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Abstract

This work describes the development of several photoactivatable platinum based anticancer
prodrugs. The use of liposomes as a method of drug encapsulation for a known platinum
complex is also explored. Finally, the synthesis of a microbubble-liposome conjugated system

and the sonoluminescence effect of microbubbles are assessed.

Chapter 1 discusses the fundamental properties of platinum, how it is currently utilised in
chemotherapy, and the potential benefits of light-activated platinum compounds. The use of
liposomes in medicine, with particular focus on drug encapsulation, is discussed in detail. The

clinical applications of microbubbles are also explored.

Chapter 2 describes the development and characterisation of two novel photoactivatable Pt"Y
complexes. The solubilities, photochemical properties and pK. values of these compounds are

compared to those of two previously reported complexes.

Chapter 3 reviews the use of liposomes for the encapsulation of the drug iproplatin, with
exploration of the best active loading method for this compound, and how the composition of

the liposomes can be adapted to improve drug retention.

Chapter 4 discusses the optimisation of synthesis for a conjugated microbubble-liposome drug
delivery system. The phenomenom of sonoluminescence, and it’s potential use for activating

photosensitive compounds is also explored.

Chapter 5 describes the conclusions for this work, and what the next steps of this research

would involve.

Chapter 6 provides the experimental procedures and synthetic methods used in this work.

v
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Chapter 1 Introduction

The properties of platinum (Pt) complexes have long made them useful in the anticancer sector.
This thesis will explore how established systems can be modified for improved treatment and
for targeting specific types of cancer, namely diffuse intrinsic pontine glioma (DIPG).
Mechanisms of drug delivery utilizing liposomes, microbubbles and ultrasound will also be

discussed.

1.1 Diffuse intrinsic pontine glioma

A glioma is a type of tumour that originates in the glial cells, which provide support and
insulation for neurons, of the central nervous system (CNS). DIPG is a type of high grade
glioma, with a peak onset age of between 6 and 9 years old. It occurs within the pons, which
is a section of the brainstem. Paediatric DIPG accounts for 10-20% of all paediatric brain
cancers. Paediatric DIPG accounts for 10-20% of all paediatric brain cancers.! Symptoms show
variation depending on the position and size of the lesion in the pons, but over 50% of cases
present with a triad including; cranial nerve defects, cerebellar damage, and spinal cord

damage.’

Currently, radiotherapy is the only treatment to show some efficiency in extending
progression-free survival (PFS).? It can also provide improved neurological function and relief
of some symptoms.* At present, there are no chemotherapeutic agents that improve overall
survival (OS) or PFS.’ Clinical trials for cisplatin and carboplatin, both alone or in conjunction

with radiotherapy, have shown modest benefits.°



There is ongoing research into the effect of various mutations, and how the epigenetic changes
that they cause are relevant in paediatric cancers. Research by both Jones and Monje have
focussed on the H3-K27M mutation as being a driver mutation in cases of paediatric DIPG.”*
Research into the genetic contribution to, both the risk and expression of, DIPG allows for
development of novel therapeutic agents which can target these mutations in an attempt to find

an effective treatment.

One of the main issues encountered when trying to treat DIPG by chemotherapy is that drugs
administered intravenously are not able to reach the tumour site due to the presence of the
blood-brain barrier (BBB).” The BBB is a semipermeable layer of endothelial cells that
prevents solutes in the blood from crossing into the extracellular fluid of the CNS.!° Research
has found that the use of focused ultrasound, in conjunction with microbubbles, can
temporarily open the BBB.!! This makes it more permeable to solutes circulating in the blood,

and could therefore improve the delivery of drugs into this region.



1.2 Platinum chemistry

Platinum is a d-block element with the electronic configuration ‘[Xe] 4f'* 5d° 6s!”. It is also a
transition metal as it has an incomplete d subshell. In its +2 oxidation state platinum is a d®
metal, with 4 coordination availability, which forms square planar complexes. The preference
for Pt to form square-planar complexes, rather than tetrahedral, is due to the ligand field

stabilisation that comes from occupying the dx., dyz, d-2, and dxy orbitals. Platinum can also

commonly access the +4 oxidation state, where it becomes 6 coordinate and forms octahedral

tIV

complexes. In a Pt' complex, the metal centre is in a low spin d° configuration with the ta,

orbitals (dxy, dxz, and dy,) being fully occupied (Figure 1.1)

— dx242
— —— 42 dag
A
- (o,
I

TR

Pt"" square Pt"V octahedral
planar (dg) dg (low spin)

Figure 1.1 Crystal field splitting of the d-orbitals in Pt" (square planer, d°) and Pt (octahedral, d°)
configurations.



Platinum has six naturally occurring isotopes; '*°Pt, 12Pt, 1°4Pt, 19°Pt, 1Pt and '*8Pt, with °Pt
being the most abundant at 33.82% of the total abundance. '*°Pt is also the only NMR active
isotope (spin quantum number, / = %), and as such it can be used in the direct observation of
Pt NMR resonