



concentrations of the polymer where it is observed at 5 mg/mL at temperatures between 60

and 70 °C. The temperature, at which the cloud point was observed, decreases to between
52 and 53 °C when the concentration was increased to 10 mg/ mL.
The temperature at which the cloud point was possible between 55 and 65 °C while the

concentration was increased to above 10 mg/ mL. The LCST of the branched polymer DBiB-

p(OEGMA)+o-co-(EGDMA)os was concluded to vary between 52-65 °C depending on the

concentration. This behaviour was reported by Luzon et al.?%
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Fig. 2.30. Cloud point DBiB-p(OEGMA)10-co-(EGDMA)os in water using SRS OptiMelt automated
melting-point apparatus with a heating rate of 1-2 °C. Samples were recorded with compositions of
5-35 mg/mL of DBiB-p(OEGMA)10-co-(EGDMA)o.6 in deionised water. a) and b) indicates measured
opacity a) above and b) below the cloudpoint back to the baseline.

It is possible the LCST of a polymer may be modified by adding a so-called ‘good’
solvent to a system. Examples of research carried out with the purpose to investigate the
impact of an external ‘good’ solvent on LCST was reported in many articles?°6257:2%8 gnd
showed that addition of a ‘good’ solvent to a polymer composition can shift the temperature.
Therefore, the cloud point of DBiB-p(OEGMA)1o-co-(EGDMA)os in water was investigated
and effect of additional ‘good’ solvent on the cloud point was investigated. To modify the

cloud point three solvents; ethanol, propan-1-ol and propan-2-ol were added to 1 mL a



solution of 1 mg/mL of p(OEGMA)+-co-(EGDMA)es which was then was heated until the
cloud point was observed. The solvents were added in 25 ulL aliquots, which corresponded
to 2.5 viv % to separate samples with the same composition of DBiB-p(OEGMA)1o-co-
(EGDMA)s in deionised water until the cloud points of the samples were modified to a
temperature between 70 and 90 °C. The full experimental process is described in detail in
chapter 7 section 7.1. The effect of the addition of the different solvents is shown in Fig.
2.31. The observed cloud points all showed a linear relationship as increasing the volume of
solvent added resulted in higher cloud points. However, a factor to take into account was
that the addition of more co-solvent to the same composition does lead to the dilution of the
polymer. However, dilution of the polymer in deionised water can also have a minor impact

on the cloud point as investigated earlier, Fig. 2.31.
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Fig. 2.31. Experiments performed to measure how addition of a co-solvent (ethanol, propan-1-ol or
propan-2-ol) to the 10 mg/ml| DBiB-p(OEGMA)10-co-(EGDMA)o.6 can shift the LCST.

In conclusion, the solubility of the polymer changed as more solvent was added to the

copolymer mixture. It was demonstrated that adding 15.0 v/v % of propan-1-ol to 1 mL of 10



mg/mL of DBiB-p(OEGMA)1o-co-(EGDMA)os alters the cloud point from 53 to 87 °C.
However, this maximum change in cloud point was only observed for propan-1-ol. The
maximum addition of ethanol to 1 mL of 1 mg/mL DBiB-p(OEGMA)1o-co-(EGDMA)os was
20.0 v/v % led to an increase in cloud point from 53 to 83 °C. While, the maximum addition of
propan-2-ol to 1 mL of 10 mg/mL DBiB-p(OEGMA)10-co-(EGDMA)s 20.0 v/v % and this lead

to a shift in cloud point from 53 to 74 °C.

2.3 Conclusion

A library of OEGMA based polymers synthesised with DBIiB-p(OEGMA).s0 The
performance of the polymers as stabilisers for an emulsion was tested using n-dodecane as
a model oil. This study allowed the effect of the different composition variables of the
polymers in the library to be investigated These variables included the length of the primary
chain, the targeted degree of branching, the effect of concentration and the effect of the
number average chain ends WA #. The n-dodecane emulsion studies demonstrated that
DBiB-p(OEGMA)+-co-(EGDMA)o 6-0.8 Were the best stabilisers to continue with in subsequent
studies of SLNs with a concentration of 60 mg/ mL.

The subsequent studies of DBiB-p(OEGMA)1o-co-(EGDMA)os were to measure the CMC
concentration and compare it against DBiB-p(OEGMA)+. The results demonstrated that
DBiB-p(OEGMA)+o-co-(EGDMA)o s has lower CMC concentration of 3x10* mM than that of
DBiB-p(OEGMA)+o. This demonstrates that the CMC concentration of the polymer does not
have any impact on how the polymer stabilise the 1:1 v/v ratio n-dodecane in water
emulsion.

The final experiment that was performed with the aim to measure the cloud point of DBiB-
p(OEGMA)1o-co-(EGDMA)os which was 52 - 53 ° C for 10 mg/ mL composition. The
understanding of the cloud point of DBiB-p(OEGMA)1-co-(EGDMA)os was useful, as SLN

processing required lots of heat, often 5-10 degrees above the melting point of a solid lipid.



However, in case that heat interfered with the functionality of DBiB-p(OEGMA)4c-co-
(EGDMA)o6 in the SLN production other compositions were investigated. Nevertheless, it
was demonstrated that the cloud point of DBiB-p(OEGMA)1o-co-(EGDMA)os could be
modified about 10-20 °C by adding an additional water miscible solvent such as ethanol,
propan-1-ol and propan-2-ol to a resulting composition of 1 mg/ mL of DBiB-p(OEGMA)1o-co-

(EGDMA)o 6 in deionised water.



Chapter 3 Synthesis, optimisation and stability
studies of OEGMA based polymer stabilised SLNs



3.1 Introduction
In Chapter 2 the performance of oligo (ethylene glycol) methacrylate (OEGMA) based

stabilisers in n-dodecane emulsion studies was studied. The copolymer architecture with the
best performance was the branched copolymer, DBiB-p(OEGMA)-co-(EGDMA)os. This
polymer will be tested on SLN platforms for anti-HIV treatments which have been developed
with the aim of encapsulating drugs with poor water solubility and bioavailability.04.202:214.215
In addition, a series of comparison materials, namely DBiB-p(OEGMA)1 and poloxamer 188,
were selected and studied to establish stability of various SLN candidates. Those were
chosen with the aim to compare the stability of the surfactant in solid lipid system with liquid
lipid emulsion, which was synthesised in Chapter 2.

The excipient chosen to use as the core of the SLNs was Compritol ATO 888, which is also
known as glycerol dibehenate.® It has a molecular weight of 737.23 Da and its structure is

given in Fig. 3.1.
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Fig. 3.1. Chemical structure of glyceryl dibehenate (Compritol ATO 888).%4

Compritol ATO 888 a commonly used excipient in SLN preparation.941051382022%9 |t g
considered to be safe according to generally recognised as safe (GRAS) status.?%° Compritol
ATO 888 is considered a high melting point lipid with a melting point of 70°C.% This high
melting point rules out various preparation procedures described in Chapter 1 which could
otherwise be used to process drug loaded SLNs. Specifically, only heat processing or the
use of an organic solvent such as chloroform or dichloromethane is applicable to Compritol
ATO 888.1?2'37 The hot homogenisation process requires Compritol ATO 888 to be heated

5-15 °C above its melting temperature’®'%026" in order to be dispersed into water in



presence of a polymer/stabiliser.'® However, it was shown in Chapter 2 section 2.2.5 that
the lower critical solvent temperature (LCST) of the polymer we have selected DBiB-
p(OEGMA)1o-co-(EGDMA)g 6 of 52 - 53 °C for a composition of 1 mg/ mL water, is below the
melting point of Compritol ATO 888 which is 70 °C. In this chapter will discuss the results

obtained for different processing procedures assessed to produce SLNs of Compritol ATO
888 stabilised by DBiB-p(OEGMA)+-co-(EGDMA)os. Specifically, the processing procedures
which were attempted were hot high shear homogenisation, hot probe sonication and
solvent injection method with the purpose to optimise and reproduce the formation of SLNs
in a system stabilised with DBiB-p(OEGMA )o-co-(EGDMA ).

Hot high shear homogenisation is the most commonly used method to prepare SLNs and its
process was described in Chapter 1, Fig. 1.6. 1'% The process involves heating the lipid, in
presence or absence of a solvent, 5-15 °C above the melting temperature of the lipid, in the
presence or absence of drug. Hot homogenisation is performed differently in some literature
reports. In one case, the lipid and drug is heated separately and added to a solution of water
containing a polymer followed by homogenisation. In another case the lipid, polymer and
drug are heated in the water followed by homogenisation.'® One use of hot homogenisation
has been to prepare lopinavir loaded SLNs. This experiment was performed by melting 100
mg lopinavir and 5.334 g Compritol 888 ATO at 80 °C. Poloxamer 188 was dissolved in
double distilled water to obtain a 25 mg/mL solution and the resulting sample was heated up
to 80 °C in a beaker. Once a clear homogenous lipid phase was obtained, the hot aqueous
surfactant solution was added to hot lipid phase and homogenisation was carried out at
10,000 rpm, for 2 min. The temperature was maintained at 80 °C during the homogenisation
step. The conclusion of this study was that they obtained lopinavir loaded SLNs with mean
particle diameter of 230 nm (PDI < 0.27). "%

Alternatively, hot probe sonication was considered for the synthesis of SLNs, as it has a
stronger mechanical power than hot homogenisation.?63228264 One use of probe sonication

has been to make ramipril loaded SLNs.??® This procedure was carried out by adding a hot



solution of polymeric surfactants (tween 80, poloxamer or span 20) to an oil phase that was
heated 5 °C above the lipid’s melting temperature, then this was homogenised for 30 min at
25,000 rpm at 70 °C followed by probe sonication for 25 min before finally being cooled
down and stored at 4 °C.?%

Finally, solvent injection can be used to produce SLNs. This method was first introduced by
Mdaller-Goymann and Schubert et al in 2003.24125 |n this experiment they used various lipids
(Softisan® 100, Softisan® 142, Softisan® 154, Witepsol® H35, Cetyl palmitate, Softisan®,
Softisan® 100, Softisan 142, Witepsol® H35, Cetyl palmitate) dissolved in a range of water-
miscible solvents (acetone, ethanol, ethylacetate, methanol, isopropanol, 85% glycerol,
bidistilled water) in a water-miscible solvent mixture (1-100 mg/ml) heated up to 80 °C.
Subsequently, the hot mixture was rapidly injected through an injection needle into a stirred
(330 rpm aqueous phase with or without surfactant. They concluded that the resulting SLNs
had a size distributions ranging from 80 and 300 nm depending on the preparation
conditions.'* Other similar studies have been performed with other lipid excipients such as
glycerine monostearate (GMS), tefose-63,'252¢> and Compritol ATO 888.2%¢° The solvent
injection method features many similarities to polymer nanoprecipitation.?®” Polymer
nanoprecipitation uses a water miscible ‘good solvent’ for a hydrophobic polymer used for
the core of the particles such as acetone, ethanol, propanol and isopropanol and active
pharmaceutical ingredients (API) which is then precipitated it into a ‘poor solvent’ of stabiliser
polymer dissolved into water?®”.'°2 and these approaches has been widely studied over the
past years using other water miscible solvents such as tetrahydrofuran, dimethylformamide
and acetone with the aim to synthesise branched copolymer nanoparticles.'92189.188.185 The
preparation of SLNs by solvent injection includes a water miscible ‘good solvent’ that is
heated above the melting temperature of the lipid along with the API. This solvent solution of
lipid and API is then injected into the ‘bad solvent’ which contains the polymer stabiliser in

water. This method was considered useful for this current study as it allows the temperature



of the water to be kept at a temperature below the LCST of the OEGMA-based polymer (52 -

53 °C) discussed in Chapter 2 section 2.2.5.

3.2 Results and discussion

3.2.1. Synthesis of p(OEGMA) based polymer stabilised drug-free SLNs using
homogenisation approach

The hot high-shear homogenisation method, previously proposed for the preparation of solid
lipid microparticles (SLM)?®® was evaluated using the experimental procedure described in
Chapter 7 section 7.2. The use of hot high-shear homogenisation appeared to be a suitable
and rapid technique for the production of SLNs and was a typical method used in
literature.'%+153262 High-shear homogenisation was an attractive method to use for SLN
production due to its one-step process that resembles the simple preparation of an O/W

emulsion, Fig. 3.2.

a)
SO
1
2
Hot high shear
homogenisation
b)

SLN dispersion

Fig. 3.2. Hot high shear homogenisation for synthesis of SLNs. a) stirring with homogeniser and b)
formation of SLN dispersion. 1 is the water phase with a polymer dissolved and 2 is the oil phase in
presence or absence of a water miscible solvent.



As reported in experimental section Chapter 7 section 7.2, various polymer to lipid (DBiB-
p(OEGMA)1o-co-(EGDMA)os to Compriol ATO 888) w/w ratios were studied, namely 1:1-1:4,
1:7 and 1:10, with the total solid content (polymer + lipid) kept to 1.1 g in 10 mL of deionised
water. The process was conducted in the absence of additional solvent or utilised a range of
water-miscible solvents such as IPA, n-propanol, acetone or ethanol to establish the
optimum conditions. All prepared formulations were studied by DLS. The DLS
measurements showed no traces or abnormal measurements on the runs. Those
observations indicated none of the materials generated using this approach were successful.
The selected samples of 1:1-1:3 w/w % ratio of DBiB-p(OEGMA)1-co-(EGDMA)os to
Compritol ATO 888 given, Fig. 3.3, were observed to sediment or form turbid and white

suspension straight after cooling from the hot high-shear homogenisation.

1:1 1:2 1:3

Fig. 3.3 Selected unsuccessful samples with 1:1 - 1:3 w/w ratio of DBiB-p(OEGMA)1o-co-
(EGDMA)o.6: Compritol ATO 888 with a total solid content of of 1.1 g in deionized water prepared by
hot high shear homogenisation 5 min at 25,000 rpm. Photo of the samples were taking straight
after cooling. Photos show tubid solutions with sedimentation.

As the hot high-shear homogenisation experiment did not work for the former mentioned
compositions other preparation methods were investigated to understand the conditions in
which SLNs can form. There are no literature studies investigating the effect of probe

sonication versus homogenisation of drug-loaded SLNSs, therefore a study of the effectiveness

of probe sonication was undertaken.



3.2.2 Synthesis of p(OEGMA) based polymer stabilised drug-free SLNs using
sonication
As the hot high shear homogenisation technique used in former section 3.2.1 resulted in

sedimentation a hot probe sonication procedure was attempted. The hot probe sonication
was performed using a modified literature approach.’* The compositions were chosen as for
the hot high shear homogenisation experiments which were described in the previous
section and comprise samples with different ratios of polymer to lipid (DBiB-p(OEGMA)1o-co-
(EGDMA)o6: Compritol ATO 888) w/w ratio of 1:1-1:10. The total solids content of (Compritol
ATO 888 and DBiB-p(OEGMA)1-co-(EGDMA)os) was maintained at 1.1 g in 10 mL. The
resulting lipid dispersions also failed to make SLNs. A photograph of selected samples is
shown in Fig. 3.4. All three selected samples were analysed by observing their appearance
straight after cooling with the naked eye and an attempt to measure the diameter of the
SLNs present in the sample was made using DLS. All of the samples showed visual
sedimentation and the DLS analysis was unable to provide reliable data. Based on those

observations the experiment was considered to be unsuccessful.

Fig. 3.4. Selected unsuccessful samples prepared with 1:1, 1:3 and 1:5 DBiB-p(OEGMA)+o-co-
(EGDMA)o.s to Compritol ATO 888 w/w ratio with a total solid content of 1.1 g in deionised water
prepared by hot sonication: 5 min, 100 %, 1 cycle and immediate cooling in ice bath at 0 °C.
Samples show turbid solutions with sedimentation.

Using high mechanical power methods such as hot high shear homogenisation and hot

sonication to form SLNs were unsuccessful. The reason why these approaches did not work



is unknown. However, we hypothesised that the heating of DBiB-p(OEGMA)-co-
(EGDMA)os might have an impact on the formation of SLNs due to the observed low LCST
values of this branched copolymer. This could also be due to the power of the mechanical
stirring. The lack of success of homogenisation and sonication techniques suggested that
other SLN processing methods would be needed for the current system and solvent injection

methods were therefore adopted.

3.2.3 Synthesis of p(OEGMA) based polymer stabilised SLNs using solvent injection

3.2.3.1 Initial optimisation of solvent injection method — optimisation of Lipid:
polymer ratio and total mass

Solvent injection was initially described by Schubert and Miller Goymann in 2003'%4, and
subsequent studies demonstrated the use of solvent injection for synthesis of SLNs.25110:269
A schematic illustration of the solvent injection method is given in Fig 3.5. This figure
illustrates the parameters, which can be controlled such as stirring, temperature and angles
in while the injection is performed. All the controlled parameters determine the outcome of
the SLN product. Schubert and Miller Goymann in 2003'* tested this method with many
polymers or surfactants and lipids in water miscible organic solvents such as acetone,
ethanol and isopropanol (IPA)."?* However, the system needs to be optimised so that we can
integrate the use of DBiB-p(OEGMA)+-co-(EGDMA)os into the solvent injection approach.
IPA was chosen as the water miscible solvent in the solvent injection as it has a high boiling
point of 82.6 °C which is needed to dissolve Compritol ATO 888 that has a melting
temperature of 70 °C. Many considerations were made in choosing these conditions. This
approach only heats the lipid in this case Compritol ATO 888 in a water miscible solvent, Fig.
3.51). Importantly, this approach avoids heating the polymer as shown in Fig. 3.5 Il). The
polymer, DBiB-p(OEGMA)1-co-(EGDMA)ys, can be dissolved in water at 25 °C which is

below the low critical solution temperature (LCST) above which the polymer can no longer



be dissolved. The LCST was found for DBiB-p(OEGMA)+-co-(EGDMA)es to be = 52 °C in
Chapter 2. The hot mixture of lipid in water-miscible solvent can be rapidly injected into a
stirred mixture of DBIiB-p(OEGMA)1o-co-(EGDMA)o6 in water followed by rapid cooling to,
Fig. 3.5a. This results in a SLN dispersion stabilised by DBiB-p(OEGMA)1o-co-(EGDMA)o 6
25 °C, Fig. 3.5 lll). It is not known for certain whether the LCST influences the outcome for
the SLN creation. However, solvent injection is unique in that it allows control over this

parameter.

(0}
Compritol ATO 888
CH,
0 Water
19

DBiB-p(OEGMA),,-
co-(EGDMA), .

) 1)

Fig. 3.5. lllustration of solvent injection method conditions and principles. 1) IPA containing
Compritol ATO 888 at 80 °C Il) Deionised water and DBiB-p(OEGMA)1o-co-(EGDMA)o6 at 25 °C, a)
5 min, 300 rpm stirring at ambient temperature, lll) drug-free SLN dispersion.

In the studies of this method the w/w ratios of DBIiB-p(OEGMA)-co-(EGDMA)ys to

Compritol ATO 888 was varied and the tested ratios were given on Table 3.1.



Table 3.1. Compositions of Lipid (Compritol ATO 888) to polymer (DBiB-p(OEGMA)1o-co-
(EGDMA)o) ratios tested in the solvent injection method. The code given in the table is the sample
number.

Code Lipid/mg pol./mg Ratio Water/ mL
lipid:pol.
a 6 36 1.6 10
b 6 18 1:3 10
C 6 12 1:2 10
d 6 1:1 10
e 12 6 2:1 10
f 18 6 3:1 10

The experiments follow procedures described on Chapter 7 section 7.2. After the injection
step the samples were immediately cooled down to 4 °C and stored in the fridge for later
purification the cooling was performed as it prevents the resulting formulation in forming a
turbid solution followed by aggregation of the particles in the sample. It was hypothesised
that cooling is necessary for the resulting suspension as the IPA present after the injection
could have an impact on dissolving the SLNs or causing SLN to agglomerate. Furthermore,
the storage of SLNs in the fridge has been demonstrated in similar types of systems.?70.9
However, it has not been reasoned why it is necessary to store the SLNs in the fridge after
formulation processing. The samples that were stored in the fridge at 4 °C were analysed
and characterised by DLS with the aim to assess the size and stability of the different
compositions derived from experiments with varying parameters as shown in Table 3.1 with
a range of total solid contents of DBiB-p(OEGMA)o-co-(EGDMA)os + Compritol ATO 888
from of 4.2 - 0.6 mg/mL in deionised water containing IPA. The samples were stored in the
fridge and D, was analysed by DLS after day 1, 3 and 5 in presence of IPA, see Fig. 3.6 and
corresponding measurements are given in Appendix Fig. A40-41. The w/w ratio of 1:6 DBIiB-
p(OEGMA)1o-co-(EGDMA)os to Compritol ATO 888 were not stable after just 3 days
according to the DLS measurements due to aggregation of the sample. Visual observation,
Fig. 3.6, of the resulting sample of 1:6 DBiB-p(OEGMA)1o-co-(EGDMA)os showed a turbid

dispersion that could be formed due to aggregation of materials in the dispersion, Fig. 3.6.



The analysed w/w ratio of 3:1 DBiB-p(OEGMA)1o-co-(EGDMA)os to Compritol ATO 888 SLN
sample did not show reliable DLS data due to sedimentation. However, DLS measurements
analysed for ratios of 1:3, 1:2, 1:1 and 2:1 of DBiB-p(OEGMA)1o-co-(EGDMA)os to Compritol
ATO 888 showed that the resulting formulations were stable after 5 days with a an SLN
diameter of 150-200 nm and a PDI distribution between 0.2-0.3. The observation of the

samples on the photograph in Fig. 3.6 showed clear SLN dispersions.
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Fig. 3.6. Initial experiments with different ratios of DBiB-p(OEGMA)io-co-(EGDMA)os and
Compritol ATO 888 in deionised water. The solvent injection method was performed with DBIB-
p(OEGMA)10-co-(EGDMA)os to Compritol ATO 888 w/w ratios of 1:6, 1:3, 1:2, 1:1 and 2:1 in
deionised water.

In general, w/w ratios of DBiB-p(OEGMA)1-co-(EGDMA)os to Compritol ATO 888 ranging
from 1:3 to 2:1 appeared to generate stable SLNs with D, values <250 nm. However,
interest in this study was directed towards minimising the amount of polymer to stabilise the
highest amount of Compritol ATO 888 in a system. Therefore, the ratio of 1:3 (DBiB-
p(OEGMA)o-co-(EGDMA)o6 to Compritol ATO 888), containing the least amount of polymer,

was progressed to more detailed studies.



3.2.4 Optimisation of solvent injection method

In summary, it has been demonstrated that a system with a 1:3 (DBiB-p(OEGMA)1c-co-
(EGDMA)o 6 to Compritol ATO 888) ratio is the most favourable studied ratio to continue with
as it allows maximum hydrophobic material to be encapsulated with the use of minimum
stabilisers. In addition to that, we focussed on optimising the system in terms of the total
mass of polymer and lipid varied within the ratio of 1:3 in 10 mL of deionised water. The aim
here was to investigate if it was possible to tune parameters such as particle size and
stability in the resulting empty SLN formulations. From the results obtained in the previous
section three different total compositions were considered and those were between 1.2-4.2
mg (DBiB-p(OEGMA)+-co-(EGDMA)ys + Compritol ATO 888) pr. 1 mL deionised water
containing 0.2 mL IPA. The total concentration of the 1:3 (DBiB-p(OEGMA)o-co-
(EGDMA)o6: Compritol ATO 888) wt./wt. ratio was 2.4 mg/mL water containing 0.2 mL of IPA
and interest was focussed on investigating experimental reproducibility and stability of this
successfully chosen system. For this study of total solid content of (DBiB-p(OEGMA)1o-co-
(EGDMA)o6 + Compritol ATO 888) of 2.4 mg, 1.8 mg and 1.2 mg pr. mL of deionised water
containing 0.2 mL of IPA were conducted and the compositions for the three experiments
are given in Table 3.2.

Table 3.2. Compositions of DBiB-p(OEGMA)1-co-(EGDMA)es and Compritol ATO 888 used in
solvent injection optimisation studies. MC; mass content, TM; total mass, lipid = Compritol ATO 888,
Polymer = DBiB-p(OEGMA)1-co-(EGDMA)o6 in water.

MC/ mmol  TM/mg/mL  Lipid/ mg Lipid/ mmol Polymer/ mg  Polymer/mmol Water/mL  IPA/mL

0.01208 1.2 9 0.012 3 0.00008 1 0.2
0.01812 1.8 13.5 0.018 4.5 0.00012 1 0.2
0.02416 2.4 18 0.024 6 0.00016 1 0.2

The solvent injection experiments were performed with the solvent injection procedure
optimised in earlier section and as described in chapter 7 section 7.2. The size distribution of
SLN in the samples containing solid content composition of 2.4 mg/mL, 1.8 mg/mL and 1.2

mg/mL water containing 0.2 mL IPA were measured the DLS traces and corresponding D,



and PDI of the samples evaluated. The size distribution of 1.8 mg/mL and 1.2 mg/mL are
shown in Fig. 3.7a. The size distribution of 2.4 mg/ mL water containing 0.2 mL IPA were
not reliable due to aggregation. However, the particle size distribution of 1.8 mg/mL and 1.2
mg/mL were very similar and the D, values were measured to be 189 and 171 nm,
respectively. The increase in the D, suggests that the slight increase of the solid content of
0.4 mg/mL resulted in only a very small change to the overall sample. The PDI distribution
was measured to be in the range of 0.2-0.3, which indicates that the sample has a relatively

broad distribution in Fig. 3.7a.
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Fig. 3.7 Preliminary SLN experimental conditions: Compritol ATO 888 to DBiB-p(OEGMA)1o-co-
(EGDMA)os ratio in 10 mL of water (pH= 6), 2 mL isopropanol. a) Overlaid size distributions of
prepared samples with a total solid content of 1.2 or 1.8 mg/mL (1:3 DBiB-p(OEGMA)1o-co-
(EGDMA)o.6: Compritol ATO 888). b) correlogram of DLS measurements



The observation of the sample with total solid content of 2.4 mg/mL with a ratio of 1:3 w /w
(DBiB-p(OEGMA)10-co-(EGDMA)os to Compritol ATO 888) were given in Fig. 3.7b. This
Figure showed a turbid drug-free SLN dispersion. When decreasing the total amount of solid
content (DBiB-p(OEGMA)+o-co-(EGDMA)os to Compritol ATO 888) from 2.4 mg/ mL to 1.8
and 1.2 mg/mL of deionised water containing 0.2 mL IPA the sample becomes more
transparent, Fig. 3.8a-b. However, the DLS measurements for the drug-free SLN dispersion
with a total solid content of 1.8 mg/mL (DBiB-p(OEGMA)1o-co-(EGDMA)os + Compritol ATO
888) in water/ IPA were reliable. As 1.2 mg/mL of solid content in deionised water containing
IPA gave the best and most reproducible results this led to creating a system in which it is
possible to compare and test other polymers. As a result, the formulation containing a total
mass of 1.2 mg/ mL of deionised water containing IPA, Fig. 3.8c, was tested with the three
different polymers: linear DBiB-p(OEGMA)10, branched DBiB-p(OEGMA)1o-co-(EGDMA)os6
and DBIiB-p(OEGMA)so-co-(EGDMA)o s and poloxamer 188 which are discussed in the next

section.

2.4 mg/mL 1.8 mg/mL 1.2 mg/mL

Fig. 3.8. Photography of drug-free SLN dispersions syntesised with following compositions: a) 18 mg
of Compritol ATO 888 and 6 mg of polymer in 10 mL of water containing 20 v/v % isopropanol
resulting in an unclear dispersion b) 13.5 mg of Compritol ATO 888 and 4.5 mg of polymer in 10 mL
of water containing 20 v/v % isopropanol resulting in a clear dispersion ¢) 9 mg of Compritol ATO 888
and 3 mg of polymer in 10 mL of water containing 20 v/v % isopropanol resulting in a clear dispersion.
Samples were photographed 1 hour after solvent injection.



3.2.5 Polymer to lipid ratio optimisation experiment

There were two aims when performing the experiments in this section. The first aim of these
experiments was to test how the ratios with a total solid content of 1.2 mg (polymer +
Compritol ATO 888) in 10 mL of water can change the behaviour of size and stability of the
empty SLNs in a resulting dispersion. The second aim was to compare the behaviour of the
different polymers in SLN systems by characterising the morphological behaviours and
physio chemical characterisations.

In summary, the optimised solvent injection experiments demonstrated that the 1:3 w/w ratio
(DBiB-p(OEGMA)1o-co-(EGDMA)o s to Compritol ATO 888) with a solid content of 1.2 mg in
water/IPA produced the most reproducible results. This lead to an established experimental
condition that allow us to test other parameters. One parameter to test in this study was the
effect of changing the ratio of polymer to lipid in 1.2 mg/mL of deionised water containing
IPA as this composition system has not yet been investigated for DBiB-p(OEGMA)+o-co-
(EGDMA)os. Another experiment performed was to test the established system with other
polymers including DBiB-p(OEGMA)+«o and poloxamer 188. DBiB-p(OEGMA) could be
interesting to compare with DBiB-p(OEGMA)1o-co-(EGDMA)os drug-free SLN systems. This
allows us to understand more about the stabilising property of a primary chain versus
branched copolymer chain in SLN systems. Moreover, the comparison of poloxamer 188 as
a stabiliser in the drug-free SLN systems are interesting to compare against DBiB-
p(OEGMA)1-co-(EGDMA)os as it has been used widely as a stabiliser in other
encapsulation systems.'24135230271 |n this study, the focus was directed towards the w/w
ratios of polymer to Compritol ATO 888, which were varied with w/w ratio between 1:3, 1:1
and 3:1.

Linear DBiB-p(OEGMA)1o was used to synthesis drug free SLNs with ratios of polymer to
lipid of 1:3, 1:1 and 3:1 w/w ratio (DBiB-p(OEGMA), to Compritol ATO 888) with a solid

content of 1.2 mg in water/ IPA. The resulting drug free SLN formulations were analysed by



DLS at time points day 0 and 1 and those were given in Fig. 3.9 and corresponding

correlation function is given in Appendix Fig. A42.
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Fig. 3.9. DBiB-p(OEGMA)10 in SLN studies. Compritol ATO 888 to DBiB-p(OEGMA)10 w/w ratio
1:3, 1:1 and 3:1 and a solid content of 1.2 mg (DBiB-p(OEGMA)10 + Compritol ATO 888).

The Dvalue measured for resulting drug free SLN formulations with 1:3, 1:1 and 3:1 w/w
ratio of polymer to lipid ratios were monomodal. Moreover, the traces showed that a change
in the polymer to lipid ratio of a composition containing a total 1.2 mg/mL (DBiB-p(OEGMA)1o
+ Compritol ATO 888) solid content in water and IPA did not impact the SLNs size
distribution of the DLS measurements as the D, of the measurements were 200 nm (PDI >
0.10). In addition to that, the resulting formulation of linear DBiB-p(OEGMA), measured by
DLS at time points day 0 and day 1, Fig, 3.10. Those results showed that the particle sizes
did not change when comparing day O with day 1. A photograph was taken of the resulting
dispersions and is given in Fig. 3.10. These observations demonstrated that the resulting
formulation get slightly turbid as the amount of lipid increased as a fraction of the total solid
content of 1.2 mg/mL of deionised water. However, the appearance of the turbidity did not

have any impact on the particle size.
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Fig. 3.10. DBiB-p(OEGMA)10 in SLN studies. Compritol ATO 888 to DBiB-p(OEGMA)10 w/w ratio of
1:3, 1:1 and 3:1 with a total solid content of 1.2 mg (Compritol ATO + DBiB-p(OEGMA)10) in deionised
water. Bar chart of the Z-average distribution on day 0 and day 1 and photography of observation of
different compositions used to prepare SLN dispersions. Synthesis of each SLN formulation was done
once. However, each formulation was measured three times using DLS. The results were averaged
for each formulation to produce the figures above.

The second polymer in this study was the branched DBiB-p(OEGMA)+o-co-(EGDMA )y Which
was studied in earlier sections. This polymer was varied relative to Compritol ATO 888 in
aforementioned w/w 1:3 (polymer to Compritol ATO 888) ratios with the aim to investigate
the trend in size and stability of increased or decreased fraction of polymer and lipid in a total
solid content of 1.2 mg/mL of deionised water. The resulting formulations DBiB-
p(OEGMA)1o-co-(EGDMA)o6 stabilised drug-free SLNs were analysed by DLS in Fig. 3.11.
The resulting traces of the DLS measurements showed a monomodal distribution, which
indicate that the polymer to lipid ratio has no significant impact on the size or distribution of
the particle. These traces showed the there is no trend in the behaviour as for the
corresponding linear DBiB-p(OEGMA)+, Fig. 3.11. However, D, of the particles stabilised by
branched DBiB-p(OEGMA)1o-co-(EGDMA)os, see Fig. 3.12 appeared to be smaller than the

corresponding SLNs made with linear polymer, Fig. 3.10. DBiB-p(OEGMA)1o-co-(EGDMA)o 6



stabilised empty SLNs were also analysed at two different time points day 0 and day 1, Fig.
3.11 and Appendix Fig. A43 and compared with its empty SLN dispersion stabilised with its

linear counterpart, linear DBiB-p(OEGMA)o.
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Fig. 3.11. DBIiB-p(OEGMA)10-co-(EGDMA)os in SLN studies. Compritol ATO 888 to DBIiB-
pP(OEGMA)10-co-(EGDMA)o s ratio 1:3, 1:1 and 3:1 in the solid content 1.2 mg (DBiB-p(OEGMA)10-co-
(EGDMA)o.6 + Compritol ATO 888) in deionised water.

The D, values obtained for the drug free SLNs stabilised with DBiB-p(OEGMA)1o-co-
(EGDMA)os, Fig. 3.12, were lower than those obtained for DBiB-p(OEGMA)4, stabilised
dispersions, Fig. 3.10. This indicated that the branching of DBiB-p(OEGMA)o can have an
impact on the size of the SLN particles in the dispersion. The resulting formulations of DBIiB-
p(OEGMA)+o-co-(EGDMA)o 6 stabilised empty SLNs in the resulting formulations were also
observed by the naked eye, photography in Fig. 3.12. It could be seen that the dispersions

were clear.
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Fig. 3.12. DBiB-p(OEGMA)1o-co-(EGDMA)s in SLN studies. Compritol ATO 888 to DBiB-
p(OEGMA)10-co-(EGDMA)os w/w ratio of 1:3, 1:1 and 3:1 with a total solid content of 1.2 mg
(Compritol ATO + DBIiB-p(OEGMA)10-co-(EGDMA)os) in deionised water. Bar chart of the Z-
average distribution on day 0 and day 1 and photography of observation of different compositions
used to prepare SLN dispersions. Synthesis of each SLN formulation was done once. However,
each formulation was measured three times using DLS. The results were averaged for each
formulation to produce the figures above.

Poloxamer 188 which was the common used polymer for SLN production in literature was
also tested as a polymer with same ratios and compositions as for DBiB-p(OEGMA)+, and
DBiB-p(OEGMA)1o-co-(EGDMA)os. The resulting poloxamer 188 formulations were
measured by DLS and given in Fig. 3.13, Fig. 3.14 and Appendix Fig. A44. The resulting
traces of DLS measurements showed a monomodal distribution, Fig. 3.13, which indicate
that that the polymer to lipid ratio has no significant impact on the size or distribution of the

particle. These traces showed that there is no trend in the behaviour as for DBIB-

p(OEGMA)+o, see Fig. 3.11, and DBIiB-p(OEGMA)+-co-(EGDMA)o 6, see Fig. 3.12.
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Fig. 3.13. Poloxamer 188 in SLN studies. Compritol ATO 888 to poloxamer ratio w/w 1:3, 1:1 and
3:1 and a total solid content of 1.2 mg of (Compritol ATO 888 + poloxamer 188) in deionised water.

The D, values obtained for the drug free SLNs stabilised with poloxamer 188, Fig. 3.14, were
slightly higher than those obtained for DBiB-p(OEGMA)iy stabilised drug free SLN
dispersions, Fig. 3.10 and similar to those with DBiB-p(OEGMA)10-co-(EGDMA)o s stabilised
drug-free SLN dispersions, see Fig. 3.12. Based on those observations it could be
hypothesised that poloxamer 188 might have similar stabilising properties as DBiB-
p(OEGMA)1o-co-(EGDMA)os in the short term (day 0-1). The resulting formulations of
poloxamer 188 stabilised drug free SLN were also observed by the naked eye, photography
in Fig. 3.14. It could be seen that the dispersions were clear.

Overall, the stability of drug-free SLN particles stabilised with DBiB-p(OEGMA)+o, DBiB-
p(OEGMA)1o-co-(EGDMA)os and poloxamer 188 was demonstrated with three different
compositions of w/w ratios of 1:3, 1:1 and 3:1 Compritol ATO 888 to polymer in water
containing IPA. It was shown that drug-free SLNs stabilised with DBiB-p(OEGMA)+ and
poloxamer 188 have larger D, values than drug-free SLN stabilised with DBiB-p(OEGMA)1o-
co-(EGDMA)ys in dispersion containing IPA. This may indicate that the branching of a
polymer can have an impact on the particle size. The number of conjoined chains per
branched copolymer were calculated for DBiB-p(OEGMA)1o-co-(EGDMA)o 6 in Chapter 2 and
was WA # = 6 and for DBiB-p(OEGMA)y it was WA # = 1. These values may also have an

impact on the D, values measured for the drug free SLNs in the dispersion.
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Fig. 3.14. Poloxamer 188 in SLN studies. Compritol ATO 888 to poloxamer 188 w/w ratio of 1:3, 1:1
and 3:1 with a total solid content of 1.2 mg (Compritol ATO + poloxamer 188) in deionised water. Bar
chart of the Z-average distribution on day 0 and day 1 and photography of observation of different
compositions used to prepare SLN dispersions. Synthesis of each SLN formulation was done once.
However, each formulation was measured three times using DLS. The results were averaged for each
formulation to produce the figures above.

3.2.6 Stability studies of dialysed versus non-dialysed empty SLN dispersions

The importance of storing the resulting SLN formulations in the fridge straight after the
solvent injection procedure was performed was discussed earlier. This was due to
observation that the empty SLN dispersions forms aggregate at room temperature straight
after the solvent injection procedure was performed. It was hypothesised that this could be
due to the use of IPA as a water miscible solvent in the solvent injection process that
potentially could dissolve the resulting formed SLN straight after solvent injection. However,
very little literature describes why this type of aggregation can occur. In the literature, various
methods were used to remove solvents after preparation of SLNs and those procedures

include dialysis, freeze drying or evaporation. The removal of solvent from these SLNs was



also evaluated to enable later use of the materials in an in vivo setting and to establish the
optimal conditions that would not lead to disruption of the SLN stability. Initially dialysis was
selected as the solvent removal procedure as this is well understood and relatively simple to
carry out. As mentioned earlier, temperature may play a major role in the SLN stability after
processing. The dialysis procedures were initially evaluated in two different temperature
conditions. One of the temperature conditions was to dialyse the sample at ambient
temperature and the other condition was to dialyse the sample in the fridge. The drug-free
SLN dispersions synthesised earlier were dialysed over 3 days with regular change of water
after time points 30 min, 1 hr, 6 hrs, day 1, and day 3. After 3 days, the content in the
dialysis bag was analysed by '"H NMR. The spectra showed no IPA signals were observed in
the analysed dialysis material. Fig. 3.15a on the left showed that the dispersion that was
dialysed in the fridge did not form any aggregates after 3 days. However, Fig. 3.15b on the
right showed that the dispersion dialysed at ambient temperature did aggregate. It can be
concluded from this observation that the temperature does have an impact on the stability of
the SLN dispersion upon dialysis. The concern over the presence of IPA in the sample was
tested by leaving a dialysed drug-free SLN dispersion it in a closed vial at ambient
temperature for 2 days. The sample was frequently observed over 2 days. After 2 days, it
was observed that no aggregation was formed as a result. This indicated that IPA might play

a role in dissolving the empty SLN particles after solvent injection processing.

aggregates

Ambient temperature

Fig. 3.15. Samples stabilised with poloxamer 188. a) Dialysed and b) non-dialysed are not stable
after 25 days



The effect of solvent removal from SLN samples generated from DBiB-p(OEGMA)+, DBIiB-
p(OEGMA)1o-co-(EGDMA)os, and poloxamer 18 was studied by performing dialysis 4°C
individually for each sample.

The results were collected by DLS analysis to establish D, and PDI of the resulting SLN

dispersions was undertaken and the results are shown on Table 3.2.

Table 3.2. DBiB-p(OEGMA)10, DBiB-p(OEGMA)10-co-(EGDMA)os or Poloxamer 188 stabilised SLNs
were analysed with and without dialysis. Samples were analysed at time points 0,1,3 and 24 days.. All
measurements were measured in triplicates with an average of 3 different runs. All measurements
had an attenuator 6-7. D; is the average diameter in nm, PDI is the polydispersity index, ZP is the
zetapotential in mV.

Polymer Method D, (nm) PDI ZP (mV)
Day0 Day1 Day3 Day24 Day 24
DBiB-p(OEGMA),, No dialysis | 195.0 207.2 204.9 - - -17.5
Dialysis 190.7 - - 114.7 0.144
Day 0 Day 1 Day 3 Day 24 Day 24
DBiB-p(OEGMA),,-co- No Dialysis | 122.9 125.9 126.6 121.3 0.197 -16.0
(EGDMA), ¢ Dialysis 1639 - - 98.2 0.175
Day 0 Day 1 Day 3 Day24 Day 24
Poloxamer 188 No Dialysis | 182.8 192.0 133.3 182.2 0.097 -16.8
Dialysis 189.0 - - 118.4 0.237

The SLN D; of the drug-free SLNs stabilised with DBiB-p(OEGMA )+, DBiB-p(OEGMA)1¢-co-
(EGDMA)os and poloxamer 188 stabilised empty SLNs that were either dialysed or non-
dialysed were compared against each other using the most successful procedure which was
to dialyse the resulting SLN suspension in the fridge for 3 days. This was done with the aim
to show the effect of dialysis versus non-dialysis processing on the diameter of the empty
SLN particle, Table 3.2. The results demonstrated that the use of dialysis to remove IPA in
the fridge after solvent injection does have an impact on the Z-average of the empty DBiB-
p(OEGMA)+o, DBiB-p(OEGMA)1o-co-(EGDMA)os and poloxamer 188 stabilised SLNs. As
seen on Table 3.2 the DBiB-p(OEGMA)4o stabilised drug-free SLN is 190.7 nm on day O
before dialysis. However, after dialysis the size of the DBiB-p(OEGMA)+, stabilised drug free

SLNs decrease to 114.7 nm. The same was observed for DBiB-p(OEGMA)1o-co-(EGDMA)o 6



stabilised drug free SLNs where the particle size decreased from 163.9 nm to 98.2 nm and
for poloxamer 188 stabilised drug free SLNs where the particle size decreased from 189.0
nm to 118.4 nm. We have been unable to produce a hypothesis to explain this observation.

The empty DBiB-p(OEGMA)-co-(EGDMA)ys stabilised SLNs were analysed using
scanning electron microscopy (SEM) as shown in Fig. 3.16. The D,, PDI and zetapotential
(ZP) were measured by DLS. The sample were also morphologically characterised by SEM
to give number average of dry drug-free SLN size. The SEM images showed that the SLNs
flat shapes aggregated together. With this observation the evidence of SLN formation has
been seen however the appearance of the morphology of the empty DBiB-p(OEGMA)+o-co-
(EGDMA)o ¢ stabilised SLNs lead us hypothesise that some of the empty SLN particles have
aggregated during the drying process. Another possibility is that the branched polymer forms
a film on the surface of the sample which makes it hard to see or distinguish the aggregated
SLN particles. A similar observation has been made by another researcher in this group,
Ford et al,’® who discussed the complications with SEM analysis became increasingly
difficult with increasing amounts of A-B block copolymer, that lead to some film formation

and observation of objects resembling flattened vesicles at higher ratios.®®

Fig. 3.16. SEM images of a drop of DBiB-p(OEGMA)10-co-(EGDMA)os stabilised SLN dispersion
(non-dialysed) dried overnight. The pictures are taken at different scales left 3 um and right 1 um.

Zeta potential measurements of the empty SLNs stabilised with either DBiB-p(OEGMA)1o,

DBiB-p(OEGMA)1o-co-(EGDMA)o6 or poloxamer 188 showed values of -16 to -17.5 mV after



day 24. The relatively low amount of surface charge indicates that the long-term stability of
the SLNs was due to steric stabilisation provided by the polymer. It has been reported in
former studies'®+272 that the ZP of similar nanoprecipitated compounds such as p(HPMA)so-
co-(EGDMA)y9 was -40.5 mV and nanoparticles formed solely of A-B block copolymers
showed values of -10.5 mV.?”? This was consistent with PEG-stabilised particles or
micelles.'85272.273\Moreover, Ford et al,'® showed that addition of a block copolymer such as
P(PEGas-b-HPMA+2 to p(HPMA)so-co-(EGDMA)og in a ratio of 10:90 weight % results in a
decrease in ZP from - 40.5 mV to - 16.7 mV. ' There is no explanation to why PEG
stabilised nanoparticles has a negative charge. It can be hypothesised that the cause of the
negative charge can be due to PEG absorbing negative charged ions the dispersion media.
The optimised DBiB-p(OEGMA)1, and poloxamer 188 stabilised drug-free SLNs stored in the
fridge appeared to aggregate after 39 and 25 days, respectively, based on the assessment
by DLS. However, the dialysed drug free SLN sample stabilised with DBiB-p(OEGMA)1o-co-
(EGDMA)o6 were stable over 39 days when stored at 4 °C kept in the fridge. This sample did
not form large aggregates after 39 days.

The stability of DBiB-p(OEGMA)+-co-(EGDMA)o 6 stabilised drug free SLNs was assessed
through several batches and it could be concluded that temperature plays a major rule in
terms of the physical observation as the sample kept at ambient temperature results in
aggregation or crystallisation. The underlying mechanism behind this observation was
unclear, but potentially keeping the samples at a lower temperature reduced the solubility of
the lipid in the continuous phase. However, the removal of the solvent IPA by dialysis helped
the drug-free SLN dispersion stabilised by DBiB-p(OEGMA)1-co-(EGDMA)os stable over a

longer period of time at ambient temperature.



3.2.7 Temperature stability studies of dialysed versus non-dialysed empty SLN
dispersions

A study was done to compare the behaviour of a non-dialysed sample with a dialysed
sample, Fig. 3.17, at temperatures between 5 to 60 °C. The purpose was to investigate how

the empty SLNs behave at different temperature conditions in presence and absence of IPA.
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Fig. 3.17. 1:3 w/w ratio; DBiB-p(OEGMA)1o-co-(EGDMA)os to Compritol ATO 888 empty SLN
dispersion. 1 mL non-dialysed sample containing empty SLNs dispersed into deionised water, IPA (20

VIV %). *body temperature 37 °C.

The diameters and PDI obtained from the DLS measurements between temperatures of 5 to
60 °C of 1 mL of non- dialysed sample is given in Fig. 3.17. These results showed that
diameter decreased slightly as the temperature of the sample was increased. Since the
sample has IPA present it could was be hypothesised that the empty SLN particle got
smaller as IPA dissolved parts of the particle when the sample is heated up.

The Z-average diameters and PDI obtained from the DLS measurements between

temperatures of 5 to 60 °C of 1 mL of dialysed sample was given in Fig. 3.18 These results



showed that the diameter of the dialysed sample remained constant as the temperature
increased. The derived count rate for the dialysed sample did also remain stable throughout
the DLS at different temperatures. This suggests that the sample did not dissolve and
remained stable throughout the heat process. Another observation showed that the dialysed

sample did not form aggregate after cooling as shown on the photograph in Fig. 3.15.
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Fig. 3.18. 1:3; DBiB-p(OEGMA)10-co-(EGDMA)os: Compritol ATO 888 empty SLN dispersion 1 mL
dialysed sample in deionised water. Body temperature 37 °C.

To understand this mechanism another parameter measured by DLS was analysed. The
derived count rate (DCR) can be used to monitor any potential dissolution of the particle by
the scattering intensity that is directly proportional to the size and number of a particle
present in a sample.?”* The DCR of the sample measurement throughout the temperatures
5-60 °C, Fig. 3.19, remained unchanged throughout the measurements at different
temperatures. Another hypothesis was that IPA was present in the empty SLN particle
straight after injection and diffused out of the empty SLN particle upon heat thereby shrinking

the particle
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Fig. 3.19. Derived count rate of DBiB-p(OEGMA)10-co-(EGDMA)o.6 stabilised SLNs. Recorded with a
composition of 3:1 Compritol ATO 888: DBiB-p(OEGMA)10-co-(OEGMA)o6 and a total solid content of
1.2 mg/mL of deionised water. Samples were recorded at temperatures between 0-60 °C.Count rate
does not change upon heating in temperature studies.

3.3 Conclusion

This chapter successfully demonstrated that DBiB-p(OEGMA)+o-co-(EGDMA)e s may be used
to form stable SLN systems when an optimised solvent injection method is employed and in
the absence of drug compound. However, there was several challenges involved with
solvent injection processing. One of the challenges was that visible particles were observed
in the formulations after solvent injection processing when kept at room temperature.
However, when storing the DBIiB-p(OEGMA)1-co-(EGDMA)ys stabilised drug-free SLN
formulation in the fridge the formulation was stable for 38 days. Dialysis was used to
successfully remove the IPA. The resulting formulation was compared against the non-
dialysed drug free SLN formulations stabilised with three different types of polymers: DBiB-
p(OEGMA)+o, DBiB-p(OEGMA)10-co-(EGDMA)os and poloxamer 188 with a w/w ratio of 1:3

polymer to Compritol ATO 888 and a solid content of 1.2 mg/ mL water in presence and



absence of IPA. The best performing polymers was concluded to be DBiB-p(OEGMA)1o-co-
(EGDMA)os as DBiB-p(OEGMA)1 and poloxamer 188 stabilised empty SLN formulations

start forming aggregates after 25 and 39 days, respectively.



Chapter 4. Synthesis, optimisation and stability
studies of OEGMA based polymer stabilised
maraviroc loaded SLNs



4.1 Introduction

Maraviroc (MVC) is the only approved entry inhibitor in oral formulation and the only drug in
the antiretroviral armamentarium, which targets the human receptor.?’®> Hence, it is able to
be long-term effective only if the infecting virus uses, exclusively, the CCR5 receptor?’® and
in a combination treatment with other antiretroviral drugs discussed in Chapter
1. Nonetheless, MVC is a potent medication for eligible patients and helps to improve the
outcome of antiretroviral treatment (ART) of HIV infection.?”®> However, it is a poorly
bioavailable drug, which has limited its use as it requires a high daily dosage of 300 mg
twice daily?®?’” which results in side effects discussed in chapter 1.'83° Nanocarrier
platforms have been shown to improve the bioavailability other drugs with poor pharmaco-
kinetics2°194278 and therefore may offer benefits if used to deliver MVC. However, currently
the literature about MVC encapsulation into nanoparticles is scarce. One example in
literature showed MVC loaded in poly(lactic-co-glycolic acid (PLGA) particles.?'? A nominal
initial drug loading of 10 wt.% relative to PLGA was used, which resulted in formulated MVC-
nanoparticles (NPs).?'? The drug loading of MVC into PLGA particles was measured to be
1.24£0.1 wt.% and the respective drug loading translated to encapsulation efficiency (EE) was
12%.2'? Drug loading of MVC into other nanocarrier systems such as SLNs has to the best of
our knowledge not been studied. Encapsulation of MVC into SLNs may offer several
advantages such as the biocompatibility of the materials that is used to make them, simple
processing methods, suitability to large scale production and cost-effectiveness.'°

SLNs have been demonstrated to encapsulate poorly bioavailable anti-HIV drugs including
examples such as lopinavir,'* darunavir,?'52'® tenofovir?'” and efavirenz.?'* For example,
Alex et al, ' synthesised SLNs using 1.9 wt. % of lopinavir (LPV relative to the lipid
(Compritol ATO 888) in the processing of Lo-SLNs with a EE of above 99 %.'% Alex et al,’®
optimised their LPV-SLN system and selected the formulation with the highest encapsulation
parameter.'® This was done based on the conclusion that a mean particle size below 100

nm could be obtained by reducing lipid percentage and increasing surfactant



concentration.’ In addition to that they also found that the reduction in particle size was
followed by decrease of drug payload per ml of water and EE %.'"* Two other examples in
literature, Bhalekar et al,?'® used 25 wt. % darunavir relative to lipid (GMS) in the processing
of DRV-SLNs with EE of 74 % and Gaur et al,?" used 25 wt. % efavirenz relative to lipid
(GMS) in their SLNs with an EE of 46-86 %. These articles managed to encapsulate drug
relative to lipid in ranges between 2-25 wt. % using homogenisation as a processing method.
However, the use of polymers and cryoprotectants are not always specified in the mentioned
reports.?'*2'7 Hence, this makes it unclear how significantly lower the drug encapsulation will
be relative to total content of materials (polymer + drug + lipid + cryoprotant) used to
produce SLNs.™* Solvent injection has been used to load 2.5 - 7.5 wt.% of other drugs
relative to lipid into similar SLN particles with EE of 38-68 %.'%52% However, the limit of
maximum drug loadings into SLN systems synthesised by solvent injection has not been
studied in detail in literature. However, the drug loading in SLNs produced by solvent
injection has not been shown to be significantly higher than what has been obtained using
homogenisation. As explained in Chapter 1, there are several problems with using SLNs as
drug delivery systems, including those made using solvent injection, such as poor drug
loading capacity and drug expulsion. It has been proposed that these limitations are caused
by the instability and interconversion between ordered and disordered lipid structural
arrangements in SLNs.** Some methods have been developed to overcome those
problems.®+102.101.93 For example another lipid such as a liquid lipid could be added to the
SLN formulation to make the structure less ordered in order to encapsulate a larger
proportion of drugs. Such systems are referred to as NLC particles.?”®

Due to the relative obscurity of solvent injection studies in literature we believe there is an
opportunity to improve the drug loading of MVC in SLNs using the solvent injection
procedure. Therefore, this chapter will investigate drug loading of the SLNs by varying the
ratios of drug and lipid and how they influence the stability in order for them to be useful in

drug delivery systems.



Many methods have been reported in literature to assess drug loading and stability of SLNs
loaded with drugs. These methods include DSC to assess the crystallinity of lipids in the
SLNs,104.133202.271.280.153 D| S to measure the particle size, dispersity and stability of SLNs,
SEM and TEM to assess morphology of a dry SLN,'10.147.281.282-285 14 NMR,28¢ HPLC"%4287
and UV-vis'?1:288289 g quantify drug loading in SLNs. The drug loadings of the MVC in SLNs
can be characterised, assessed and quantified using various methods including UV-vis,?®
'H and "F NMR (MVC contains two fluorine atoms). UV-vis has already been used to
characterise MVC in water, ethanol, phosphate buffer (pH =7.4) and 0.1M NaOH with an
absorption spectrum measured in the range 200-400 nm. However, the in this article the
signal of the UV-vis spectrum appeared to be weak at a low absorbance with concentrations
of 15 ug/mL phosphate buffer.?®® However, UV measurement of MVC in other solvents such
as Chloroform has not yet been reported and will be attempted as part of this chapter.
Alternatively, '"H and '®F NMR have been considered as tools to measure the drug loading in
MVC loaded SLNs. '"H NMR can be used to make a standard calibration curve that can be
used to interpret amount of MVC encapsulated in SLNs. This type of experiment has been
tried in other NP systems in literature.?®" This study described a rapid, specific, and direct
method for the real-time quantification of in vitro tenofovir (TNF) release in simulated
varginal fluid (VFS).2°! For this they developed a standard curve of TNF in VFS with a linear
relationship between the integration of a peak area obtained from a given "H NMR spectra of
TNF as a function of TNF in mM.?°' This curve can be used to interpret the amount of TNF
released from microparticles in VFS. 2°! A unique feature of MVC is that it contains two °F
atoms. '°F shares the advantage as of being very sensitive and have is a 100 % NMR active
isotope, due to the fact that there is only a single isotope. With the choice of a sufficient
internal reference it is possible to make a standard calibration curve that can be used to

quantify MVC loading in SLN.



4.2. Optimisation of methodology and synthesis of drug loaded MVC in
SLNs

In Chapter 3 the solvent injection method was optimised with a composition of DBiB-
p(OEGMA)+o-co-(EGDMA)os and Compritol ATO 888 but without any drug. It was shown that
the most stable drug-free SLN formulation was that of 1:3 w/w ratio of DBiB-p(OEGMA)+o-co-
(EGDMA)o6 to Compritol ATO 888 were dialysed to yield an IPA free SLN dispersion with a
total solid content of 1.2 mg in 1 mL of water.

In this study, the incorporation of MVC was calculated as wt. % of MVC relative Compritol
ATO 888 within 1:3 w/w % ratio of DBiB-p(OEGMA)1o-co-(EGDMA)os to Compritol ATO 888
system established in Chapter 3. A range of compositions of MVC relative to Compritol ATO

888 were prepared as shown Table 4.1 and the compositions were calculated as follows:

wt. % drug rel. to lipid = —Y¢ . 100 % (4.1)

Mcompritol tMMVC

Where muvc is the mass of the drug in mg, Mcompritol IS the mass of the lipid in mg and wt. %

drug is the weight % of the MVC relative to Compritol ATO 888.

Table 4.1. Composition of MVC relative to Compritol ATO in wt.% in targeted drug encapsulation
studies. The w/w ratio of DBiB-p(OEGMA)10-co-(EGDMA)o.s to Compritol ATO 888 was 1:3. The total
solid content of DBiB-p(OEGMA)10-co-(EGDMA)os + Compritol ATO 888 + MVC is 1.0 mg/ mL
water/IPA.

wt. % drug MVC/mg  Compritol/ Polymer/  Water/mL IPA/mL

rel. to lipid mg mg
10 1.8 16.2 6 20 4
20 3.6 14.4 6 20 4
40 7.2 10.8 6 20 4
50 9 9 6 20 4
70 12.6 5.4 6 20 4
90 16.2 1.8 6 20 4
100 18 0 6 20 4



The same process for solvent injection that was optimised in chapter 3 for drug free SLNs
was reused but with MVC included in the compositions are shown in Fig. 4.1, and Table 4.1.

The solvent injection method for the MVC-SLN studies are illustrated in Fig. 4.1.
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Fig. 4.1. lllustration of solvent injection method conditions and principles. a) Deionised water and
DBiB-p(OEGMA)10-co-(EGDMA)os at 25 °C 5 min, 300 rpm stirring at ambient temperature IPA
containing MVC and Compritol ATO 888 at 80 °C, b) removal of IPA from MVC-SLN dispersion using
dialysis technique at 4 °C. Conditions: 1) IPA, Compritol ATO 888 and MVC at 80 °C,Il) DBiB-
p(OEGMA)10-co-(EGDMA)os in water, llI) MVC-SLN dispersion containing IPA, IV) dialysis of MVC-
SLN dispersion in a dialysis bag containing IPA and V) IPA free SLN dispersion in dialysis bag.



MVC was included in a solution of IPA and Compritol ATO 888 as shown in Fig. 4.11. The
solubility of MVC in IPA was tested at ambient temperature and 80 °C in presence or
absence of Compritol ATO 888 to ensure that the solvent injection procedure established in
Chapter 3 can be used in presence of MVC. The solubility of MVC in IPA as well as IPA
mixed with Compritol ATO 888 has not reported in literature. However, it has been reported
that MVC is highly soluble in similar organic solvents such as ethanol and DMF.?*° In the
experiment, Fig. 4.2a, MVC (2 mg) was added to IPA 1 mL and was shaken a few times at
ambient temperature. It was observed that the solution went clear and this indicated that
MVC was soluble with a concentration of 2 mg/mL in IPA at ambient temperature, Fig. 4.2a.
In another study, the solubility of MVC (4.5 mg) in IPA (4 mL) in presence of Compritol ATO
888 (4.5 mg) was heated to 80 °C, Fig. 4.2b. The photograph of the heated solution of MVC,
Fig. 4.2b, in presence of IPA and Compritol ATO 888 showed a clear solution, which
indicated that MVC has dissolved. The other parameters in the optimisation which is DBiB-

p(OEGMA)+o-co-(EGDMA) 6 dissolved in deionised water remain unchanged, Fig. 4.1l

Fig. 4.2. Test of solubility of a) 2 mg MVC in 1 mL of IPA at ambient temperature shows a clear
solution indicating that MVC is soluble in IPA and b) MVC (4.5 mg) in 80 °C IPA containing Compritol

ATO 888 (4.5 mg) forms a clear solution indicating that MVC is soluble in IPA containing Compritol
ATO 888.
The solvent injection method, Fig. 4.1a was performed in the same way as established in

chapter 3. IPA with dissolved MVC and Compritol ATO 888 at 80 °C was rapidly injected into

the solution of DBiB-p(OEGMA)+-co-(EGDMA)s in water at 25 °C, Fig. 4.1a. The sample



was stirred for 5 min with a stirring speed of 300 rpm at 25 °C. The last step of MVC-SLN
production is to remove the solvent from the dispersion, Fig. 4.1d. Methods reported to
remove solvent after solvent injection is freeze drying?®® and solvent evaporation.'?42%2
Dialysis against water in Chapter 3 has been used to remove water miscible solvents IPA
from a SLN dispersion where it was used to remove drug-free SLNs,?% this approach was
used in the work presented in Chapter 3 using empty SLNs. Therefore, dialysis was also

used remove the IPA from the MVC loaded SLNs presented in this Chapter.

4.2.1. DLS measurements of MVC encapsulation SLNs after dialysis

MVC loaded SLNs were synthesised using the compositions shown on Table 4.1. The ratio
of 1:3 w/w% of DBiB-p(OEGMA)10-co-(EGDMA)os and Compritol ATO 888 established in
Chapter 3 was kept constant throughout this chapter. The experimental procedure was
described on chapter 7, section 7.3. IPA was removed from the MVC-SLN dispersion by
dialysis against water over 3 days. The MVC-SLNs with targeted drug loadings of 0-90 wt.%
and MVC nanodispersion of 100 wt. % relative to lipid were analysed by DLS with a
concentration of 1.2 mg/ mL deionised water at 25 °C. In order to analyse the stability of the
SLNs over time the MVC-SLNs were analysed after 3 days where IPA was removed. The
four selected DLS traces of 30, 50, 70 and 90 wt. % were measured in triplicate on day 3
after dialysis and overlaid for each sample, Fig. 4.3 and corresponding correlograms are
given in Appendix Fig A45-A48. The traces of the targeted 30, 50 and 70 wt. % MVC relative
to Compritol ATO 888 showed monomodal size distributions and provided consistent
measurements with good agreement between the repeat measurements. However, the size
distribution of the MVC SLNs synthesised with a targeted drug loading of 90 wt. % relative to
Compritol ATO 888 showed a polydisperse distribution. The variability between the overlaid
triplicate measurements indicated that 90 wt. % targeted drug loading relative to lipid did not
result in a consistent size distribution and some of the measurements appeared to be

unreliable. In conclusion, 30-70 wt. % gave monomodal distribution while the sample



became polydisperse as we increased the drug loading from 70 wt. % to 90 wt. % relative to
Compritol ATO 888. There is no literature about why highly drug loaded SLNs become
unstable when a maximum point of encapsulation has been done. However, it has been
hypothesised that Compritol ATO 888 loses its effect as an excipient when the MVC-SLNs

have been encapsulated with 90 wt. % MVC relative to Compritol ATO 888.
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Fig. 4.3. Selected DLS traces of three repeat measurement of MVC —SLN dispersions with targeted
loadings of 30, 50, 70 and 90 wt. % of MVC relative to Compritol ATO 888 after day 3.

The D, and PDI from the measured DLS data obtained from the dialysed MVC-SLNs with
targeted drug loadings of 10-90 wt. % MVC relative to Compritol ATO 888 and MVC
dispersion of 100 wt. % are given on Table 4.2. From the table is can be seen that 10-30 wt.
% of drug loading results in slightly higher D, values 74-83 nm than those with MVC loading
of 40-70 wt. %, which have D, values of 68-70 nm. The PDI distribution of all the samples
were above 0.190, which indicates that the samples were polydisperse. In conclusion, the
change in the drug loading does not result in a significant change in particle diameter of the
MVC-SLNs. However, it has been hypothesised that since MVC is hydrophobic it could
blend in with Compritol ATO 888 in the resulting matrix of MVC-SLN. This hypothesis is

consistent with that explaining how oil droplets could blend in with solid lipids NLC



particles.?”® In NLC particles the SLN matrix composition is altered by adding a lipid, which is
often an oil. The oil can be incorporated to the NLC particle to prevent the lipid in
crystallising upon storage due to its polymorphic transitions described in chapter 1 and

literature.®

Table 4.2. D; and PDI values of dialysed MVC loaded SLNs with 10-100 wt. % of MVC relative to lipid
in water dispersion comparison of D, and PDI values. All samples were dialysed for 3 days and
measured with a concentration of 1.2 mg/ mL of water at 25 °C. Samples were measured in triplicates
and standard deviations are given in ().

wt. % drug D,/nm PDI

rel. to lipid
10 79 (0.41) 0.24(0.01)
20 83(3.54) 0.28(0.01)
30 74 (1.41) 0.25(0.00)
40 68(1.15) 0.22(0.01)
50 70(0.72) 0.19(0.01)
70 68 (2.69) 0.21(0.02)

4.2.2 Stability studies of MVC encapsulation SLNs after dialysis

The stable formulations obtained from the solvent injection method with resulting initial MVC
drug loadings of 10-70 wt. % relative to Compritol ATO 888 were analysed over 40 days to
investigate the stability of the MVC-SLN formulations. The formulations were stored at 4 °C
between each measurement as described in Chapter 3. Furthermore, the samples were
measured with the same concentrations of 1.2 mg/mL water at 25 °C. The long-term stability
of the samples with initial MVC loadings of 10-70 wt.% were then analysed over an extended
time range and samples were analysed after 0, 3, 5, 7, 10, and 40 days shown in Fig. 4.4. In
addition, three samples with targeted 30, 50, and 70 wt. % MVC loading were kept at 4 °C
and measured 150 days after synthesis as shown in Fig. 4.4. The D, values obtained from
DLS measurement at different time points showed no change over time. This indicated

excellent colloidal stability of MVC-SLNs with targeted 10-70 wt. % MVC relative to



Compritol ATO 888 over 40 days, Fig. 4.4. However, after dialysis the size of the 10-70 wt.

% MVC relative to Compritol ATO 888 increased significantly.
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Fig. 4.4. Stability study of MVC encapsulation into SLNs with targeted drug loading of 10-70 wt. %
relative to Compritol ATO 888- 1:3 w/w % (DBiB-p(OEGMA)10-co-(EGDMA)os to Compritol ATO 888)
analysed over 150 days. Samples were kept in the fridge for 150 days.

It has not been reported why particle sizes of drug loaded SLNs increase after
dialysis. However, two possible explanations were given by Miller-Goymann and Schubert
for empty SLNs.'?* The first possible explanation was that the emulsifier induced a decrease
of the surface tension between organic and aqueous phases that allow the formation of
initially smaller solvent droplets causing the observed particle size to decrease.®* The other
explanation is that the SLN particle sizes can be influenced by the viscosity of the outer
phase.'* For example it is mentioned that an increase in viscosity of the aqueous phase on
addition of glycerol lead to concentration dependent increase of particle size.'?* Based on
this we hypothesise that the addition of IPA to water during the solvent injection lead to a
higher viscosity than water and this may cause the particle size to increase.

The corresponding PDI distributions for the same DLS measurements were carried out for
SLNs with targeted 10-70 wt. % MVC relative to Compritol ATO 888 and shown in Fig. 4.5.

The data showed that the PDIs of measured MVC-SLNs with targeted 10-70 wt. % MVC



relative to Compritol ATO 888 were above 0.19. This indicated that the samples were
polydisperse. The samples with high targeted drug loading of 50-80 wt. MVC % relative to
Compritol ATO 888 showed lower PDI distributions than those with MVC of 10-30 wt. %
relative to Compritol ATO 888. This may suggest that high targeted drug loadings can
influence the PDI distribution. Overall, The PDI measured for all MVC-SLNs did not appear
to change significantly in either direction. This suggested that MVC-SLNs retained their

polydispersity across the time period of measurement.
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Fig. 4.5. PDI distributions of MVC encapsulation into SLNs with targeted drug loading of 10-70 wt. %
relative to Compritol ATO 888- 1:3 (DBiB-p(OEGMA)10-co-(EGDMA)o.s: Compritol ATO 888) analysed
over 150 days. Samples were kept in the fridge for 150 days.

The derived count rate (DCR) which is given in kilo counts per second (kcps) was also
measured in our studies.?’* DCR represents the scattering intensity that is directly
proportional to the size and number of a particle present in a sample.?’* DCR can be used to
monitor any potential dissolution of the particle.?”* DCR from DLS measurement of the
samples 10-70 wt. % of targeted MVC loading relative to Compritol ATO 888 is shown in Fig.
4.6. The DCR of all of the samples appeared decrease significantly between day 0 and day

3 for targeted MVC loadings of 10-50 wt. % relative to Compritol ATO 888. However, the



DCR for targeted MVC loading of 70 wt. % relative to Compritol ATO 888 only showed a
slight decrease from day 0 to day 3 after dialysis. Such a decrease in the DCR when
accompanied by an increase D, suggested that the MVC-SLNs were experiencing swelling.
It further suggests that the swelling is reduced when the drug loading is increased as the 70
wt. % MVC loaded SLNs exhibits only a very small decrease in the DCR. A similar effect has

been observed for gold polymer hybrid nanoparticles.?%*
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Fig. 4.6. Derived count rate measurements of MVC encapsulation into SLNs with targeted drug
loading of 10-70 wt. % relative to Compritol ATO 888- 1:3 (DBiB-p(OEGMA)10-co-(EGDMA)o.6:
Compritol ATO 888) analysed over 150 days stored at 4°C.

Three selected samples 30, 50 and 70 wt. % MVC relative to Compritol ATO 888 were kept
at 4 °C and analysed after 150 days. The DLS distributions for these at 3, 40 and 150 days
are shown in Fig. 4.7 and corresponding correlograms are given in Appendix Fig. A49-A51.
The size distributions of 30-70 wt. % were all monomodal and showed no change in the
distribution over the 150 days’ time period. Moreover, the MVC loaded SLNs loaded with 30-
70 wt. % have similar D, values of 68-74 nm and PDI below 0.25. This indicated that drug

loading does not change the stability of the drug over time. In conclusion the stability studies



of MVC-SLNs stored 4 °C with targeted loading of 30-70 wt. % MVC and a 1:3 w/w % DBIiB-

p(OEGMA)1o-co-(EGDMA)o6:Compritol ATO 888 showed stability over 150 days as aqueous

dispersions.
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Fig. 4.7. Removing IPA after 3 days of dialysis - Stability test of dialysed samples 30, 50 and 70 wt.%
relative to Compritol ATO 888 Z-average over 150 days. Table shows measured Z-average of
dialysed MVC-SLN dispersions with targeted MVC loadings of 30,50 and 70 wt. % of MVC relative to
MVC on day 3. Standard deviations are given in ().

4.2.3 Stability studies of MVC loaded SLNs after dialysis in PBS

The stability of the dialysed MVC-SLN samples with targeted loadings of 70 wt. % and 50 wt.
% relative to Compritol ATO 888 and were analysed at body temperature and physiological
ionic strength. This was done to obtain a better understanding of the colloidal stability of the
particles under simple conditions mimicking a body fluid. A solution phosphate buffer saline
(PBS) was prepared (Chapter 7, section 7.3.1) and 1 mL of concentrated PBS stock solution
was added to 1 mL of MVC SLN containing 1.2 mg/mL of either 70 wt. % or 50 wt. %

targeted drug loading relative to Compritol ATO 888. The sample was analysed by DLS both



before and after addition of PBS. The samples were then left to incubate at 37 °C. On day 1
and 2 after incubation was initiated the samples were investigated again by DLS and the
traces are shown in Fig. 4.8 and corresponding correlograms given in Appendix Fig. A52-

A53.
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Fig. 4.8. MVC loaded SLNs with 50 and 70 wt. % targeted MVC loading before and after addition of
PBS (phosphate buffer saline) solution. The PBS was added to a dialysed 40 days old MVC loaded
SLNs (day 0) and after addition of PBS on day 0. The samples were incubated for 1-3 days at 37
°C and analysed by DLS. Measurement on day 2 was not possible for 50 wt. % targeted MVC due
to sample instability.

The size distribution of MVC-SLNs with a targeted loading of 70 wt. % MVC loading relative
to Compritol ATO 888 showed monomodal distribution over 2 days. This indicated that the
sample was stable over 2 days after addition of PBS and incubation of the sample at 37 °C.
Thereafter, the DLS measurements of 70 wt. % MVC loading relative to Compritol ATO 888
were no longer reliable due to formation of aggregations in the sample. This indicated that

the particles were not stable after day 2. The traces obtained for 50 wt. % of MVC loading



relative to Compritol ATO 888 showed the formation of a bimodal distribution after day 1
incubation at 37 °C. However, the sample was still stable on day 1 due to reproducibility of 3
repeat measurements. However, the stability of MVC-SLNs with targeted MVC loading of 50
wt. % relative to Compritol ATO 888 incubated at 37 °C did not give reliable measurement
after 1 day. The D,, PDI and DCR measured for MVC-SLNs with targeted encapsulation of

70 wt. % MVC relative to Compritol ATO 888 was given on Table 4.3.

Table 4.3. D, PDI and derived count rate (DCR) of MVC loaded SLNs with 70 wt. % targeted MVC
loading before and after addition of PBS (phosphate buffer saline) solution. The PBS was added to a
dialysed 40 days old MVC loaded SLNs (which is indicated as day 0) and incubated for 1-2 days at 37
°C and analysed by DLS. Numbers in () is the standard deviation.

D,/nm PDI DCR/kcps
Day 0 66 (0.7) 0.21(0.04) 11180 (42.7)
Before addition
Day 0 72(0.7) 0.23 (0.00) 5882 (63.3)
After addition
Day 1 99 (1.0) 0.37(0.01) 7902(48.6)
Day 2 111(12.1) 0.33(0.08) 8024 (141.4)

As shown on Table 4.3, D, increased from 66 - 72 nm after addition of PBS and increased
further through to day 2 where it reached 111 nm. This increase indicated that the particle
aggregated in the PBS solution. However, DCR obtained from the DLS measurements of
MVC-SLNs with targeted encapsulation of 70 wt. % MVC relative to Compritol ATO 888
showed a decrease from 11180 on day 0 to 8024 on day 2. The combined D, and DCR
figures are consistent with the MVC-SLNs with targeted encapsulation of 70 wt. % MVC
relative to Compritol ATO 888 swelling after addition of PBS. This further suggests the cause
of SLN loss is excessive swelling leading to a rupture. This might also be why an SLN with a
lower amount of drug loading is more vulnerable as it already has a slightly larger diameter

when PBS is added the dispersion as seen in Fig. 4.8.



In conclusion, the studies suggested that 50 wt. % MVC relative to Compritol ATO 888 was
less stable than 70 wt. % of MVC relative to Compritol ATO 888. This indicated that the
colloidal stability of MVC-SLNs with targeted MVC loadings above 70 wt. % MVC relative to
Compritol ATO 888 show better stability under conditions that mimics physiological

conditions in the body, therefore the 70 wt. % MVC sample was selected for further analysis.

4.2.4 'H NMR studies of MVC encapsulation SLNs after dialysis

"H NMR allows us to integrate resonances which have been assigned to Compritol ATO 888
and MVC separately and the ratio can then be used to quantify the drug loading using
previously established calibration curve. To the best of our knowledge calculating the drug
loadings in SLN systems by either 'H or "®F NMR using a standard calibration curve has not
yet been demonstrated. '"H NMR of MVC, Compritol ATO 888, and DBiB-p(OEGMA)+o-co-
(EGDMA)o s were acquired in CDCI; at 50 °C and was assigned separately, see Fig. 4.9,
4.10 and 4.11 respectively. The '"H NMR spectra of MVC at 50 °C was shown in Fig. 4.9.
The 'H NMR (400 MHz; CDCls) resonances were assigned as follows 6 = 7.32-7.36 (2H, m),
7.26 (3H, m), 6.36-6.38 (1H, m), 5.15-5.18 (1H, dd, J 6.7 Hz, 6.7 Hz), 4.25-4.35 (1H, m),
3.34-3.38 (2H, m), 2.95-3.02 (1H, m), 2.49 (3H, s), 2.43 (2H, t, J=7Hz), 1.59-2.28 (20H, m),
1.37-1.39 (6H, d, J7.0Hz). The assignments of the MVC signals in CDCIl; were in
agreement with literature.?%

The 'H NMR spectra of Compritol ATO 888 at 50 °C in CDCl3; was given in Fig. 4.10. The 'H
NMR (400 MHz; CDCIs3) resonances were assigned as follows 6 = 3.57-4.33 ppm (4H,m),

2.28-2.35 ppm (4H, m), 1.62 (4H,m), 1.26 ppm (72 H, m), 0.88 ppm (6H, t, J=7 Hz).
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Fig. 4.9. '"H NMR (400 MHz) of 4.5 mg of MVC in CDCls at 50 °C. The spectra of MVC was
characterised based on literature.?°® The CDCIs solvent residual peak was assigned to & = 7.26 ppm
in agreement with literature.2% The signals were referenced to TMS at § = 0 ppm.

The "H NMR spectra of DBiB-p(OEGMA)1o-co-(EGDMA)6 at 50 °C in CDCl; was given in
Fig. 4.10. '"H NMR (400 MHz; CDClIs) resonances of DBiB-p(OEGMA)1o-co-(EGDMA)o s were
assigned as follows & = 0.9 ppm (42 H), 1.3 (18 H), 1.5-1.9 ppm (30 H), 3.4 ppm (32 H), 3.5

ppm (22 H), 3.6 ppm (146 H) and 4.1 (25 H).
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Fig. 4.10. '"H NMR (400 MHz) of 4.5 mg of Compritol ATO 888 in CDCls. The solvent residual peak
was assigned to 7.26 ppm in agreement with literature.2% The signals were referenced to TMS at & =
0 ppm. ** Is an unknown impurity.
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Fig. 4.11. "H NMR (400 MHz) of 3 mg of DBiB-p(OEGMA)10-co-(EGDMA)os in CDCls at 50 °C. The
solvent residual peak was assigned to 7.26 ppm in agreement with literature.2% The signals were
referenced to TMS at & = 0 ppm. *Is solvent CDCIs residual peaks.

The 'H NMR spectra of DBiB-p(OEGMA)+¢-co-(EGDMA)os, MVC and Compritol ATO 888 at
50 °C in CDCIs are shown overlaid each other in Fig. 4.12. Individual resonances of DBiB-
p(OEGMA)1o-co-(EGDMA)os, MVC and Compritol ATO 888 were identified for each of the
compounds present each has at least one of the following problems: Insufficient signal to
noise, overlapping with nearby resonance which prevents accurate integration, or the
resonance is composed of multiple protons in a very similar environment appearing at the

same chemical shift and as one resonance. Since there are no unique peaks observed for

both the MVC and Compritol ATO 888 in the mixtures of '"H NMRs of DBiB-p(OEGMA )1o-co-



(EGDMA)o 6, MVC and Compritol ATO 888 it was not possible to integrate a signal from MVC

and quantify this against Compritol ATO 888.
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Fig. 4.12. Overlaid '"H NMR (400 MHz) spectra of MVC, Compritol ATO 888 and DBiB-
p(OEGMA)10-co-(EGDMA)o.s in CDCls at 50 °C. The signals were referenced to TMS at 6 = 0 ppm.

4.2.5 °F NMR studies of MVC encapsulation SLNs after dialysis and freeze drying

4.2.5.1 Optimisation of temperature and solvent conditions in "F NMR of MVC
and TBHF

MVC contains two fluorine atoms, which can be observed using 'F NMR spectroscopy.
Therefore, a method was devised using '°F NMR to quantify the amount of MVC loaded into
SLNs. The solvent, CDCl;, used for the quantification experiments was selected because

SLNs are soluble in this solvent at any temperature, which would enable the MVC to be

easily extracted from the SLNs.



Tetrabutylammonium hexafluorophosphate (TBHF), Fig. 4.13, was used as an internal
reference as it is a non-reactive chemical used as a phase transfer catalyst in

electrochemical reactions?®” and also has good solubility in CDCls.

®
H3C/\/\N/\/\CH3

PFe

Fig. 4.13. Chemical structure of tetrabutyl hexaflourophosphate (TBHF).

Stock solutions of MVC were created as described in Chapter 7 and were diluted to give
different concentrations of MVC in CDCIs equivalent to loading SLNs with 25, 50, 75 and 100
wt. % relative to lipids. This was done with the purpose of mimicking the total amount of
MVC in SLN systems. Initial experiments were done with MVC (18 mg, 1 eq.) in non-dried
CDCl; and a spectrum was acquired at two different temperature 25 °C and at 50 °C in the
presence of the internal reference TBHF (1 eq.) as described in Chapter 7 section 7.3. The
resulting °F NMR spectra are given in Fig. 4.14. The internal reference TBHF signals were
assigned to & =- 71.25 ppm and - 73.11 ppm. The two resonances observed are due to *'P

splitting the '°F signal into a doublet due to J-coupling of 714 Hz.
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Fig 4.14. "9F NMR spectra of MVC in non-dried CDClIs recorded at room 25°C and at 50°C. Internal
reference is TBHF.

The signals from the two '"F atoms on MVC appear as two doublets. This is because the
fluorine atoms are inequivalent and their J-coupling splits each other’s resonance. The first
doublet was assigned to "°F § = -92.31 and -92.93 ppm while the other doublet was assigned
to "F § = -100.33 and -100.96 ppm. The J-coupling is therefore measured as 237 Hz and
235 Hz, respectively.

It was discovered the signal intensity of MVC was affected by whether the NMR solvent
CDCl; was contaminated with water. It was initially observed that when a sample of MVC
and TBHF was acquired at 25 °C and 50 °C the intensity of TBHF relative to MVC increased
from 3.19 to 4.36 as shown in Fig. 4.14. This meant that the intensity measurements were
sensitive to temperature in presence of water. Such a sensitivity is undesirable as in order to
measure the concentration of MVC in SLNs the temperature would need to be increased to
50 °C. In our efforts to reduce the sensitivity of the resonances to temperature, we found that
drying CDCls in the presence of molecular sieves completely eliminates the problem. The

resulting spectra at 25 °C and 50 °C after drying CDCls are shown in Fig. 4.15 where the



relative intensities between TBHF and MVC are 2.8 and 2.8, respectively. On this basis, it
was concluded that water interferes with MVC and therefore '°F resonances. However, the
mechanism for this is unknown, but it is likely to be caused by a relaxation phenomenon
possibly due to fluorine hydrogen bonding. Therefore, sieve dried CDCl; was used in all

subsequent experiments.

oo o m Q g o o o m 8 19
N A M [ol=) M N ~ ™ oo
N N8 S8 Sy 52 S8

( [ (

25°C | 50 °C ‘

/ Heat J (

I |

A J J g 3 J J

¥ A ﬂ 1

o ® 3 >3 3 S
& 38 8 % 3 S

F \N' N‘ ¥ ¥ T T T T T T “_" T l‘_' IN o T - “_'
-70 -80 -90 -100 -70 -80 -90 -100

O(**F)/ppm O(**F)/ppm

Fig 4.15. 1°F NMR spectra of MVC at 25 °C and 50 °C in CDCls. MVC signals does not change relative to
TBHF at 50 °C the heat in CDCls dried over molecular sieves. Internal reference is TBHF

MVC and TBHF were studied in the presence of the polymer and lipid in order to determine
whether there were any interactions which would interfere with the '®F resonances and
therefore the quantification of MVC. In Fig. 4.16 "®F NMR spectra acquired at 25 and 50 °C

of samples with MVC and TBHF in the presence of DBiB-p(OEGMA)1o-co-(EGDMA)s are
shown. From these spectra, it can be seen that the intensity ratio between TBHF and MVC
increase from 1.9 at 25 °C to 2.7 at 50 °C. The expected intensity ratio is 3 as there are two
fluorine on MVC and six on TBHF. It was therefore concluded that MVC interacts with the

polymer at 25 °C but this interaction disappears when the sample is heated to 50 °C.



Therefore, in order to accurately quantify the amount of MVC using '"°F NMR the samples

were heated to 50 °C.
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Fig. 4.16. '9F NMR spectra of MVC (9 mg) and DBiB-p(OEGMA)10-co-(EGDMA)os at 25 °C and 50 °C

in CDCls. MVC signals do not change relative to TBHF at 50 °C the heat in CDCls; dried over
molecular sieves. Internal reference is TBHF

In Fig. 4.17 the "F NMR spectra of MVC and TBHF acquired at 25 and 50 °C in the
presence of Compritol ATO 888 are shown. From these spectra, it can be seen that the
intensity ratio between MVC and TBHF are 3.2 at both temperatures as would be expected.
It was therefore concluded that MVC does not interact with Compritol ATO 888 in such
manner that the '°F NMR resonances are affected as was observed with the polymer.
However, the temperature of future concentration measurements using '"F NMR were

conducted at 50 °C due to the interaction observed between MVC and the polymer.
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Fig. 4.17. 'F NMR spectra of MVC (9 mg) and Compritol ATO 888 at 25 °C and 50 °C in CDCls.

MVC signals does not change relative to TBHF at 50 °C the heat in CDCIs dried over molecular
sieves. Internal reference is TBHF

4.2.5.2 9F NMR of MVC and TBHF calibration curve

The optimised conditions from the previous section were used to record a series of MVC
concentrations in dry CDCls to obtain a calibration curve. This curve can be used to calculate
the concentration of MVC loaded into SLNs while dissolved dry CDCIz at 50 °C and using
TBHF as the internal reference. The concentrations of MVC and TBHF in dry CDCls used to

record "°F NMR spectra to obtain a calibration curve are given in Table 4.4.

Table 4.4. Concentrations of MVC and TBHF in dry CDCIs used for '®F NMR experiment calibration
curves.

wt % MVC  myge (M8)  nygye (mmol)  TBHF eq. Myve (M8)  Nyye (mmol) MVC eq.
25 13.6 26.2 1 4.5 8.7 0.25
50 13.6 17.5 1 9.0 17.5 0.5
75 13.6 8.7 1 13.5 26.2 0.75
100 13.6 35.0 1 18.0 35 1



The concentration of TBHF was kept constant in all solutions to act as an internal reference.
The concentration of MVC was varied between each preparation. Initially, MVC was
prepared in a concentration, which would correspond to an SLN with a targeted drug loading
of 100 wt. % MVC relative to lipid. Such solutions were also prepared with MVC in
concentrations corresponding to 25, 50, 75 wt. % of the maximum amount of MVC used in
MVC-SLN synthesis. The exact amounts used in mmol and mg equivalents are shown in
Table 4.4.

The theoretical intensities of MVC were normalised to 1 and the theoretical and experimental
intensities of TBHF was expected to change as MVC was diluted. The theoretical intensity of

TBHF, ltsHE, Theo, Was calculated as follows:

100 wt.% MVC
Xwt.% MVC

ITBHE Theo = (4.2)

Where ltshr, Theo iS the theoretical intensity of TBHF at a given X wt. % drug loading into
SLNs. 100 wt. % MVC is the maximum amount of drug added to the system and X wt. % is
any arbitrary amount of drugs added to the system. 3 it the number of '°F pr. Signal of the

TBHF. The Theoretical Itenr, Theo are calculated on Table 4.

Table 4.5. Calculated theoretical and experimental intensities of MVC and TBHF in dry CDCIs used
for 'F NMR experiment calibration curves.

wt % MVC TBHF TBHF MVC MVC MVC eq.
intensities Intensities intensities Intensities
(theo.) (exp.) (theo.) (exp.)
25 12 12.3 1 1 0.25
50 6 5.9 1 1 0.5
75 4 3.7 1 1 0.75
100 3 2.9 1 1 1

An overlay of "F NMR spectra recorded in dry CDCl; at 50 °C of MVC in presence of TBHF
is at different concentrations 25% - 100% are given in Fig. 4.18. The resonances were
assigned as in previous sections. The four spectra overlaid in Fig. 4.18 show samples
where an increasing proportion of MVC was added relative to TBHF going from the bottom

to the top. As expected the signal intensity of MVC increases linearly with the increased



concentration of MVC as can be seen in Fig. 4.19. The relationship derived from this linear
regression curve shown in Fig. 4.19 was used to calculate the concentration of MVC in MVC

loaded SLNSs.
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Fig. 4.18. Overlay of "9F NMR spectra (376.42 MHz) in dry CDCI3 of MVC in presence of TBHF at
different concentrations 25% - 100%. Were 100 % is 18 mg MVC.



Concentrations of MVC can be used to calculate a signal intensity ratio when compared to
the signal intensity of TBHF to produce a calibration curve with the following linear
relationship:

3-1
Z__MVC _ a'C (4_3)
ITBHF

where Iuvc is the intensity of MVC resonances, ltshr is the intensity of TBHF resonances, C
is the concentration which would be used to create an SLN with a wt. % of MVC relative to

lipid, and a is the gradient.
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Fig. 4.19. Linear relationship of MVC/TBHF ratio against concentration of MVC in wt. % relative to
Compritol ATO 888.

The study was also replicated with same compositions of MVC and TBHF as well as the
presence of Compritol ATO 888 and DBiB-p(OEGMA)o-co-(EGDMA)s6. Another '°F NMR

measurement was also conducted with the additional presence of freeze dried SLNs. Both

calibration curves are shown in Fig. 4.20. The purpose of this study was to investigate



whether Compritol ATO 888 or DBiB-p(OEGMA)+-co-(EGDMA)g¢ interfered with MVC and
therefore with the resonance intensities in the ®F spectra. The results showed that the
derived calibration curves achieved by the ratio of TBHF and MVC gave a straight line for
MVC, Compritol ATO 888 and DBiB-p(OEGMA)+-co-(EGDMA)os and the same for freeze
dried SLNs. Furthermore, the results showed that a slight difference in gradient was
apparent when the calibration curve of MVC with DBIiB-p(OEGMA)1o-co-(EGDMA)ss and

Compritol ATO 888 was compared against the calibration curve for MVC alone.
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Fig. 4.20. Comparison of calibration curves obtained by '*F NMR of A) MVC (green), B) Compritol
ATO 888 + DBiB-p(OEGMA)10-co-(EGDMA)os + MVC (blue) and C) Freeze dried SLNs (red) at 50
°C

The amount of MVC lost during the dialysis has been calculated and ranges between 25%

and 60%. The complete data is shown in Table 4.6.



Table 4.6. Values obtained for the '®F-NMR studies of SLNs with 30-80 wt. % MVC relative to lipid
(Compritol ATO 888). MVC/TBHF is the ratio of intensities obtained from 'F NMR spectra of SLNs.

wt % MVC MVC/TBHF % Drug % lost drug Exp. Theo.
rel. intensity encapsulated encapsulated encapsulated
lipid ratios drug drug
30 0.050 4.8 25.2 0.9 5.4
50 0.151 14.4 35.6 2.5 9.0
60 0.095 9.0 50.9 1.6 10.8
80 0.202 19.3 60.7 3.4 14.4

Additionally, a calibration curve was created using SLNs with MVC which have been both
freeze-dried and dialysed. This calibration curve is compared to the one from SLNs with
MVC, which have only been freeze-dried in Fig 4.21. This figure appears to show that a
significant amount of MVC has been lost during the dialysis as the calibration curve for the

dialysed particles has a significantly shallower slope.
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Fig. 4.21. "9F NMR of freeze dried SLNs compared against dialysed SLNs at 50 °C. The loss of
MVC during dialysis led us to examine the leftovers from the dialysis water.



This was studied using '"H NMR at 25 °C and compared to the spectra of pure MVC as
shown in Fig. 4.22. From this comparison, it is clear that no resonances observed in the
spectra of the dialysis wastewater and MVC are the same. This suggests that no MVC is
present is in the wastewater. We have been unable to detect were this loss of MVC
occurred. It is possible that MVC is trapped on the dialysis membrane. As we were unable to
remove this loss of MVC the use of dialysis was discontinued as a means of removing the
IPA solvent. Freeze-drying was therefore optimised to remove IPA for SLN use in vivo. This

will be described in Chapter 5.
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Fig. 4.22. 'H NMR recordings of a) dialysis beaker and b) MVC (4.5 mg) at 25 °C.

4.2.6. Differential scanning calorimetry (DSC) of MVC-SLNs

Differential scanning calorimetry (DSC) was used with the aim of assessing the crystallinity
of the SLNs loaded with MVC. The SLNs loaded with 60 wt. % MVC relative to Compritol

ATO 888 were examined using DSC as shown in Fig. 4.23. The DSC confirmed that the



melting temperature of MVC, shown in green, was ~200 °C and that the melting temperature
of Compritol ATO 888, shown in red, was ~ 70 °C. Both these are consistent with literature
values.®* The DSC of SLNs loaded with MVC, shown in blue, had two melting temperatures
one at ~180 °C and one at 75°C. The melting temperature at 180 °C corresponds to a 20
°C decrease in the melting temperature of MVC. The second melting point at 75 °C of DSC
of SLNs loaded with MVC corresponds to a 5 °C increase in the melting temperature of
Compritol ATO 888. Additionally, it is noted that this melting point occurs over broader range
of temperatures than in pure Compritol ATO 888. There is also a second bump in this peak
at 85 °C that is highlighted in red in Fig. 4.23. As we observe definite melting temperature
from the DSC it can be concluded that both Compritol ATO 888 and MVC within the SLNs
loaded with MVC remain in a crystalline form. However, the changes in the melting
temperatures may represent some co-crystallisation as their melting temperatures have

converged partially.
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Fig. 4.23. DSC diffraction scanning calorimetry. Of Compritol ATO 888, MVC and MVC-SLN loaded
with 60 wt. % MVC-SLN.



4.3 Conclusion

The empty SLN studies were optimised and the optimised procedure was used to synthesise
MVC loaded SLNs. It was shown that it was possible to increase the targeted drug loading of
MVC up to 70 wt. % relative to MVC while retaining the stability of SLNs as determined by
DLS. However, the SLN stability was ambiguous for MVC-SLNs loaded with 90 wt. %
loaded. The SLNs were not formed when using 100 wt. % SLN relative to Compritol ATO
888.

The drug loading of MVC SLNs were quantified with "°F NMR using standard calibration
curves relating the '°F signals of MVC to that of an internal reference TBHF at different
concentrations. Before dialysis the MVC-SLNs were shown to contain the expected amount
of MVC. However, after dialysis there was a significant decrease in the loading of MVC in
the MVC-SLNs. It was hypothesised that this could be due to the drug being captured by the
dialysis bag. However, after analysing the material in the dialysis beaker by '"H NMR it was
demonstrated that MVC did not go outside the dialysis bag. Where the drug goes after

dialysis is unknown.



Chapter 5. Optimisation of freeze dried MVC loaded
SLNs for in vitro and in vivo studies



5.1 Introduction

The synthesis of MVC-SLNs stabilised with DBiB-p(OEGMA)1o-co-(EGDMA )6 was shown in
Chapter 4 using a modified solvent injection method. However, to use the solvent injection
process one must use an organic solvent to dissolve the polymer; these organic solvent
needs to be removed prior to any biological evaluation. Both dialysis and freeze-drying were
used to remove isopropanol (IPA) solvent from MVC-SLNs with targeted drug loading of 10-
70 wt. %. Dialysis was attempted first to remove IPA. However, as discussed in Chapter 4,
the use of dialysis appeared to result in a large reduction in the concentration of MVC in the
SLNs. Therefore, freeze-drying was considered to remove IPA from the MVC-SLN
dispersion. However, freeze-drying can result in the aggregation of SLNs due to mechanical
stress caused by ice.?® To prevent the mechanical stress from causing aggregation a
cryoprotectant can be used as it vitrifies at a specific temperature, and the glassy matrix of
cryoprotectant can protect nanoparticles from the mechanical stress caused by ice.?%
Freeze-drying SLNs has been well studied.?%93%0-302303 Schwarz and Mehnert studied the
effect of different cryoprotectants on the SLNs for Freeze drying.?®® They optimised the
freeze drying conditions that resulted in a lyophilisate with good reconstitution properties.?*°
To achieve this they used Compritol ATO 888 as a lipid matrix for the SLN and stabilisers
such as poloxamer 188.2°° A range of cryoprotectants were used in a thaw pre-test to screen
the effect of the cryoprotectants on the freezing and those included trehalose, glucose,
maltose, mannose, lactose, sorbitol, glycine, PVP and gelatine.?®® It was concluded that the
sugar trehalose proved to be most effective in preventing ice crystal growth during freezing
and thawing and also in the freeze-drying process.?%®

Polyethylene glycol (PEG) has also been used as a cryoprotectant in other systems.2%8:3% |n
a study of RIF-loaded PCL-PEG-PCL it was demonstrated that PEG acted as a
cryoprotectant due to the successful lyophilization of RIF-loaded PCL-PEG-PCL micelles
with an acceptable particle size after reconstitution.>* Moreover, It was concluded that the

use of cryoprotective additives were essential in order to avoid micellar aggregation.3%



For in vitro and in vivo biological evaluation of SLNs the organic solvent needs to be
removed. In vitro evaluations can be used to assess the release profile of a drug
encapsulated in SLNs. The in vitro drug release of oral formulation of SLNs over time can be
determined using the dialysis bag diffusion technique. These experiments typically use UV-
spectrometry to measure drug release from aliquots withdrawn from the dialysis bag at
different time points.3053%:397 |n case of drugs that have weak UV-Vis chromophores as is the
cause of MVC, methods such as tritium labelling can be considered. This method using the
radioactive isotope of hydrogen, tritium to label drugs and allows the concentration of the
drug to be rapidly and accurately determined by liquid scintillation counting. In vivo studies
are used to assess the oral bioavailability and pharmacokinetic release profile by orally

administering the drug loaded SLNs in to rats.

5.2 Results and discussion

5.2.1 Freeze drying of MVC loaded SLNs using sugars as cryoprotection

Cryoprotectants such as trehalose, galactose, sucrose and mannose were tested as
cryoprotectants in this study. They were used with concentrations between 0 to 25 mg/mg to
the MVC-SLNs. The MVC-SLNs used in this study were 50 wt. % MVC which were
quantified using the 'F NMR calibration described in Chapter 4. The samples were analysed
by DLS before and after addition of cryoprotectants at given concentrations between 0 to 25
mg/mg MVC-SLNs. It was attempted to re-disperse the freeze-dried nanoparticles in water.
However, it was not possible to redisperse any freeze-dried SLN sample using vortexing and

aspiration.



5.2.2. Freeze drying of MVC loaded SLNs with PEGs as cryoprotant versus no
cryoprotectant

5.2.2.1 Initial optimisation using PEG-2k-20k cryoprotectant in freeze drying of
MVC-SLNs

As the use of sugars as cryoprotectant in the freeze-drying process of 50 wt. % were
unsuccessful we continued by testing PEG 2k, 4k, 10k, and 20k as a cryoprotectant during
freeze-drying. The concentration of PEG 2k-20k used was between 15 and 30 mg/mg
relative to MVC-SLNs. The amount of cryoprotectant was varied in order to investigate the
effect its concentration has on the reconstitution size after freeze-drying. Redispersion was
achieved using vortexing and then aspirating the sample in deionised water.

First, PEG 20k was tested in concentrations of 15 and 30 mg PEG 20k for every mg of 50
wt. % MVC SLNs freeze dried. The size distribution of the resulting SLNs were analysed
using DLS and the traces before and after freeze drying and redispersion are shown in Fig.
5.1A-B and corresponding correlograms are given in Appendix Fig. A54 and A55. The traces
before and after freeze-drying were monomodal and showed similar particle mode diameter.
This indicates that the MVC-SLN particles freeze dried with 15 and 30 mg PEG 20k per mg
MVC-SLN were still stable after freeze-drying and potentially very little aggregation of the
particles had occurred during the freeze drying step. It also indicates that the reconstitution
of the MVC-SLN particles is possible after freeze drying and re-dispersion when using 15
and 30 mg PEG 20k per mg MVC-SLNs. Overall, PEG 20k were similar in terms of both size
and morphology when compared to a freshly prepared sample. These experiments do not
directly show that the stability under freeze drying is a result of the cryoprotection by PEG
and no further experiments were carried out to make this connection as the sample stability

was primary goal of these experiments.
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Fig. 5.1. A) 30 mg/mg PEG 20 k relative to 1 mg 50 wt. % MVC SLN B) 15 mg/mg PEG 20 k relative
to 1 mg 50 wt. % MVC SLN.

The D,-values of MVC-SLNs freeze dried 50 wt. % MVC-SLNs using PEG 2k-20k as a
cryoprotection in concentrations of 15-30 mg/mg MVC-SLNs are in Fig. 5.2. For samples
where PEG 2k, 5k and 10k were added to the 50 wt. % MVC SLNs it was observed that the
size after redispersion was significantly larger than before redispersion. In addition, it is
observed that adding 15 mg PEG per mg MVC SLNs results in a larger size distribution than
when 30 mg per MVC SLNs is added. The only exception from this trend was when PEG
20k was added. In this case, the size of the redispersed SLNs were similar in size both
before and after redispersion. Furthermore, this was observed when both 15 and 30 mg of

PEG 20k was added per mg MVC SLNs.
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Fig. 5.2. D, measurements of 1 mg 50 wt. % MVC SLN freeze dried with PEG-2k-30k in
concentrations of 15 and 30 mg per mg of 50 wt.% MVC SLNs. Samples were analysed after adding
PEG 2k-20k. Samples were measured as three repeat measurements and given as an average value.

5.2.2.2 Later optimisation using PEG- 2k-4k cryoprotectant in freeze drying of
MVC-SLNs

Given the high concentrations of cryoprotectants required to prevent SLN aggregation during
the freeze drying step, a higher energy dispersion approach was tested to investigate the
use of lower cryoprotectant concentrations. Therefore ultrasonication was used to redisperse
the freeze-dried MVC-SLNs material instead of vortexing and aspiration. For this work, 80 %
wt. MVC SLNs were used and PEG 2k and 4k were added as cryoprotectants in
concentrations varying between 0 and 4 mg per mg of MVC SLNs to investigate how the
minimum amount of cryoprotectant can result in stable MVC-SLNs. We decided not to move
on with 50 wt. % as our aim was to encapsulate maximum amount of drug in SLNs. Results

obtained for 50 wt. % can be found in Appendix Fig. A56-A57.



The size distributions of MVC SLNs with 0.5, 1, 2, 4 mg added PEG 2k and 4k after freeze-
drying and redispersion are shown in Fig. 5.3. Additionally, the SLN size distribution of MVC
SLNs before freeze-drying is shown in Fig. 5.3 where it is labelled 0. It was observed that
using ultrasonication to redisperse the MVC SLN freeze dried with PEG 2k and 4k resulted
in D, size distributions which were significantly similar after reconstitution. Furthermore, it
was observed that adding more cryoprotectant also decreased the SLNs size distribution

after freeze-drying, Fig. 5.3.
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Fig. 5.3. DLS measurement of SLNs freeze dried using cryoprotectants PEG 2k and PEG 4k with
concentrations 4 mg/ mg of MVC-SLNs with 80 wt. % drug loading. Sonicated 4x15 sec. 0 mg of PEG
per mg MVC-SLNs is the blank.

Freeze-dried SLNs with 80 wt. % MVC loading cryoprotected using 0, 0.5 and 4 mg of PEG
4k were kept as a powder for 2 weeks at 25 °C. They were then redispersed and compared
with newly freeze-dried but otherwise identical SLNs, which were also redispersed. The
samples kept for 2 weeks were analysed by DLS and the results are given on Table 5.3.
They showed that after 2 weeks of storage larger particle sizes (D,) were obtained when

compared the particle sizes of the MVC-SLNs redispersed immediately after freeze drying,



Table 5.1. The trend of the D, values measured for samples kept for 2 weeks and
immediately redispersed after freeze drying are shown in Fig. 5.4. The effect of the duration
of the ultrasonication was tested. Samples were sonicated for 15 sec and for 4x15 sec to
redisperse them and then measured using DLS. The results are shown in table 5.2 for 15
sec and table 5.3 for 4x15 sec. This showed that a longer period of ultrasonication resulted
in smaller SLNs. This method for freeze-drying was considered best as it used the least

amount of cryoprotectant and was used in all further studies.

Table. 5.1. D; and PDI values of redispersed MVC loaded SLNs immediately after freeze-drying was
sonicated 4 x 15 sec sonication. S= Solid Content = Compritol ATO 888 + DBiB-p(OEGMA)10-co-
(EGDMA)os+ MVC, PEG-4k.

wt. MVC %  mpg/mg m/ mg wt. MVC % D,/ nm PDI
rel. lipid Rel. S

80 4 5 12 127 0.18

80 0.5 1.5 40 193 0.22

80 0 1 60 232 0.24

Fig. 5.2. Redispersion of MVC loaded SLNs stored for 2 weeks freeze-drying was sonicated 1 x 15
sec sonication. S= Solid Content = Compritol ATO 888 + DBiB-p(OEGMA)10-co-(EGDMA)o.e+ MVC,
PEG-4k.

wt. MVC % meeg/mg my/ mg wt. MVC % D,/ nm PDI
rel. lipid Rel. S

80 4 5 12 209 0.29

80 0.5 1.5 40 270 0.27

80 0 1 60 320 0.26

Fig. 5.3. Redispersion of MVC loaded SLNs stored for 2 weeks freeze-drying was sonicated 4 x 15
sec sonication. S= Solid Content = Compritol ATO 888 + DBiB-p(OEGMA)10-co-(EGDMA)os+ MVC,
PEG-4k.

wt. MVC % Meyegq/mg my/ mg wt. MVC % D,/ nm PDI
rel. lipid Rel. S

80 4 5 12 187 0.23

80 0.5 1.5 40 269 0.26

80 0 1 60 262 0.21
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Fig. 5.4. A) redispersion of freeze dried MVC SLNs after 2 weeks storage at 25 °C, B) redispersion
just after freeze drying of 80 wt. % MVC SLNs relative to Compritol ATO 888 using PEG 4k as a
cryoprotectant. Samples were redispersed using 4x15 sec sonication.

5.2.3 Role of MVC, Compritol ATO 888 and DBiB-p(OEGMA)+,-co-(EGDMA)6 in MVC-
SLNs

MVC-SLNs stabilised with DBiB-p(OEGMA)+-co-(EGDMA)os were synthesised in Chapter 4
using solvent injection. However, the roles which MVC, Compritol ATO 888 and DBIiB-
p(OEGMA)+o-co-(EGDMA)o 6 play during solvent injection and freeze drying has not yet been
understood throughout this thesis. Therefore, focus has been directed towards investigating
the role of MVC, Compritol ATO 888 and DBiB-p(OEGMA)1-co-(EGDMA)ees in SLN particle
formation using the 80 wt. % MVC loaded SLNs previously described.

In the first experiment MVC was investigated. A sample of MVC was heated to 80 °C in IPA
and rapidly injected into stirred water at 25 °C (Fig. 5.5). Thereafter, 1 mL of sample was
analysed by DLS. The sample was subsequently freeze dried and redispersed in water

followed by 4x15 sec sonication. The DLS results of D,, PDI and ZP measured for samples



before and after freeze drying were not reliable due to the sample dissolving. This indicated

that this approach did not form any MVC nanoparticles as expected.

MVCin IPA
at 80 °C

Water at 25 °C

Fig. 5.5. MVC in IPA at 80 °C was injected into deionised water 25 °C.

In another experiment Compritol ATO 888 was heated to 80 °C in IPA and rapidly injected
into stirred water (Fig 5.6). The sample was analysed by DLS straight after the solvent
injection and after redispersing the freeze-dried material using sonication. The DLS results of
the SLN dispersion before and after freeze-drying are shown in Fig. 5.6. D,, PDI and ZP of
the SLN dispersion before freeze drying showed formation of SLNs with a small particle
diameter of D, of 43.5 nm (PDI 0.18) and a ZP of -23.3 mV. This indicated that this approach

result in the formation of stable SLN particles.



Compritol ATO 888
in IPA at 80 °C

Water at 25 °C
D,/nm PDI ZP (mV)
After solvent 43.5 0.176 -23.3
injection
After freeze
drying

Fig. 5.6. Compritol ATO 888 in IPA at 80 °C was injected into deionised water 25 °C. (-) = no results.
However, the DLS results for the freeze-dried and redispersed material did not give any

reliable results due to sedimentation of the particles in the sample. This suggests that
Compritol ATO 888 may crystallise during freeze-drying.

In a third experiment, DBiB-p(OEGMA)1o-(EGDMA)o 6 dissolved in stirred water was injected
with MVC dissolved in hot IPA. The sample was analysed by DLS after the solvent injection
as well as after redispersing the freeze-dried material using sonication. The results are
shown in Fig. 5.7. The DLS results for the SLN dispersion before and after freeze-drying and
redispersion did not give any reliable results. Overall, this suggests that MVC does not form

any particles in presence of DBiB-p(OEGMA)1-co-(EGDMA)g.

MVCin IPA at 80 °C

Water

DBiB-p(OEGMA),,-co-(EGDMA), .
in water at 25 °C

Fig. 5.7. MVC in IPA at 80 °C was injected into deionised water containing dissolved DBiB-
p(OEGMA)10-co-(EGDMA)o6 25 °C.



In another study Compritol was dissolved in IPA at 80 °C was injected into a stirred mixture
of water and DBiB-p(OEGMA)o-co-(EGDMA)os. The size distributions obtained for the
samples before and after DLS measurements are given in Fig. 5.8. The results showed that
stable particles were formed with a D, value of 43.4 nm (PDI of 0.21). After freeze drying
stable SLN particles were formed with size distributions of 353 nm (PDI 0.37). Overall this
indicated that the size of SLNs made of Compritol ATO 888 stabilised with DBiB-
p(OEGMA)1o-co-(EGDMA)os increase in particle diameter after freeze drying. It could be

suggested that Compritol ATO 888 crystallise during freeze-drying process.

Compritol ATO 888 in
IPA at 80 °C

DBIiB-p(OEGMA),,-co-(EGDMA),
in water at 25 °C

D,/nm PDI ZP (mV)
After solvent 43.4 0.208
injection
After freeze 353.5 0.369
drying

Fig. 5.8 Compritol ATO 888 in IPA at 80 °C was injected into deionised water containing dissolved
DBiB-p(OEGMA)10-co-(EGDMA)os 25 °C. (-) = no results

Finally, in the last study we investigated the impact of MVC and Compritol ATO 888 in the
formation of MVC SLNs in solvent injection experiment. In this experiment MVC and
Compritol ATO 888 heated to 80 °C was rapidly injected into a stirred solution of water at 25
°C. The size distribution of the SLNs in the dispersion was analysed before and after freeze-

drying and re-dispersion and shown in Fig. 5.9.



MVC and Compritol ATO
888 in IPA at 80 °C

Water at 25 °C

D,/nm PDI ZP (mV)
After solvent 38.0 0.221
injection
After freeze 328.8 0.323 5.29
drying

Fig. 5.9 MVC and Compritol ATO 888 in IPA at 80 °C was injected into deionised water containing
dissolved DBiB-p(OEGMA)1o-co-(EGDMA)os at 25 °C. (-) = no results.

The size distributions of SLNs made of MVC and Compritol ATO 888 before freeze drying
showed a D, of 38 nm (PDI of 0.22). This indicated that MVC and Compritol ATO 888 can
form a stable particle in a dispersion of water in presence of IPA. The D, of the MVC-
Compritol ATO 888 particles after freeze-drying and redispersion was 328.8 nm (PDI of
0.32). This suggests that the SLN particles made of Compritol ATO 888 and MVC remain
stable after freeze drying. Another parameter measured for the MVC-Compritol ATO 888
particle was the ZP value which was determined to be 5.29 mV. This value indicate that
MVC and Compritol ATO 888 may form a short-term stable particles as the ZP is low.3%
Overall it can be concluded that the size of the resulting SLN particles formed by Compritol
ATO 888 and DBIiB-p(OEGMA)1o-co-(EGDMA)os, Compritol and MVC or Compritol, MVC
and DBiB-p(OEGMA)-co-(EGDMA)os get larger after freeze drying and redispersion. The
understanding of how a drug and a lipid stabilise each other is not discussed in literature.
However, from the above results it is hypothesised that they may co-crystallise after solvent
injection is performed. The role of each components in the formed nanoparticles showed that
Compritol ATO 888 injected into water does not form any nanoparticle. However, the
presence of DBiB-p(OEGMA)-co-(EGDMA)s or MVC does result in particle formation.

These results suggest that Compritol ATO 888 presence in the solvent injection is crucial in



order to form particles. Analysis of MVC injected into water or water and DBiB-p(OEGMA)1o-
co-(EGDMA)o 6 does not form nanoparticles. This suggest that MVC does not play any role in

nanoparticle formation.

5.2.4 Stability studies of freeze dried MVC-SLNs with 80 wt. % MVC loading

So far the 80 wt. % MVC-SLN has been formulated with a total solid content of 1.2 mg/mL
water. However, in order to deliver a sufficient to dose of MVC in formulated MVC-SLNs via
oral administration to rats this concentration needs to be increased.

Pharmacokinetics and distribution in rats after oral delivery of MVC has been studied in
literature.3%31° Based on this work the formulation aimed to obtain an orally administrate 10
mg/ kg MVC dose per rat. This dose was considered to be feasible to ensure that the *H
MVC in plasma and tissue can be detected.®®3'° To achieve this concentration 80 wt. %
MVC relative to Compritol ATO 888 was encapsulated in SLN using solvent injection and 1
mL samples were distributed in 4 mL vials, frozen and then freeze dried over 1 day. The
individual vials were sonicated and combined until a concentration of 3.4 mg/mL MVC in
deionised water was obtained. A photograph of the resulting dispersions with 0.6, 1.2, 2.4
and 3.4 mg/mL are given in Fig. 5.10 A. The photograph shows that the sample looks more
turbid as the concentration of MVC-SLNs in water increases. The size distribution of the final
sample was measured by DLS over 2 days to ensure that the resulting MVC-SLN dispersion
containing 3.4 mg/mL MVC remain stable over 2 days, Fig. 5.10 and corresponding

correlogram is given in Appendix Fig. A58.
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Fig. 5.10. A) Photograph of MVC-SLN with 80 wt. % MVC relative to lipids 1 = 0.6 mg MVC/ per mL
water, 2 = 1.2 mg MVC/mL water, 3 = 2.4 mg MVC / mL water and 4 = 3.4 mg MVC/ mL water. 7.2
mg 80 wt. % MVC-SLNs/mL of water. The samples look more turbid as the concentration of MVC-
SLN in water increases. B) DLS size distribution traces of 4 = 3.4 mg MVC/ mL water on day 0-2.

The size distributions indicate that the resulting concentrated MVC-SLN formulation remains
stable over 2 days. Moreover the particle diameter D, of the MVC-SLNs in the concentrated
solution were analysed and the results are given on Table 5.11. The results showed that the
MVC-SLN particles sizes have the same diameter in the resulting concentrated solution over
a period of 2 days. Therefore, it was concluded that the 80 wt. % MVC-SLN concentration of

3.4 mg/mL was successfully achieved by combining the freeze-dried samples by sonicating

and redispersing them.
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Fig. 5.11. MVC-SLNs containing 80 wt. % MVC relative to Compritol ATO 888. Composition of 3.4 mg
MVC/mL deionised water day 0-2. Samples were analysed after redispersion.
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A morphological investigation of the freeze dried and concentrated MVC SLNs was
performed using SEM. SEM allows visualisation of the particles after freeze drying providing
information on the particle size and shape. SEM micrographs of the 80 wt. % MVC sample
after being redisperse were acquired at two magnifications as shown in Fig. 5.12a and b.
The MVC-SLN formulation had an irregular shape and surface. It was observed that MVC-
SLN also tends to aggregate near each other. This could be due to the processing of SEM

samples or due to the sonication.

S4800 3.0kV 8.1mm x50.0k SE(M)

Fig. 5.12. SEM images of tissue dried MVC-SLN dispersion samples containing 80 wt. % MVC
relative to Compritol ATO 888 at two magnifications A) x 50k and (B) x 100k.



5.2.5. Synthesis of Radiolabelled MVC loaded SLNs and biological evaluation

5.2.5.1 Synthesis and characterisation of radiolabelled MVC loaded SLNs

It was shown in Chapter 4 that MVC resulted in a weak signal using UV-vis spectroscopy
when recorded with concentrations of 1.8-18 mg of MVC dissolved in chloroform. Therefore
other methods were used to assess MVC in vitro and in vivo. Specifically, MVC labelled with
tritium (*H) isotopes were used.?!" Tritium is: an isotope of hydrogen, which has two extra
neutrons, a beta emitter that produces a maximum energy of 0.0186 MeV and it can be
detected via liquid scintillation counting.®'" The sample was measured using a liquid
scintillation counter (LSC) that works by converting the beta decay energy (from the
radiolabelled *H-MVC) into photons of light. Scintillation cocktails help with the transfer of
this energy. Photomultiplier tubes within the LSC then detect the light and convert this into

an electrical signal, Fig. 5.13.
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Fig. 5.13. Principle of scintillation counting. Modified from link.312

As LSC makes a measurement of radioactive decay there is no need for a calibration curve.
However, anything which interrupts/ reduces the efficiency of the energy transfer/ absorbs
the photons of light quenches the sample. There are two main types of quenching, chemical

and colour. Chemical quenching interrupts the radioactive decay converting to photons of



light whereas colour quenching interrupts the photons of light being converted to electrical
signals. We perform a quench curve with 10 standards of known radioactivity and various
amounts of quenching allowing determining counting efficiency of the LSC to be
determined. Quenching of samples is automatically corrected for by the LSC depending on
counting efficiency when measuring radioactivity.

MVC-SLNs with 80 wt. % relative to Compritol ATO 888 were synthesised using, MVC and
3H MVC and DBiB-p(OEGMA)o-co-(EGDMA)o6. Tritiated MVC was generated by RCTritec
using a sample of MVC provided and the certificate analysis has been included in the
Appendix Fig. A59. Tritiated MVC (288 uCi, specific activity 20 uCi/mg), MVC (14.4 mg,
28.03 pymol) and compritol (3.6 mg, 8.68 umol) were added to a 20 mL vial equipped with a
stirrer bar and solubilised in IPA (4 mL) at 80 °C. DBiB-p(OEGMA)1o-co-(EGDMA)os (6 mg)
solubilised in H,O (20 mL) was added to a 100 mL round-bottomed flask equipped with a
magnetic stirrer and stirred at ambient temperature. The rapid addition of the MVC mixture to
the polymer solution was conducted via a cannula. The mixture was stirred for a further 5
minutes and the solution was freeze-dried over 4 days and re-dispersed in H,O (4 mL) via
vortex mixing and sonication. The formulation and studies of MVC + 3H-MVC encapsulated
SLNs were done by Dr Helen Cauldbeck, Dr Pierre Chambon and Dr Alison Savage from the
Rannard group at the Department of Chemistry, University of Liverpool. The samples were
analysed before and after freeze drying by DLS. The D, and PDI are given in Table 5.4.
Overall the obtained D, and PDI values of *H labelled 80 wt. % MVC SLNs are comparable
to those obtained for non-labelled MVC-SLNs after freeze-drying. This indicated that the size
distribution after freeze-drying remains the same. The non-labelled MVC-SLNs were shown
to be approximately 2-fold smaller than that of *H-labelled MVC SLNs. However, this can be
due to a different processing method used to synthesise °H-labelled MVC i.e. canula
injection rather than solvent injection. This method was used for safety reasons to avoid

handling a needle with *H-labelled MVC.



Table 5.4. D; and PDI distributions measured for 80 wt. % MVC-SLNs and 3H labelled MVC- SLNs. D,
and PDI before and after freeze-drying. Standard deviations are given in ().

80 wt. % SLNs D, before freeze  PDI before freeze D, after freeze  PDI after freeze

containing drying (nm) drying drying (nm) drying (nm)
MVC 45 (0.6) 0.33(0.01) 258 (8.1) 0.37(0.04)

3H-labelled 92 (0.7) 0.25(0.01) 263(3.6) 0.29(0.01)
MVC

For dialysis 1 mL of this formulation was taken and added to a dialyser with 1000 MWCO
membrane and placed in a reservoir of 100 mL deionised water. At the time points of
0.5,1,2,3,4,5,6,7,8 -350 hrs 1mL sample of the 100mL reservoir was taken and LSC cocktail
added. The sample was measured by LSC. The LSC gives a reading of disintegrations per
minute which is converted to pCi by dividing by a constant of 2.22 x 10°, to determine
radioactivity in the 100 mL reservoir this amount is multiplied by 100 (see Equation 5.1). The
amount of MVC in mass (mg) in the reservoir is calculated by dividing the radioactivity by
the specific activity (mentioned earlier, this is the amount of tritiated MVC added to the mass

of unlabelled in this case 20 uCi/mg) (see Equation 5.1).

DPM

Radioactivity in Reservoir (uCi) = @22106) X

100 (5.1)

Conversion of dispersions per minute (DPM) is given by LSC to amount of radioactivity (uCi)

in 100 mL dialysis reservoir. Calculation of mass of MVC in 100 mL from amount of

radioactivity is given by Equation 5.2:

Radioactivity in 100 mL reservoir

Myyc(mg) = Specific activity (5.2)

5.2.5.2 In vitro release studies of radiolabelled MVC loaded SLNs

MVC-SLNs with 80 wt. % relative to Compritol ATO 888 (containing 14.4 mg of MVC) were

formulated as in section 5.2.5.1 and Chapter 7, section 7.4.3. Unformulated MVC (14.4 mg,



28.03 umol) was used as a control; DMSO was used as the carrier solvent for the
unformulated MVC as MVC is soluble within this solvent and it is a common carrier solvent
within pharmacological experiments.30°313

The drug release of the synthesised *H-labelled MVC-SLN with 80 wt. % loading and former
mentioned lipid polymer ratio 3:1 Compritol ATO 888 to DBiB-p(OEGMA)+-co-(EGDMA)o 6
were investigated in a dialysis release study. The cumulative release of MVC is given in
mass (Mg) and as a percentage is plotted against time in hours for MVC-SLN and MVC in
DMSO at ambient temperature was calculated using equation 5.1 and 5.2, Fig. 5.14 and Fig.
5.15. The in vitro release studies at ambient temperature suggested that MVC encapsulated
in the MVC-SLN formulation released 0.50 % drug after 8 hours in comparison to

conventional MVC formulation, which released 0.78 % drug after 8 hours.
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Fig. 5.14. In vitro cumulative release profile of MVC-SLN formulation and unformulated MVC at
ambient temperature. Samples were taken over 8 hrs. 3.5 mg (3514 ug) of MVC-SLN and MVC
formulation were tested. Table was provided by Dr Helen Cauldbeck.

Since the MVC-SLNs showed a first-order kinetic release profile over several days the

release studies were continued over 311 hrs were 95 % MVC was released, Fig. 5.15. This



suggests that the use of Compritol ATO 888 and DBiB-p(OEGMA)1o-co-(EGDMA)os slow

down the release of MVC.
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Fig. 5.15 In vitro cumulative release profile of MVC-SLN formulation and unformulated MVC at
ambient temperature samples were taken over 311 hrs. 3.5 mg (3514 pg) MVC in MVC-SLN
formulation were tested. Figure was provided by Dr Helen Cauldbeck.

Another in vitro release profile was conducted at 80 °C which is above the melting point of
Compritol ATO 888. The aim with this study was to investigate how the release behaviour
would change when the Compritol ATO 888 was liquid. Again, the cumulative release in
mass (ug) and percentage were plotted against time in hours for MVC-SLN and MVC in
DMSO at 80 °C and the graph is given in Fig. 5.16. This study showed that MVC-SLN
formulation released 36 % drug after 3 hours while unformulated MVC released 3 % drug.
This observation led us to conclude that the drug release profile of MVC in both non-
formulated and formulated form is temperature dependent.

Overall the in vitro stability studies showed the slow release and stability of 80 wt.% MVC

encapsulated in SLNs relative to Compritol ATO 888.



C 50
L ® MVC SLN Cumulative ug
1000 . 45
i MVC Cumulative ug
- . ™ MVC SLN Cumulative % 40
% 800 | 3
2 - X MVC Cumulative % ¢ 135 %
- - [72)
s N i 130 3
T 600 [ ; &
)] - B 25 Q
> L * . >
. ] i
=] L 3
© ] 20 ©
S 400 B L ] g
£ . . 1 15 3
i ] O
) i - .
200 | 110
i {5
- -
0 1 1 1 1 * 1 1 1 1 * 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 0
0 0.5 1 1.5 2 2.5 3

Time (hours)

Fig. 5.16. In vitro cumulative release profile of MVC-SLN formulation and unformulated MVC at 80 ° C
samples were taken over 3 hrs. 3.5 mg (3514 ug) of MVC was tested in each formulation. Figure was
provided by Dr Helen Cauldbeck.

5.2.6. In vivo evaluation of *H-labelled MVC loaded SLNs

In vivo tests were done in collaboration with the department of Pharmacology by Dr Lee
Tatham. The evaluation of the in vivo effectiveness of freeze-dried 80 wt. % MVC-SLN was
done by performing in vivo pharmacokinetic study using male Wistar (280-330 g) adult rats
(2.8-3.3 mg of MVC/ rat). During the study the rats were dosed with either a conventional
formulation of MVC in DMSO or a MVC SLN preparation using 10 mg/kg MVC that contains
20 uCi/mg 3H activity in deionised water via oral gavage. Formulation of MVC in DMSO was
used as it is commonly used in pharmacokinetic studies of MVC in literature.***3'* Food and
water were provided throughout the study. /n vivo plasma concentrations profile of MVC and
80 wt. % MVC-SLN in rats are given in Fig. 5.17. The in vivo plasma concentrations showed
an increase of unformulated MVC 70 min after oral administration and the plasma
concentration dropped after 240 min. The SLN formulated MVC showed a sustainable

release over 240 min.
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Fig. 5.17. In-vivo plasma concentrations profile of MVC and MVC-SLN in Wistar rats (n= 4, + SD).
Data was provided by Dr Lee Tatham.

The corresponding pharmacokinetics (PK) parameter for in vivo plasma concentrations of

unformulated MVC versus MVC-SLN formulation are given on Table 5.5.

Table 5.5. In vivo oral study PK parameters obtained by oral administration of MVC-SLN or
unformulated MVC in Wistar rats. Data was provided by Dr Lee Tatham.

PK parameters Unformulated SLN Fold-difference Paired t-test
(n=4, £SD) MVC (two-tailed)
Crax (Ng/ML) 26.52 24.47 0.92 P=0.217 (n/s)
C.in (ng/mL) 8.16 15.42 1.89 P=0.204 (n/s)
T oo () 1.5 4.0 - -
AUC (ng.h/mL) 58.71 67.97 1.16 P=0.547 (n/s)
C.ax/ Conin Fatio 3.25 1.87 0.57 P=0.089 (n/s)

Compared to the unformulated MVC, a significant increase in the AUC and Tmax was
observed for MVC-SLN formulations on Table 5.5 for the MVC-SLN. It was shown that when
MVC was incorporated in SLNs the Cnax reached 24 ng/mL after Tmax= 4 hrs. This indicated

that MVC-SLNs have resulted in the drug remaining in the plasma for longer time periods



compared to the MVC alone. Moreover, the 1.16 fold increase of AUC with the
administration of MVC-SLN indicated that the oral bioavailability has improved in comparison
to oral administration of unformulated MVC. The minimum concentration of oral
administered, Cmin, MVC-SLN formulation increased 1.89 fold, which indicated that the MVC
plasma concentration did not drop as quickly as it was seen for Cmin concentration of
unformulated MVC. Overall, the measured PK parameters showed that the MVC-SLN
formulation resulted in sustainable release and improved bioavailability.

In vivo tissue analysis was performed on the same rats used for the preliminary in vivo
plasma release studies. The study was used to demonstrate the presence of MVC from oral
administered MVC-SLN formulations and unformulated MVC in rats. The results are given in

Table 5.6. and Fig. 5.18.
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Fig. 5.18. Following solubilisation of ~100 mg of each tissue, radioactivity was determined for each
using scintillation counting. MVC concentration as ng per g of dissected tissue. Organs were from
MVC-SLN and unformulated treated Wistar rats. Data was provided by Dr Lee Tatham.

As seen in Table 5.6 the concentration of MVC from orally administered MVC-SLN

formulations increases significantly with a fold difference of 2.61 in the intestine and 1.83 in



the liver when compared to the amount of MVC in those organs when the rats were
administered with unformulated MVC. Moreover, concentration of MVC from orally
administered MVC-SLNs increase 1.05 fold in the heart and 1.16 fold in the lung. The
concentration of MVC in organs from rats administered with MVC-SLNs decreased in the

brain, kidney, spleen and testis.

Table 5.6. In vivo oral study tissue analysis of MVC from orally administered MVC SLNs and
unformulated MVC.

Tissue (n=12) Unformulated MVC-SLN Fold-difference Paired t-test

MVC (ng/g) (ng/g) (two-tailed)

Heart 81.33 85.64 1.05 P=0.749 (n/s)
Brain 63.10 37.91 0.60 P=0.033

Lung 128.60 148.65 1.16 P=0.166 (n/s)
Intestine 2433.69 6352.79 2.61 P=0.006

Kidney 130.47 121.63 0.93 P=0.166 (n/s)

Spleen 167.36 159.34 0.95 P=0.249 (n/s)
Liver 167.84 307.37 1.83 P=0.0004
Testis 107.84 36.34 0.34 P=0.026

5.3. Conclusion

In this chapter, 80 wt. % MVC-SLNs were lyophilised in presence of cryoprotectants. It was
found that sugars were not effective cryoprotectants in order to freeze-dry 80 wt. % MVC
SLNs. However, it was found that PEG 2k-20k could be used as a cryoprotectant and that it
resulted in a reconstituted MVC-SLN size after redispersion using vortexing and aspiration.
However, the use of high concentrations of PEG 20k resulted in a significant reduce of drug
loading in the particles. Therefore, other redispersion by ultrasonication was investigated. It
was found that PEG 2k and 4k at concentrations 0.5-4 mg/mg MVC SLNs could act as
cryoprotectants if the samples were redispersed using an ultrasonicator. When SLN particle

diameters of the samples were analysed using DLS the samples showed as more



cryoprotectant was used a smaller difference in SLN particle diameter obtained when
comparing it before and after freeze drying.

For samples used in in vivo and in vitro studies no cryoprotectant during freeze-drying of 80
wt. % MVC-SLNs was used due to the necessity of a high drug concentration during in vitro
and in vivo studies. This caused the particle size of 80 wt. % MVC-SLNs to increase from 44
to 258 nm after freeze-drying. However, a highly concentrated dispersion containing 3.4 mg
80 wt. % MVC-SLNs that remained stable over 2 days. A corresponding *H-labelled MVC-
SLN formulation was synthesised and the SLN particle diameters obtained were comparable
to those that were unlabelled. The resulting formulation was tested in vitro and it was
concluded that the release of *H-labelled MVC-SLN formulation released the drug with 50 %
over a period of 8 hours when compared to the conventional *H-labelled MVC formulation
which released the drug 78 % over the same amount of time. Therefore, we concluded that
the incorporation of MVC into SLNs stabilised with DBiB-p(OEGMA)1o-co-(EGDMA)o6
resulted in sustainable release over time.

In vivo studies were carried out by administering *H-labelled MVC-SLN formulations orally
into healthy rats. The plasma concentrations measured over 240 min showed that MVC
obtained a maximum concentration after 4 hours which was significantly lower than the
plasma concentrations obtained for commercial *H-labelled MVC. Moreover, the increase in
AUC indicated that the bioavailability improved when MVC was incorporated into SLNs.
Finally, the tissue analysis showed significantly higher concentrations of *H-labelled MVC in
the intestine and liver when MVC was orally administered using *H-labelled MVC-SLNs

compared to conventional *H-labellend MVC.



Chapter 6. Overall conclusions and future work



6.1 Overall conclusions

The research of this thesis investigated the application of branched copolymers in stabilising
SLN systems that encapsulate MVC and biological evaluation.

In Chapter 2 a library of p(OEGMA) based homo and copolymers were synthesised and the
stabilising properties were tested using a model oil study with n-dodecane as model oil. The
stabilising properties of the OEGMA polymers which were varied were the chain length, the
degree of branching, the number of chain ends and the concentration were tested. It was
demonstrated that the number of chain ends was an extremely important factor in predicting
whether a polymer was able to stabilise a n-dodecane emulsion. The polymer which was the
best stabiliser of the n-dodecane emulsion was determined to be DBiB-p(OEGMA)o-co-
(EGDMA)os. The CMC concentration of DBiB-p(OEGMA)+-co-(EGDMA)os was measured
and compared to its correspondent linear counterpart DBiB-p(OEGMA)+o. This result showed
that branching of a primary chain does have an impact on the CMC concentrations. Finally,
measurements of the cloud point of the OEGMA polymer showed that it is insoluble in water
at the temperature 52 °C but that it could be solubilised by adding organic water miscible
solvents such as IPA to the aqueous phase.

In Chapter 3 DBiB-p(OEGMA)io-co-(EGDMA);s was tested using a range of SLN
preparation methods with the aim of synthesising drug-free SLNs, these methods were
homogenisation, sonication and solvent injection. Homogenisation and sonication resulted
in turbid solutions and the experiments were unsuccessful. Solvent injection led us to
synthesis stable drug-free SLNs. This method was optimised and the optimal composition
was DBiB-p(OEGMA)1o-co-(EGDMA)o6 to Compritol ATO 888 1:3 w/w %. The water miscible
solvent used to synthesis IPA was used to dissolve the surfactant was removed using
dialysis.

In Chapter 4 MVC loaded SLNs were produced using the solvent injection. It was possible to
add up to 70 wt % MVC in relation to total solid lipid while maintaining SLN stability. The

amount of drug loading was confirmed using a novel approach involving '°F NMR. However,



after IPA removal by dialysis it was found there was a significant loss of MVC from the SLNs
which we could not ascertain what happened to.

In Chapter 5 it was shown that IPA used in the processing of the MVC-SLNs could be
removed using freeze-drying. It was found that the resulting MVC-SLNs could be
redispersed with the significantly same properties after freeze drying as they possessed
before including size if a cryoprotectant was used. PEG 20k was found to be optimal at both
15 and 30 mg per mg MVC SLN if vortexing and aspiration was used to redisperse the MVC-
SLNs. However, if ultrasonication was used to redisperse as little as 0.5 mg PEG 2k or 4k
could be used per mg MVC SLN as cryoprotectant. It was also possible to redisperse MVC-
SLNs with 80 wt. % MVC relative to Compritol ATO 888 using ultrasonication. The optimised
procedure of 80 wt. % MVC relative to Compritol ATO 888 was used to synthesis 80 wt. %
MVC-SLNs with tritium labelled MVC to allow rapid and accurate quantification of MVC
concentrations for in vitro and in vivo evaluations. In vitro studies showed that 80 wt. %
MVC-SLNs have a first order rate of drug release over a period of 8 hours with a slower
release rate than that measured for unformulated MVC. In addition, in vivo studies of oral
administration of MVC-SLNs and unformulated MVC in rats showed that MVC-SLN
formulation reached maximum plasma concentration 4 fold slower than unformulated MVC.
Moreover, the AUC measured for MVC-SLNs increased in comparison to that measured for
unformulated SLNs. This demonstrated that MVC-SLNs resulted in slower release in vivo
compared to unformulated MVC. The MVC tissue distribution studies demonstrated that the
concentration of MVC increased in the liver and intestine when the formulation was
administered as MVC-SLN formulation.

Overall this work has shown the successful synthesis of stable MVC loaded SLNs with a
drug loading of up to 80 wt. % relative to Compritol ATO 888 using solvent injection
procedure. This is to our knowledge a very high drug loading by a significant margin, which
has been achieved for SLNs. Furthermore, there are early indications that this procedure

might be more generally usable on other hydrophobic drugs such as the anti-HIV drug DRV.



In order to synthesise these SLNs numerous obstacles were overcome in novel and
unexpected ways. Among these is the use of the solvent injection procedure to create both
empty and MVC loaded SLNs. The use of highly branched polymers to stabilise the drug
free and MVC loaded SLNs has been demonstrated. The use of PEG polymers as
cryoprotectants during freeze drying which result in easily redispersed SLNs with similar
properties before and after freeze drying. Furthermore, we have used novel '°F NMR

techniques in order to characterise the SLNs and quantify their MVC content.

6.2 Future work

6.2.1 Synthesis of DRV loaded SLNs using solvent injection

The optimised solvent injection procedure was tried on other drugs such as darunavir (DRV).
This was done by using a procedure significantly similar to that used to encapsulate MVC
into SLNs another anti-HIV drug DRV appears to have been encapsulated into SLNs. When
these SLNs were measured using DLS they have similar properties including size

distribution to those of MVC loaded SLNs (table 6.1).

Table 6.1. D; and PDI distribution of 80 wt. % DRV-SLNs and 80 wt. % MVC-SLNs.

80 wt. % SLNs D, before freeze  PDI before freeze D, after freeze  PDI after freeze

containing drying (nm) drying drying (nm) drying (nm)
MVC 45 (0.6) 0.33(0.01) 258 (8.1) 0.37 (0.04)
DRV 62 (0.4) 0.44 (0.07) 287 (0.04) 0.38 (0.03)

However, further characterisation has not yet been undertaken and it is not known how
much DRV has in fact been encapsulated. It is expected that UV-VIS characterisation would
be informative with this respect as DRV absorbs much more strongly in this range when

compared to MVC.



6.2.2 Synthesis and characterisation of gemini surfactants for use as stabilisers in
MVC-SLNs

It was shown in Chapter 3 that polymers with a high degree of branching are highly effective
at stabilising SLNs when compared to less branched or linear polymers. This could be
extended by using initiators such as glyceryl dibehenate (GDB-BiB) to synthesise Gemini

surfactants instead of DBIiB as initiator, Fig. 6.1.
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Fig. 6.1. Surface stabilising of an oil droplet using a) gemini chain end functional branched polymers
versus b) single chained end functional branched copolymers.

Traditional amphiphilic polymers have only one foot per chain end which can be anchored
into a hydrophobic oil droplet or nanoparticle surface, Fig. 6.1b. By contrast Gemini
surfactants have two foot per chain end which can be anchored into hydrophobic oil droplet
or nanoparticle surface, Fig. 6.1a. When gemini surfactants are used to initiate
polymerisation the number of chain ends will double when compared to a linear initiator such
as DBiB. This would immediately double the quantity of the branched ends of the polymer
which would be able to embed themselves into the SLNs in order to stabilise the particles.
The surfactant GDB-BiB-p(OEGMA) has been synthesised and used to encapsulate up to 80
wt. % MVC using Compritol ATO 888. Its size was measure as D, = 94 nm using DLS (Table

6.2).



Table 6.2. D; and PDI distribution before and after freeze drying of 80 wt. % MVC-SLNs stabilised
with DBiB-p(OEGMA)10-co-(EGDMA)os and 80 wt. % MVC-SLNs stabilised with GDB-BIiB.

Polymer used D,before freeze  PDI before freeze D, after freeze  PDI after freeze
For MVC-SLNs drying (nm) drying drying (nm) drying (nm)
DBiB-p(OEGMA), - 45 (0.6) 0.33(0.01) 258(8.1) 0.37 (0.04)
(EGDMA),
GDB-BiB-p(OEGMA), - 31(1.4) 0.20(0.01) 94 (0.04) 0.24 (0.00)
(EGDMA) ¢

Furthermore, these particles retained their properties after freeze-drying and redispersion
even without cryoprotectant. To the best of our knowledge this is the first example of gemini
surfactants being used to stabilise SLNs before and the production of SLNs which are stable
during freeze drying without any cryoprotectant. Furthermore, such initiators could be used
to study the effect on stability when using initiators with different chain length. Therefore,

these preliminary studies should be continued.

6.2.3 Characterisation of size and structure of SLNs using 'H NMR

It is possible to measure the diffusion rate using an experiment called diffusion ordered
spectroscopy (DOSY) NMR for 'H (as well as '°F for MVC). Once the diffusion rate has been
measured it can be converted into a particle size using the Stokes-Einstein equation 35
Such measurements have been used to calculate the size and concentration of low density
lipoprotein (LDL) and high density lipoprotein (HDL) in blood serum 376,

It may also be possible to measure the size as well as probe the structure of SLNs using 'H
NMR chemical shift of lipids used to encapsulate drugs like MVC. In addition to DOSY
another '"H NMR technique is also already used to measure the size of LDL and HDL in
blood serum 3'7. This technique relies on the particle having a highly ordered layer which
separates the surrounding solution from the interior which causes a shift in the 'H frequency
of the lipid resonances 3'8. The magnitude of this shift in frequency depends on the size of

the particle 318,



Applying this technique would require the synthesis of SLNs of different sizes but using the
same lipids to encapsulate a drug. Then '"H NMR could be used to determine whether a
frequency shift is observed. If successful, this method could become another way of
measuring SLN size. However, the frequency shift would need to reference to a separate
measure of size for each type of lipid. Both DOSY and DLS measurements could be used in
this regard. Most importantly, this experiment would give information about the structure of
the SLNs. Specifically, whether an ordered lipid layer is formed between the surrounding

solution and the encapsulated drug.

6.2.4 Future work summary

Looking forward, several ways which this work can be developed into the future have been
identified. Notably, there are early indications that other hydrophobic drugs might be
encapsulated using this technique the preliminary studies using DRV suggests. Additionally,
the use of gemini surfactants as candidates may further increase the stability of SLNs which
might eventually result a reduction in the amount of surfactant needed and/or in higher drug
loadings in the future work. Finally, a novel approach to characterising both the internal order
as well as the particle size using '"H NMR has been suggested, this method is inspired by the
similarity of SLNs to natural nanoparticles which the body produces using lipoproteins.

If | had several more years | would repeat the experiment details in this thesis using a
Gemini surfactant library to investigate if they are better suited stabilisers for the SLNs.
Moreover, | would investigate how number of feet and length of foot in the chain ends will be

optimal for stabilising SLNs.



Chapter 7 Experimental section



7.1 Materials and methods — Chapter 2

7.1.1 Materials

Poly (ethylene glycol) methyl ether methacrylate (OEGMA, M, = 300 g mol), ethylene
glycol dimethacrylate (EGDMA, M,, = 198.2 g mol"), poly (ethylene glycol) dimethacrylate
(PEGDMA, M, = 875 g mol"), 2,2’-bipyridine (bpy, 99%), copper () chloride (Cu(l) Cl, 99%),
a-bromo-isobutyryl bromide (98%), dodecanol, anhydrous dichloromethane (DCM, 99%) and
triethylethane (TEA), DOWEX marathon ion-exchange resin (hydrogen form) and aluminium
oxide (AlOs, activated, basic, Brockmann |), mesitylene and NMR solvents CDCl; (99.8 atom
% D) MeOD-ds (99.8 atom % D) and n-dodecane (= 99.9 %) were purchased from Sigma
Aldrich and used as received. The solvents Methanol (MeOH, anhydrous 99.99 %),
petroleum ether (analytical grade, bp. 40-60°C), N, N- dimethylformamide (DMF, HPLC-
grade), propan-2-ol were purchased from Fischer Scientific and used as received. 2-
dodecyl-2-bromoisobutyrate initiator was synthesized by a procedure mentioned in the

experimental section and characterized by 'H and '*C NMR as well as ESI-MS before use.

Linear and branched polymers were synthesised and characterised by a procedure

described in the experimental section.

7.1.2 Synthesis of DBiB-p(OEGMA) based copolymers

7.1.2.1 Synthesis of 2-dodecyl-2-bromoisobutyrate initiator

HsC CHj

HsC (@)
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Dodecanol (12.5g, 67.1 mmol) was dissolved in DCM (186.5 mL) and TEA (10 g, 14.2 mL,
100.6 mmol) in a triple neck round bottom flask, which was equipped with a magnetic stirrer

and dry N2 inlet. The mixture was cooled to 0°C in an ice bath and 2-bromo-2-isobutyrate



(18.5 g, 80.5 mmol, 9.94 mL) was added drop wise to the stirring mixture. After complete
addition, the reaction was left to heat up to ambient temperature for 24 h. The mixture was
washed with NaHCO3; (2 x 200 mL), distilled water (4 x 200 mL) and dried over anhydrous
MgSO.. The solvent was evaporated to yield 21.9 g (99 %) dark brown liquid. '"H-NMR
(MeOD-d4, 400 MHz) & (ppm): 0.92(t, 3H, J =7 Hz); 1.40(m, 18H), 1.69 (q, 2H), 1.93(s, 6H),
418 (t, 2H, J = 6.4 Hz). C-NMR (MeOD-ds, 100.61 MHz) & (ppm): 13.08 (-CHs), 22.25 (-
CHy-), 25.55 (-CH>-), 28.08(-CH>-), 28.87(-CH>-), 29.08(-CH.-), 29.22(-CH.-), 29.26 (-CH>-),
29.37 (-CH2-), 29.75 (-CH2-), 31.69(2x-CHa), 55.75(-C-), 65.68 (-C-O), 171.60 (-C=0). m/z

calcd for C1H31BrO2 (M*): 335.32 Da; found by ESI-MS [M+Na]*=357.1 Da.

7.1.2.2. Synthesis of grafted linear DBiB-p(OEGMA) based homopolymers

HsC

The targeted number average degree of polymerisation DP, was n =10, 20 or 50 monomer
units. Poly (ethylene glycol) methyl ether methacrylate (OEGMA, average M, = 300 gmol™)
10-50 eq. was added to a mixture of isopropanol/water (IPA/H20; 92.5, 7.5 viv %) (6 g), 2,2’-
bipyridyl (2 eq.), 2-dodecyl-2-bromoisobutyrate bromide (1 eq.) and a few drops of
mesitylene (used as an internal reference). The reaction were monitored by '"H NMR and
worked up when >90 % conversion was obtained. After > 90 % conversion was obtained 100
mL MeOH or THF was added to the solution and the active copper was inactivated with

compressed air, the copper was then removed by stirring the solution with DOWEX and



basic AlOs; for 15 min. The solution was filtered by gravity and the solvent was removed by
reduced pressure. MeOH or THF was added to dissolve the mixture that dropwise was
precipitated into petroleum ether at room temperature. The reaction was stirred for 30 min
after the precipitation. Petroleum was decanted and excessive solvent was removed be
reduced pressure. The resulting polymer product was dried in the vacuum oven at 40 °C
overnight at 40 °C. The resulting yield was measured 4-5 g was stored in a vial at ambient
temperature for later use. '"H-NMR (MeOD-d4, 400 MHz) assignment for DBiB-p(OEGMA)so &
(ppm): 0.9 ppm (103 H) —CHa-, 1.1 ppm (50 H) —CHs, 1.3 (18 H) CH2-CH2-O, 1.5-1.9 ppm

(102 H) —CHz-. CHs, Br-CR-CHs, 3.4 ppm (151 H) —CHs, 3.5-4.1 ppm (803 H) —CHo-.

Table 7.1 Reaction time and conditions.

Polymer Reaction time
DBiB-p(OEGMA)10 2
DBiB-p(OEGMA)20 4
DBiB-p(OEGMA)so 8




7.1.2.3 Synthesis of grafted branched polymers

10, 20 and 50 eq. of OEGMA (M,= 300 gmol') was added to a mixture of Ethylene
dimethacrylate (EGDMA, M,=198.22 gmol') 0.2-0.95 eq. or (PEGDMA, M,=875 gmol™) in
IPA/H20 (92.5, 7.5) (6 g), bpy (2 eq.), 2-dodecyl-2-bromoisobutyrate (1 eq.) and a few drops
of mesitylene as an external reference. Oxygen was removed from the mixture through N>
inlet for 20 min and CuCl (1 eq.,) was added to the solution. Nitrogen was then again blown
through the mixture for 5 min. The reaction was stirred at 40 "C and analysed at different
time point by "H-NMR and GPC. The reaction was worked up after 93-99 % conversion
monitored by '"H NMR. 100 mL MeOH was added to the solution and killed with compressed
air, the copper was then removed by stirring the solution with DOWEX and AIOsz in 15 min.
The solution was filtered by gravity and the solvent was removed by reduced pressure.
MeOH or THF was then added to dissolve the sample and the mixture was dropwise

precipitated into petroleum ether. The after precipitation petroleum ether was decanted and



the excess solvent was removed by reduced pressure. The resulting product was then
transferred to a vial and dried in a vacuum oven at 40 °C for 2-3 days. The yield of the
experiments were 3-5 g. The dried samples were analysed by GPC by dissolving the
samples in fresh DMF eluent with a concentration of 20 mg/mL. The purified OEGMA based

products were analysed by 1TH NMR by preparing 20 mg of sample in 0.6 mL of MeOD-ds.

Table 7.2 Reaction time and conditions for EGDMA branched DBiB-p(OEGMA)10 based polymers

Polymer Reaction time (hrs)
DBiB-p(OEGMA)10 — (EGDMA)o.2 3
DBiB-p(OEGMA)10- (EGDMA)o5 3
DBiB-p(OEGMA)1o-(EGDMA)o.6 3.5

DBiB-p(OEGMA)1o-co-(EGDMA)o.7 4
DBiB-p(OEGMA)1o-co-(EGDMA)o.s 4

Table 7.3 Reaction time and conditions for EGDMA branched DBiB-p(OEGMA)20 based polymers

Polymer

Reaction time (hrs)

DBiB-p(OEGMA )20 —co- (EGDMA)o.2

DBiB-p(OEGMA )20 —co- (EGDMA)o.5

DBiB-p(OEGMA )20-co-(EGDMA)o.6

DBiB-p(OEGMA)10-co-(EGDMA)o.7

DBiB-p(OEGMA)10-co-(EGDMA)o.s

NN [O[o|on

Table 7.4 Reaction time and conditions for EGDMA branched DBiB-p(OEGMA)so based polymers

Polymer Reaction time (hrs)
DBiB-p(OEGMA)s0 —co- (EGDMA)o.2 10
DBiB-p(OEGMA)s0 —co- (EGDMA)o.5 9

DBiB-p(OEGMA)so-co-(EGDMA)o.6 9
DBiB-p(OEGMA)so-co-(EGDMA)o.7 9
DBiB-p(OEGMA)so-co-(EGDMA)o.s 8
DBiB-p(OEGMA)so-co-(EGDMA)o.95 10

Table 7.5 Reaction time and conditions for PEGDMA branched DBiB-p(OEGMA)20 based polymers

Polymer Reaction time (hrs)
DBiB-p(OEGMA)10 —co- (PEGDMA)o.2 3
DBiB-p(OEGMA)10 —co- (PEGDMA)o 5 4

Table 7.6 Reaction time and conditions for PEGDMA branched DBiB-p(OEGMA)20 based polymers

Polymer Reaction time (hrs)
DBiB-p(OEGMA)20 —co- (PEGDMA)o.2 8
DBiB-p(OEGMA )20 —co- (PEGDMA)o.5 8
DBiB-p(OEGMA)20 —co- (PEGDMA)o.7 8




Table 7.7 Reaction time and conditions for PEGDMA branched DBiB-p(OEGMA)20 based polymers

Polymer Reaction time (hrs)
DBiB-p(OEGMA)s0 —co- (PEGDMA)o.2 13
DBiB-p(OEGMA)s0 —co- (PEGDMA)o.5 12
DBiB-p(OEGMA)s0 —co- (PEGDMA)o.7 12

7.1.2.4 Dodecane emulsion studies

OEGMA based homo- or copolymers were dissolved into the aqueous phase at the
concentrations of 60, 120 and 240 mg/mL into 3 mL of the aqueous phase. The 3 mL
aqueous phase was mixed with 3 mL of n-dodecane, a ratio of 1:1 v/v ratio. The combined

sample was homogenised for 10 min with a speed of 25,000 rpm at ambient temperature.

7.1.3 Characterisation of p(OEGMA) based copolymers
7.1.3.1 NUIR

Single pulse 'H and *C NMR spectra were acquired on a 400 MHz Bruker Avance Il HD
spectrometer operating at 400.13 MHz for 'H and 100.61 MHz for 3C. The spectrometer
was equipped a dual channel 5 mm BBFO Bruker probe. The C spectra were 1H
decoupled using the TPPM sequence. The 'H pi/2 excitation pulse length was 10 us and the
recycle delay of 1 sec. 16 experiments were co-added. 16 experiments were co-added. The
"H chemical shift was referenced to TMS at 0 ppm and the "*C chemical shift was referenced
to TMS at 0 ppm. NMR spectra were obtained from samples prepared with approximately 20
mg of crude/product in 0.6 mL of CDCls; or MeOD-d4. Kinetic studies of linear polymers were
analysed in MeOD-d4. Results were processed and analysed by Topspin 3.2, Origin Pro 9

and Excel.

7.1.3.2 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was performed using Malvern Viscotek instruments

equipped with a GPCmax VE2001 autosampler, two Viscotek D6000 columns (and a guard



column) and a single detector array TDA305 (refractive index, light scattering) with mobile
phase of DMF containing 0.01 M lithium bromide and a flow rate of 1 mL/min. Samples were
prepared with a concentration of 10 mg/mL in DMF containing 0.01 M Lithium Bromide and
the eluent was taken from the machine. Polymethylmethacrylate (PMMA) 65 kDa or 50 kDa

was used as a narrow standard and 95 kDa for broad standard for the calibration.

7.1.3.3 CMC - Surface tension measurements

Selected polymers were measured by a Kibron Delta-8 tensionmeter. The machine was
calibrated with distilled water at ambient temperature and pressure. Branched or linear
polymeric samples with starting concentrations 0.004-10mM were diluted with a dilution
factor of 0.5 using Eppendorf robotic sampler and the 50 uL of the diluted samples were

transferred to a Kibron plate and analysed.

7.1.3.4 Thermal behaviour of p(OEGMA) based copolymers Optimelt

DBiB-p(OEGMA)o-co-(EGDMA)os was prepared at concentrations of 5-40 mg/mL (0.5-4 viv
%) in deionised water. The samples were injected into OP100MPC capillaries that were 90
mm long. The cloud point of the different compositions of DBiB-p(OEGMA)+¢-co-(EGDMA)o 6
was measured by SRS MPA100 Optimelt automated melting point instrument with a heating

rate at 1-2 °C/min. The cloud points were measured from a resulting plot in MeltView.

7.1.3.5 ESI Mass spectrometry

Electrospray mass spectrometry data (ES-MS) of the samples were collected in the Mass
Spectrometry Laboratory at the University of Liverpool. The data was obtained using a Micro
Mass LCT mass spectrometer using electron ionisation and direct infusion syringe pump

sampling. 10 mg of all the materials were diluted with methanol.



7.1.3.6 Laser diffraction analysis

n-dodecane emulsions were characterized by laser diffraction using a Mastersizer 2000
(Malvern instrument), equipped with a Hydro 2000 SM dispersion unit. 2-3 drops of the
resulting linear or branched copolymer stabilised n-dodecane emulsion were added to the
Hydro 2000 SM dispersion unit with a stirring rate adjusted to 1200 rpm until the laser
obscuration was observed to be within 5-20 %. The volume-weighed mean D[4,3] diameter
and other parameters of the oil droplets were measured in triplicate. Before and after each of
the sample measurements the Hydro 2000 SM dispersion unit was flushed with deionised

water to ensure quality between the measurements.

7.1.3.7 Characterisation of DBiB-p(OEGMA)-co-(EGDMA)o.c stabilised n-
dodecane oil droplets using optical microscope

The morphology of DBiB-p(OEGMA)1o-co-(EGDMA)os (60 mg/mL deionised water) stabilised
n-dodecane emulsion the emulsion droplets were analysed using an optical microscopy,

leica DM4B, transmitted light source. One drop of the emulsion was added to a glass slide

and covered with a coverslip.

7.2 Materials and methods — Chapter 3

7.2.1 Materials

The linear and branched polymers were synthesised and characterised as mentioned in
former section. Glycerol dibehenate (Compritol ATO 888) was kindly gifted from Gattefossé
and analysed by 'H NMR and ESI before use. Poloxamer 188 (Pluronic F64). Spectra/Por 4
dialysis tubing with 12-14 molecular weight cutoff (MWCO), 75 mm flat width, 15 meters/ roll
(50 ft) was supplied by spectrum labs. BD Microlance 3 hypodermic needle 21 g (green) 50

mm, 18 g (pink) x 1.5 and Plastipak syringes 1-2 mL was supplied by BD Microlance. 12 and



40 mL vials were used. Magnetic stirring bars, micro, were supplied by VWR ®. Propan-2-ol

was supplied from Sigma Aldrich.

7.2.2 Synthesis of empty SLNs by hot high shear homogenisation

DBiB-p(OEGMA)1o-co-(EGDMA)o6 stabilised SLN dispersions were prepared using the hot
high shear homogenisation procedure. DBiB-p(OEGMA)1o-co-(EGDMA)o s were weighed out
as given in the Table 7.1 and dissolved in 10 g deionised water (pH = 6+0.2). Compritol ATO
888 was weighed out, as given on Table 7.1, and added to the same sample of polymer in
water so that the total solid content of the polymer and lipid in each case was 1.1 g in 10 g of
deionised water. The two-phased mixture was heated to 85 °C and subsequently
homogenised with 2 cycles of 5 minutes using an Ultra Turaxx T25 digital homogeniser fitted
with a S25 N 10G dispersing element, and set to maximum speed of 25,000 rpm. The

temperature of the sample was maintained at 85 °C during the homogenisation.

Table 7.1. Compositions of polymers used for hot high shear homogenisation.

Ratio DBiB-p(OEGMA)10-co-(EGDMA)os/ g Compritol ATO 888/ g
Polymer:lipid
1:1 0.550 0.550
1:3 0.275 0.825
1:5 0.180 0.920
1.7 0.138 0.962
1:10 0.1 1

7.2.3 Synthesis of empty SLNs by hot probe sonication

DBiB-p(OEGMA)o-co-(EGDMA)o s was dissolved in 10 g of water in compositions given in
Table 7.2. Compritol ATO 888 and 3 g of n-propanol solvent was added to the solution
containing DBiB-p(OEGMA)o-co-(EGDMA)os. The ratios for the polymer to Compritol ATO

888 compositions are given in Table 7.2. The combined samples were heated to 85 °C. The



sample was sonicated 1 cycle of 5 min 100 % power by a probe sonicator. Samples were

cooled under ice bath straight after sonication.

Table 7.2. Compositions of polymers used for hot probe sonication.

w/w ratio DBiB-p(OEGMA)10-co-(EGDMA)os/ g Compritol ATO 888/ g
1:1 0.550 0.550
1:3 0.275 0.825
1:5 0.180 0.920
1:7 0.138 0.962
1:10 0.1 1

7.2.4 Synthesis of drug-free SLNs by solvent injection methods

DBiB-p(OEGMA)1o-co-(EGDMA)o6, DBiB-p(OEGMA)10 and poloxamer 188 to Compritol ATO
888 were prepared with ratio compositions as given in Table 7.3. The polymer was dissolved
in deionised water 10 g (pH=6.0 +0.2) at heated to 25 °C under stirring. Compritol ATO 888
was heated to 80 °C in 2 mL IPA and rapidly injected into a stirred mixture (330 rpm) of
polymer in deionised water at 25 °C. The sample was cooled after 5 min stirring of the

sample and stored in the fridge at 4 °C until use.

Table 7.3. Compositions of polymers used for the initial solvent injection method.

Ratio DBiB-p(OEGMA)10-co-(EGDMA)o.s/ mg Compritol ATO 888/ mg
Polymer:lipid
1:1 6 6
1:2 6 12
1:3 6 18
1:6 6 36
2:1 12 6
3:1 18 6
6:1 36 6
0:1 0 6




DBiB-p(OEGMA)10-co-(EGDMA)os, DBiB-p(OEGMA)1, DBiB-(OEGMA)s; and DBiB-
(OEGMA)s0-co-(EGDMA)o.95 poloxamer 188 to Compritol ATO 888 were prepared with ratio
compositions as given in table 7.4. In each case the total solid content in deionised water
was 1.2 mg/ mL. The polymer was dissolved in deionised water 10 g (pH = 6.0 £0.2) at
heated to 25 °C under stirring speed of 150 rpm. Compritol ATO 888 was heated to 80 °C in
4 mL IPA and rapidly injected into the solution of polymer in deionised water. The sample

was cooled after 5 min stirring of the sample and stored in the fridge at 4 °C until use.

Table 7.4. Compositions of polymers used for later optimised solvent injection method. * DBIiB-
p(OEGMA)10-co-(EGDMA)o.6, DBiB-p(OEGMA)10 and poloxamer 188.

Ratio *Polymer/ mg Compritol ATO 888/ mg
Polymer:lipid
1:1 6 6
1:3 3 9
3:1 9 3

7.2.4.1. Characterisation of empty SLNs by DLS

The size and zeta potentials of SLNs in the resulting formulations stabilised by DBiB-
p(OEGMA) based polymers or conventional polymer were measured using dynamic light
scattering (DLS) . The sizes and were measured in plastic cuvettes or zeta potential
cuvettes. The samples were pipetted directly from the formulation that has a concentration of
1.2 mg/mL of SLNs and this resulted in a laser attenuation of 6-7 and this was consistent
throughout the whole study. The samples were measured in triplicates both in case of the
diameter size and surface charge measurements. The samples were measured with a

constant temperature of 25 °C.



7.2.4.2 Characterisation of empty SLNs by SEM

Samples a for SEM imaging 20 pL of SLN formulation containing 1.2 mg/mL SLN
formulation pipetted into a was pipetted onto a glass cover slide attached to a carbon
adhesive disc on an aluminium SEM specimen stub (12.5 mm diameter). The samples were
left to air-dry for 24 hours, followed by sputter coating with gold (EMITECH K550X) with a
deposition current of 25 mA for 100 seconds before imaging. SEM images of the samples

were then obtained using a Hitachi S-4800 FE-SEM at 3 kV.

7.3 Materials and methods — Chapter 4

7.3.1. Materials

Maraviroc (MVC) donated by ViiV Healthcare. Spectra/Por 4 dialysis tubing with 12-14
molecular weight cutoff (MWCO), 75 mm flat width, 15 meters/ roll (50 ft) was supplied by
spectrum labs. BD Microlance 3 hypodermic needle 21 g (green) 50 mm, 18 g (pink) x 1.5
and Plastipak syringes 1-2 mL was supplied by BD Microlance. 12 and 40 mL vials were
used. Magnetic stirring bars, micro, were supplied by VWR ®. CDCI; were purchased from
sigma Aldrich and dried with molecular activated molecular sieves overnight. 'H and °F
samples were analysed in Wilmad® NMR tubes 5 mm diam. purchased from Sigma Aldrich.
The internal 'F reference Tetrabutylammonium hexafluorophosphate (TBHF) was

purchased from Sigma Aldrich and used as received.

7.3.2 Synthesis of MVC loaded SLN dispersion by optimised solvent injection method

DBiB-p(OEGMA)1o-co-(EGDMA)os to Compritol ATO 888 ratio of 1:3 were prepared with
MVC to Compritol ATO 888 ratio compositions as given in table 7.5. In each case the total
solid content in deionised water was 1.2 mg/mL. The polymer was dissolved in deionised
water 20 g (pH = 6.0 £0.2) at heated to 25 °C under stirring at 150 rpm on a stirrer.

Compritol ATO 888 and MVC was heated to 80 °C in 4 mL IPA for 2 min and rapidly injected



into the solution of polymer in deionised water. The sample was cooled after 5 min stirring at

300 rpm of the sample and stored in the fridge at 4 °C until use.

Table 7.5. MVC: Compritol ATO 888 ratios used in solvent injection method to synthesis
p(OEGMA)10-co-(EGDMA)o s stabilised MVC loaded SLNs.

% MVC rel. to Compritol ATO 888 MVC/mg Compritol ATO 888/ mg
0 0 18
20 3.6 14.4
30 54 12.6
40 7.2 10.8
50 9 9
60 10.8 7.2
70 12.6 5.4
80 14.4 3.6
90 16.2 1.8
100 18 0

7.3.2.1. Characterisation of MVC loaded SLNs by DLS

D, and zeta potentials of MVC loaded SLNs in the resulting formulations stabilised by DBiB-
p(OEGMA)o-co-(EGDMA)os or poloxamer 188 were measured using dynamic light
scattering (DLS). The sizes and were measured in plastic cuvettes or zeta potential cuvettes.
The samples were pipetted directly from the formulation. 1 mL of sample has a concentration

of 1.0 mg/ mL of MVC loaded SLNs in presence of IPA and 1.2 mg/ mL in absence of IPA.

D, measurements resulted in a laser attenuation of 6-7 and this was consistent throughout
the whole study. The zetapotential was measured in a different cuvette resulting in a laser
attenuation of 11. The samples were measured in triplicates both in case of the diameter
size and surface charge measurements. The samples were measured with a constant

temperature of 25 °C.



7.3.2.2 Characterisation of MVC loaded SLNs by SEM

MVC loaded SLNs with 80 wt. % MVC relative to SLN was prepared form SEM. A Sample of
20 pL of SLN formulation containing 1.2 mg/mL of freeze dried and redispersed MVC loaded

SLN formulation was prepared as described in former section using the same equipment.

7.3.3 Dialysis of MVC loaded SLN dispersion by optimised solvent injection method

The drug release studies were carried out using a 12-14 kDa MWCO cellulose acetate
membrane in a double-sided bio-dialyser containing 1 mL of SLN dispersion with a
concentration of 1.2 mg/mL MVC-SLN in deionised water. The dialyser was then placed in a
100 mL reservoir of distilled water, which was replaced on every time-point (i.e. a fresh 100

mL reservoir for every time-point) in order to maintain sink conditions.

7.3.4 Freeze drying of MVC loaded SLN dispersion by optimised solvent injection
method

20 g of dialysed MVC loaded SLN dispersions obtained with targeted MVC loadings of 10-90
wt. % MVC relative to Compritol ATO 888 in water/IPA were directly transferred from the
dialysis bag to a 40 mL vial. The sample in the vial was frozen using liquid nitrogen and then
freeze-dried using VirTis Freeze Dryer BTK4XL -75 °C for 5 days. 24 g of MVC SLN
dispersion in water/IPA was transferred to a 40 mL vial from a 50 mL two neck flask. The
sample in the vial was frozen down with liquid nitrogen and freeze dried using VirTis Freeze
Dryer BTK4XL -75 °C for 5 days. After 5 days freeze drying the samples were dried in the

vacuum oven for 1 day.



7.3.5 Quantification of MVC in MVC loaded SLNs

7.3.5.1. Characterisation of MVC loaded SLNs by UV-vis

Thermo Scientific NanoDrop 2000c spectrophotometer monitoring the absorption at Amax =
216 nm was recorded prior to dissolving MVC in solvents such as chloroform or DCM that is
known so solubilise Compritol ATO 888. Three sets of samples were prepared and analysed
in a quartz cuvette. The compositions of the three sets of experiments are given in the table
below. MVC was dissolved in chloroform in different compositions used in the solvent

injection experiments.

7.3.5.2. Characterisation of MVC loaded SLNs by "H NVIR

The '"H NMR samples were recorded on a 400 MHz Bruker Avance |ll HD spectrometer
operating at a frequency of 400.13 MHz for 'H. The spectrometer was equipped a dual
channel 5 mm BBFO Bruker probe. Samples were recorded using single pulse on 'H with a

pi/2 excitation duration of 10 us. The recycle delay was 1 sec. The chemical shift was

referenced to TMS at 'H § 0 ppm



7.3.5.3. Characterisation of MVC loaded SLNs by "°F NMR

The "F NMR experiments were done in collaboration with Dr. Konstantin Luzyanin from the
NMR facility of the University of Liverpool. The spectra were recorded on a 400 MHz Bruker
Avance Il HD spectrometer operating at 376.42 MHz for 'F. The spectrometer was
equipped a dual channel 5 mm BBFO Bruker probe. Samples were recorded using single
pulse on '°F with a pi/2 excitation duration was 12.5 us. The recycle delay was 20 sec. The
spectra were referenced to TBHF '°F § = -70 ppm.

Samples were prepared for calibration curve of MVC with following compositions 18 mg (100
%), 13.5 mg (75 %), 9 mg (50 %) and 4.5 mg (25 %) relative to Compritol ATO 888 in 0.6 mL
of molecular sieve dried CDCls. The internal reference TBHF was added with the same
concentration to all of the samples with a molar ratio of 1:1 relative to MVC. The samples
were recorded at 25 °C and 50 °C, respectively. The peaks assigned to MVC were -92 ppm-
-101ppm (dd 2F, J=236 Hz) and peaks assigned to '°F on TBHF -70 and -73 ppm (6F). The
intensity of the ratios of '°F on MVC relative to '°F on TBHF was plotted on a curve shown in
chapter 4.

Samples were prepared for calibration curve of MVC, Compritol ATO 888 and DBiB-
p(OEGMA)1o-co-(EGDMA)os. The ratios of Compritol ATO 888 were varied with following
compositions MVC 18 mg (100 %) and Compritol ATO 888 (0%) and, MVC 13.5 mg (75 %)
and Compritol ATO 888 4.5 mg (25 %), MVC 9 mg (50 %) and Compritol ATO 888 9 mg (50
%), MVC 4.5 mg (25 %) and Compritol ATO 888 13.5 mg (75 %) in 0.6 mL of molecular
sieve dried CDCls. The internal reference TBHF was added in the same concentration with a
molar ratio of 1:1 relative to MVC to all of the samples. DBiB-p(OEGMA)o-co-(EGDMA)o s (6
mg) was added with the same concentration to all of the samples. The samples were

recorded were recorded under same conditions as started earlier in this section.



Dialysed samples of MVC loaded SLNs were dialysed for 3 days followed by Freeze-drying
for 3 days. The samples were dried in the vacuum oven at 40 °C for 1 day. Samples for
NMR contained the ratios of Compritol ATO 888 and MVC was varied with earlier mentioned
compositions of MVC, Compritol ATO 888 and DBiB-p(OEGMA)1o-co-(EGDMA)os in the

dialysed and freeze dried MVC SLNSs.

Freeze dried MVC loaded samples were prepared with earlier mentioned compositions of
MVC, Compritol ATO 888 and DBiB-p(OEGMA)c-co-(EGDMA)os and analysed with the

optimised method as stated earlier in this section.

7.3.5.4. Analysis of dialysis contents

Analysis of dialysis content study were carried out using a 12-14 kDa MWCO dialysis
bag. The dialyser was then placed in a 500 mL beaker containing deionised water. The
sample was left in the dialysis bag in the fridge at 4 °C over 4 days and the dialysis bag was
removed. The content in the dialysis bag was left to dry over heat at 60 °C a heat plate over
a day. The NMR sample was prepared after all of the water was evaporated and the
remaining content was dissolved in the beaker in CDCls with an unknown concentration. The
beaker was weighted out before and after dialysis and no water was change during the
dialysis period. However, the mass of the beaker before and after dialysis was the same

suggesting that not much material has escaped through the dialysis bag.

7.4 Materials and methods — Chapter 5

ProSafe+ scintillation cocktail (Meridian Biotechnologies Ltd.) was used as received.
Maraviroc donated by ViiV Healthcare was tritiated by RCTritec and received in an ethanol
solution. The certificate can be found in the Appendix Fig. A59 Ethanol was removed before

experiments by evaporating the sample overnight in the fume cupboard. All radiation



measurements were carried out using a liquid scintillation counter (Packard Tri-carb
3100TR; Isotech).

Adult male Wistar rats (280-330 g) were dosed with either SLN formulated MVC or
unformulated MVC (10 mg/Kg MVC, 20 uCi/mg 3H activity) via oral gavage. Food and water

were provided ad libitum throughout the procedure.

7.4.1 Freeze drying of MVC loaded SLNs using cryoprotection

7.4.1.1. Freeze drying of MVC loaded SLNs with Sugars or PEGs as cryoprotant

1 mL of MVC loaded SLN dispersions prepared by the solvent injection method were
transferred into a 4 mL vial straight after synthesis and then 1 mL of cryoprotection solution
was added. The sample was then mixed overnight or frozen in liquid nitrogen straight after
addition of a 0.5 — 4 mg/mL cryoprotectant solution. This was done as samples in a sample
vial containing 1 mL of resulting mixture. The frozen sample was freeze-dried for 2 days
dried using a VirTis Freeze Dryer BTK4XL -75 °C. After 2 days the samples were
redispersed by adding 1 mL of water to a powder of with concentration of 0.6 mg MVC-SLN
(80 wt. % MVC relative to Compritol ATO 888) + 0.5-4 mg of cryoprotectant. The sample
was mixed with aspiration and vortex. Particle sizes of the resulting dispersions were

measured by DLS.

DBiB-p(OEGMA)1o-(EGDMA)o6 in 3:1 (Compritol ATO 888: DBiB-p(OEGMA)1o-(EGDMA)os ;
total volume 12 mg in 10 mL of water + 2 mL of IPA) — Dialysis vs. freeze dried MVC and
Compritol ATO 888 (total mass of 9 mg) was heated in IPA and rapidly injected into a stirred

mixture of DBiB-p(OEGMA)10-(EGDMA)o6 (mass of 6 mg) in 10 mL deionised water.

PEG 2k, 5k, 10k and 20k was dissolved in 1 mL of deionised water with following
concentrations 7.5 mg/mg, 15 mg/mg and 30 mg/mg. The solution was rolled on the roller

o/n and 1 mL was added dropwise to 1 mL of 50 wt. % (MVC relative to Compritol ATO 888)



SLN solution. The solution was vortex and mixed with the pipette and 1mL was transferred

to a 4 mL vial and the sample was freeze dried o/n.

7.4.2 Freeze drying of MVC loaded SLNs without cryoprotection

This procedure was done exactly as described in former section with the modifications: 1 mL

of water was added to the SLN dispersion when freeze-dried.

7.4.2.1 Optimisation of ultrasonication of MVC loaded SLNs

The resulting MVC loaded SLN powder was redispersed into deionised water with a
concentration of 1.2 mg/mL and sonicated 4 cycles of 15 sec with 10 sec break between
each cycles using a Covaris S2x with a duty cycle of 20 %, an intensity of 10, cycles per

burst in frequency sweeping mode 500 and power 70 W.

7.4.3. Synthesis of *H-labelled MVC loaded SLNs

Tritiated MVC (288 uCi, specific activity 20 pCi/mg), MVC (14.4 mg, 28.03 umol) and
Compritol ATO 888 (3.6 mg, 8.68 umol) were added to a 20 mL vial equipped with a stirrer
bar and solubilised in IPA (4 mL) at 80 °C. DBIiB-p(OEGMA)o-co-(EGDMA)os (6 mg)
solubilised in H,O (20 mL) was added to a 100 mL round-bottomed flask equipped with a
magnetic stirrer and stirred at ambient temperature. The rapid addition of the MVC mixture to
the polymer solution was conducted via a cannula. The mixture was stirred for a further 5
minutes and particle size measured by DLS. The solution was freeze-dried over 4 days and
re-dispersed in H.O (8 mL) via vortex mixing and sonication. Finally, the particle size was

analysed by DLS.



7.4.4. Characterisation of radiolabelled MVC loaded SLNs

7.4.4.1 In vitro release studies of radiolabelled MVC loaded SLNs

The drug release studies were carried out using a 1,000 MWCO cellulose acetate
membrane in a double-sided bio-dialyser containing 1 mL of SLN solution. The dialyser was
then placed in a 100 mL reservoir of distilled water, which was replaced on every time-point

(i.e. a fresh 100 mL reservoir for every time-point) to have true sink conditions.

7.4.4.2 In vivo oral study with MVC loaded SLNs

This study is a result of collaboration with the department of pharmacology at the University
of Liverpool by Dr Lee Tatham.

Following 7 days habitation, the rats weighed 280-330 g (2.8-3.3 mg of MVC/ rat) received
either a single dose of 10mg/ kg of MVC SLNs formulation of 80 wt. % MVC relative to
Compritol with a concentration of 1.56-1.83 mL of radioactive MVC | SLN dispersion or
unformulated MVC (<5% DMSO) via oral gavage (1 ml total volume in distilled water) as
outlined above. Blood samples were collected (300 ul) at 0.5, 1, 1.5, 2 and 3 hrs post-dosing
from the tail vein. At the 4h time point, the rats were sacrificed using cardiac puncture under
terminal anaesthesia and immediate exsanguination of blood from the heart. Immediately
following this, an overdose of Pentoject (Pentobarbitone) was administered to the heart
using the same in situ puncture needle. Terminal blood and tissue samples were collected
for analysis. All animal work was conducted in accordance with the Animals (Scientific

Procedures) Act 1986 (ASPA) implemented by the UK Home Office.

7.4.4.3 Sample collection, storage and processing

Blood samples (300 pl) were collected in heparinised Eppendorf tubes and centrifuged at

3,000 rpm for 5 min, the plasma layer was removed and stored at -20°C prior to analysis.

Plasma samples (100 pl) were transferred to scintillation vials before adding Ultima Gold



scintillation fluid (4 ml) (Meridian Biotechnologies, UK) and scintillation counting using a
Packard Tri-carb 3100TR.

Brain, heart, lungs, liver, intestine, kidneys, spleen and testis were collected from
each rat, rinsed in PBS (pH 7.4) and dried on tissue before storing at -20 °C prior to
analysis. Subsequently, each dissected tissue was weighed individually and approximately
100 mg was placed into a 20 ml scintillation vial. The samples were submerged in 1 ml
Soluene - 350 (PerkinElmer, USA) and incubated in a water bath at 50 °C for 18 h. Following
this, 200 pl of a 30% hydrogen peroxide solution was added to the dissolved sample and
incubated for 60 min at room temperature. Subsequently, 90 pl of glacial acetic acid was
added to each sample and incubated for a further 15 min at 50 °C. Ultima Gold scintillation
fluid (12 ml) was added to each sample and mixed via inversion. Scintillation counting was

carried out using a Packard Tri-carb 3100TR.
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Appendix



Chapter 2 — Synthesis and characterisation of branched oligo
ethylene glycol methacrylate (OEGMA) based polymers utilisation
ATRP and testing of these polymers in n-dodecane model oil
studies

Right angular light scattering (RALS) and low-angle light scattering (LALS) obtained for

DBiB-(OEGMA) based polymers.
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Fig. A1. Raw chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)1o from
obtained. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. Ret.;
retention. Vol.; volume.
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Fig. A2. Raw chromatograms of RALS(green) and LALS (purple) traces of DBiB-p(OEGMA)10-co-
(EGDMA)o.s. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A3. Raw chromatograms of RALS and LALS traces of DBiB-p(OEGMA)10-co-(EGDMA)o.s.
Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. Ret.; retention.
Vol.; volume.
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Fig. A4. Raw chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)2o.
Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. Ret.; retention.
Vol.; volume.
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Fig. A5. Raw chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA )20-co-
(EGDMA)o.s. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A6. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)20-
co-(EGDMA)o.s. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A7. Raw GPC chromatogram of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)so.
Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C. Ret.; retention.
Vol.; volume.
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Fig. A8. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)s0 —
co-(EGMDA)os. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A9. Raw GPC chromatogram of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)so-
co-(EGDMA)o.os. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A10. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)10-
co-(PEGDMA)o.2 . Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A11. Raw GPC chromatogramsa of RALS (green) and LALS (purple) traces of DBiB-
p(OEGMA)10-co-(PEGDMA)o5 . Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at
1mL/min 60 °C. Ret.; retention. Vol.; volume.
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Fig. A12. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-
p(OEGMA)20-co-(PEGDMA)os from GPC. Analysis performed by GPC with mobile phase of DMF (+
0.01M) at 1mL/min 60 °C. Ret.; retention. Vol.; volume.
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Fig. A13. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA )2o-
co-(PEGDMA)o.7. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A14. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA)so-
co-(PEGDMA)o.2. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.
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Fig. A15. Raw GPC chromatograms of RALS (green) and LALS (purple) traces of DBiB-p(OEGMA )so-
co-(PEGDMA)o.5. Analysis performed by GPC with mobile phase of DMF (+ 0.01M) at 1mL/min 60 °C.
Ret.; retention. Vol.; volume.



Laser diffraction results obtained for DBIB-(OEGMA) based polymers obtained on

Mastersizer 2000.

Day Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
1.20 | 261 | 215 | 1.31 | 240 | 4.19
091 | 236 | 2.09 | 139 | 1.51 | 3.46
1.26 | 2.09 | 172 | 1.07 | 1.85 | 3.39
1.18 | 299 | 246 | 151 | 2.77 | 4.78
1.43 | 262 | 206 | 1.20 | 231 | 451
11 1.14 | 3.49 | 285 | 1.79 | 3.26 | 5.52
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Fig. A16. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)+0 on day 0,1,3,5,7 and 11. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9) are given in um.
d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A17. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10 on day 0 and 11.



Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
0 1.75 | 133 | 037 | 011 | 132 | 2.41
1.05 | 1.84 | 159 | 1.03 | 1.71 | 2.83

3 1.02 | 2.23 | 1.94 | 1.25 | 2.11 | 3.39
5 098 | 278 | 2.41 | 158 | 2.63 | 4.17
U 097 | 279 | 242 | 160 | 265 | 4.17
11 079 | 3.14 | 2.86 | 2.04 | 3.02 | 4.42

Fig. A18. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20 on day 0,1,3,5,7 and 11. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9) are given in um.
d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A19. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20 on day 0 and 11.



Day Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
0 1.17 3.09 2.52 1.54 2.88 4.92
1 1.18 3.43 2.78 1.71 820 5.48
3 1.12 3.13 2.61 1.64 2.93 4.93

Fig. A20. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-

p(OEGMA)so on day 0,1 and 3. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9) are given in um. d(0.1) =

D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A21. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)so on day 0 and 3.



EGDMA WA# 3 -4

Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
1.15 3.57 2.90 1.81 3.34 | 5.67
1.01 | 335 2.80 1.84 | 3.20 | 5.09
1.01 | 2m 3.40 2.31 3.77 6.13
1.13 3.75 3.04 1.94 3.52 5.93
1.09 | 4.09 3.36 2.21 3.83 6.39
13 1.08 | 4.4 3.61 2.42 | 4.17 6.92
21 1.03 | 4.73 3.96 2.69 | 4.42 7.27
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Fig. A22. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBIiB-
p(OEGMA)10-co-(EGDMA)os0on day 0,1,3,5,7,13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A23. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10-co-(EGDMA)o.5 on day 0 and 21.



Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
496 | 469 | 1.69 | 0.93 | 1.89 | 10.82
1.20 | 277 | 224 | 132 | 259 | 4.44
113 | 3.19 | 262 | 161 | 3.01 | 5.01
113 | 3.75 | 3.04 | 194 | 3.52 | 592
1.03 | 369 | 3.08 | 2.04 | 3.50 | 5.65
13 1.10 | 6.96 | 3.64 | 245 | 4.06 | 6.93
21 0.84 | 464 | 421 | 296 | 438 | 6.65

Fig. A24. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20-co-(EGDMA)o2 on day 0,1,3, 5, 7, 13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A25. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20-co-(EGDMA)o.2 on day 0 and 21.



Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
190 | 0.94 | 040 | 015 | 0.86 | 1.78
158 | 1.26 | 037 | 011 | 1.30 | 2.17
070 | 1.81 | 168 | 1.22 | 1.75 | 2.46
077 | 210 | 192 | 135 | 204 | 2.92
076 | 225 | 206 | 1.46 | 2.19 | 3.13
13 0.77 | 2.60 | 237 | 169 | 252 | 3.62
21 0.67 | 3.23 | 3.02 | 225 | 3.13 | 4.37

Fig. A26. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)so-co-(EGDMA)o.7 on day 0,1,3, 5, 7,13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A27. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)so-co-(EGDMA)o.7 on day 0 and 21.



EGDMA WA# 6-9

Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
099 | 437 | 363 | 253 | 413 | 6.63
098 | 472 | 396 | 276 | 445 | 7.13
097 | 443 | 373 | 260 | 419 | 6.68
097 | 457 | 389 | 271 | 431 | 6.88
099 | 463 | 391 | 269 | 436 | 7.02
13 1.01 | 4.87 | 401 | 281 | 459 | 7.43
21 078 | 485 | 445 | 320 | 460 | 6.81
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Fig. A28. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10-co-(EGDMA)os on day 0,1,3, 5, 7, 13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A29. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10-co-(EGDMA)o.6 on day 0 and 21.



Day Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
1.22 2.36 1.90 1.10 2.22 3.80
1.04 2.59 2.19 1.37 2.47 3.95
1.00 2.93 2.51 1.62 2.80 4.44
0.92 3.18 2:15 1.84 3.04 4.73
0.72 2.10 1.95 1.40 2:03 2.88
13 0.89 2.74 2.40 1.62 2.62 4.02
21 0.87 4.31 3.90 2.71 4.08 6.26
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Fig. A30. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20-co-(EGDMA)os on day 0,1,3, 5, 7, 13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A31. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)20-co-(EGDMA)o.5 on day 0 and 21.



Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
166 | 1.12 | 038 | 0.12 | 1.12 | 1.98
072 | 140 | 135 | 098 | 140 | 1.98
089 | 1.82 | 1.63 | 1.11 | 1.73 | 266
1.09 | 1.46 | 112 | 074 | 1.42 | 2.21
084 | 211 | 1.90 | 1.31 | 2.02 | 3.02
13 0.75 | 245 | 225 | 1.59 | 238 | 3.40
21 079 | 2.81 | 255 | 1.80 | 2.71 | 3.94

Fig. A32. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)so-co-(EGDMA)o.e5 on day 0,1,3, 5, 7, 13 and 21. Span, D[4,3], D[3,2], d(0.1), d(0.5) and
d(0.9) are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A33. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)so-co-(EGDMA)o.95 on day 0 and 21.



PEGDMA #WA=3

Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
0 1.17 | 3.09 | 252 | 154 | 2.88 | 4.92
1.18 | 3.43 | 278 | 1.72 | 3.20 | 5.48

3 1.12 | 3.13 | 261 | 164 | 293 | 4.92

Fig. A34. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10-co-(PEGDMA)o.2 on day 0,1 and 3. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9) are
given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A35. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBiB-
p(OEGMA)10-co-(PEGDMA)o.2 on day 0 and 3.



Day | Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
0 1.15 | 221 | 1.84 | 112 | 2.06 | 3.49
1 1.11 | 257 | 215 | 132 | 2.42 | 4.02
3 096 | 2.89 | 250 | 165 | 2.76 | 4.31
5 093 | 3.05 | 266 | 1.79 | 291 | 4.50
U 0.89 | 3.21 | 2.83 | 194 | 3.07 | 4.69
11 0.87 | 337 | 3.00 | 2.09 | 3.21 | 4.88

Fig. A36. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBIB-
p(OEGMA)z20-co-(PEGDMA)o.3 on day 0,1,3,5, 7 and 11. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9)
are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A37. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with
p(OEGMA)20-co-(PEGDMA)o.3 on day 0 and 11.

DBiB-



Day Span | D[4,3] | D[3,2] | d(0.1) | d(0.5) | d(0.9)
1.75 | 1.10 | 040 | 0.13 | 1.07 | 2.01
1.29 | 132 | 0.69 | 037 | 1.34 | 2.08
076 | 169 | 156 | 111 | 1.63 | 2.36
074 | 189 | 1.74 | 126 | 1.82 | 2.60
072 | 198 | 1.83 | 133 | 192 | 2.71
11 075 | 231 | 212 | 151 | 2.24 | 3.19

Fig. A38. Laser diffraction data obtained for n-dodecane emulsion droplet stabilised with DBIB-
p(OEGMA)so-co-(PEGDMA)o 5 on day 0,1,3,5, 7 and 11. Span, D[4,3], D[3,2], d(0.1), d(0.5) and d(0.9)
are given in um. d(0.1) = D(10 %), d(0.5) = D(50 %) and d(0.9) = D(90 %).
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Fig. A39. Laser diffraction graph obtained for n-dodecane emulsion droplet stabilised with DBIB-
p(OEGMA)so-co-(PEGDMA)o.5 on day 0 and 11.



Chapter 3 — Synthesis, optimisation and stability studies of OEGMA
based polymer stabilised SLNs
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Fig. A40. A) DLS traces and B) corresponding correlogram of initial experiments day 0/1 with
different compositions. Solvent injection method was performed with 1:6, 1:3, 1:2, 1:1 and 2:1 DBiB-
(OEGMA)10-co-(EGDMA)os to Compritol ATO w/w ratio — Related to Fig. 3.6
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Fig. A41. A) DLS traces and B) corresponding correlogram of initial experiments day 5 with different
compositions. Solvent injection method was performed with 1:3, 1:2, 1:1 and 2:1 DBiB-(OEGMA)1o-
co-(EGDMA)os to Compritol ATO w/w ratio — Related to Fig. 3.6
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Fig. A42. Correlogram of DBiB-p(OEGMA)10 stabilised SLN studies. SLNs were prepared with a
Compritol ATO 888 to DBiB-p(OEGMA)10 w/w ratio of 1:3, 1:1 and 3:1 — Related to Fig. 3.8
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Fig. A43. Correlogram of DBiB-p(OEGMA)i0-co-(EGDMA)os stabilised SLN studies. SLNs were
prepared with a Compritol ATO 888 to DBiB-p(OEGMA)1o-co-(EGDMA)o.6 w/w ratio of 1:3, 1:1 and 3:1
— Related to Fig. 3.9
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Fig. A44. Correlogram of poloxamer 188 stabilised SLN studies. SLNs were prepared with a
Compritol ATO 888 to poloxamer 188 w/w ratio of 1:3, 1:1 and 3:1 — Related to Fig. 3.10



Chapter 4 — Synthesis, optimisation and stability studies of OEGMA
based polymer stabilised maraviroc loaded SLNs

[y

30 wt. %
0.9

0.8
0.7
0.6
= 0.5

/
/
/

o
I

0.3
0.2
01

Ll L e ]

100 1000 10000 100000 1000000
Time (ps)

o

= |1|\||||\||||\||||\|||\||||\||||1||||\||||7/;||||l

[y
o

Fig. A45. Correlogram of DLS analysed sample on day 3 containing 1 mL DBiB-p(OEGMA)1o-co-
(EGDMA)o.6 stabilised SLNs loaded with 30 wt. % MVC. SLNs were prepared with a Compritol ATO
888 to DBiB-p(OEGMA)1-co-(EGDMA)o.6 w/w ratio 3:1 and a solid content of 1.2 mg/mL — Related to
Fig. 4.3
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Fig. A46. Correlogram of DLS analysed sample on day 3 containing 1 mL DBiB-p(OEGMA)1o-co-
(EGDMA)o.6 stabilised SLNs loaded with 50 wt. % MVC. SLNs were prepared with a Compritol ATO
888 to DBIiB-p(OEGMA)10-co-(EGDMA)o.s w/w ratio 3:1 and a solid content of 1.2 mg/mL — Related to
Fig. 4.3
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Fig. A47. Correlogram of DLS analysed sample on day 3 containing 1 mL DBiB-p(OEGMA)1o-co-
(EGDMA)o.6 stabilised SLNs loaded with 70 wt. % MVC. SLNs were prepared with a Compritol ATO
888 to DBiB-p(OEGMA)10-co-(EGDMA)o.s w/w ratio 3:1 and a solid content of 1.2 mg/mL — Related to
Fig. 4.3
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Fig. A48. Correlogram of DLS analysed sample on day 3 containing 1 mL DBiB-p(OEGMA)1o-co-
(EGDMA)o.6 stabilised SLNs loaded with 90 wt. % MVC. SLNs were prepared with a Compritol ATO
888 to DBIiB-p(OEGMA)10-co-(EGDMA)o.s w/w ratio 3:1 and a solid content of 1.2 mg/mL — Related to
Fig. 4.3



30 wt. %

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

O Ll Ll L1 . bbb L1 TR W ey v W 1| N O I I 1

10 100 1000 10000 100000 1000000
Time (ps)

—Day 3
—Day 40

Day 150

G(t)-1

LIS I

=

Fig. A49. Correlogram of DLS analysed samples on day 3, 40 and 150 overlayed. Samples contain 1
mL of DBiB-p(OEGMA)1-co-(EGDMA)oe stabilised SLNs loaded with 30 wt. % MVC. SLNs were
prepared with a Compritol ATO 888 to DBiB-p(OEGMA)10-co-(EGDMA)os w/w ratio 3:1 and a solid
content of 1.2 mg/mL — Related to Fig. 4.7
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Fig. A50. Correlogram of DLS analysed samples on day 3, 40 and 150 overlaid. Samples contain 1
mL of DBiB-p(OEGMA)10-co-(EGDMA)os stabilised SLNs loaded with 50 wt. % MVC. SLNs were
prepared with a Compritol ATO 888 to DBiB-p(OEGMA)1-co-(EGDMA)os w/w ratio 3:1 and a solid
content of 1.2 mg/mL — Related to Fig. 4.7
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Fig. A51. Correlogram of DLS analysed samples on day 3, 40 and 150 overlaid. Samples contain 1
mL of DBiB-p(OEGMA)10-co-(EGDMA)os stabilised SLNs loaded with 70 wt. % MVC. SLNs were

prepared with a Compritol ATO 888 to DBiB-p(OEGMA)10-co-(EGDMA)os w/w ratio 3:1 and a solid
content of 1.2 mg/mL — Related to Fig. 4.7
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Fig. A52. Correlogram of DLS analysed samples on on day 0, 1 and 2 before and after addition of
PBS. The correlograms were overlaid with different colours as shown in the figure. Samples contain 1
mL of PBS treated DBiB-p(OEGMA)10-co-(EGDMA)os stabilised SLNs loaded with 50 wt. % MVC.
SLNs were prepared with a Compritol ATO 888 to DBiB-p(OEGMA)10-co-(EGDMA)os w/w ratio 3:1
and a solid content of 1.2 mg of MVC SLN/mL deionised water — Related to Fig. 4.8
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Fig. A53. Correlogram of DLS analysed samples on day 0, 1 and 2 before and after addition of PBS.
The correlograms were overlaid with different colours as shown in the figure. Samples contain 1 mL of
PBS treated DBiB-p(OEGMA)10-co-(EGDMA)os stabilised SLNs loaded with 70 wt. % MVC. SLNs
were prepared with a Compritol ATO 888 to DBiB-p(OEGMA)10-co-(EGDMA)oe w/w ratio 3:1 and a
solid content of 1.2 mg of MVC SLN/mL deionised water — Related to Fig. 4.8



Chapter 5 — Optimisation of freeze dried MVC loaded SLN for in
vitro and in vivo studies
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Fig. A54. Correlogram of DLS analysed samples before and after freeze drying and redispersion of
50 wt. % MVC loaded SLN samples freeze dried with 15 mg/mL of PEG 20k — Related to Fig. 5.1
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Fig. A55. Correlogram of DLS analysed samples before and after freeze drying and redispersion of
50 wt. % MVC loaded SLN samples freeze dried with 30 mg/mL of PEG 20k — Related to Fig. 5.1
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Fig. A56. Traces of DLS analysed sample of 50 wt. % MVC-SLN before and after freeze drying and
redispersion. The experiment was performed without cryoprotectant.

—Before freeze drying

—after freeze drying

G(t)-1

1 100 10000 1000000 100000000
Time (ps)

Fig. A57. Overlay of correlogram of DLS analysed sample of 50 wt. % MVC-SLN before and after
freeze drying and redispersion. The experiment was performed without cryoprotectant— Related to
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Fig. A58. Correlogram of DLS analysed sample of 80 wt. % MVC-SLN with a concentration of 3.4 mg
MVC/mL deionised water. Sample was freeze dried and redispersed using ultra sonication. Day 0, 1
and 2 are measured after freeze drying and redispersion — Related to Fig. 5.10B



Chapter 7

Fig. A59. Certificate analysis of tritiated MVC.

Moravek I[Inc. o 2108

Certificate of Analysis
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Lot #: 392-040-0031-A-20130812-JPL MIN
H vitv- H HPLC ANALYSIS LOT 392-040-0031-A-20130812-JPL
spec'ﬁc Actlwty. 3.1 Ci/mmol File Name: INTJ6599 Date and Time: 10/12/2016 3:17:32 P
. : Unit 19 Radio
Concentration: 1.0 mCi/ml; 165.77 pyg/ml
Peak # Area % Time Area
s . 1 045 4.41670 101.36712
Packaged in: Ethanol solution 2 027 doesss0 o1 06753
3 98.69 13.64330 22303.11215
Date of Analysis: October 12, 2016 4 022 14.25670 49.30353
5 0.15 14.79000 33.94949
" . o 6 0.07 15.09000 15.49375
Radiochemical Purity: 98.7% 7 001 1598670 234723
8 0.05 16.30000 12.18700
Column: Phenomenex Prodigy ODS(2) 4.6 x 250mm, 5um ¢ 001 18.28670 221568
10 008  19.83670 18.48012
Flow Rate: 1 ml/min. Totals  100.00 2259951340

Mobile Phase: A: Water with 0.1% Formic Acid
B: Acetonitrile with 0.1% Formic Acid
0-30 min. 0-100% B
Hold to 40 min.

Storage Recommendation: Store at -20°C.

Product Warranty: Stated on the reverse side of this CoA.

Caution: Not For Use In Humans Or Clinical Diagnosis. This product is intended for investigational or
manufacturing use only. Itis pharmaceutically unrefined and is not intended for use in humans. Responsibility

for its use in humans, as a diagnostic reagent, and compliance with federal laws rests solely with the
purchaser.
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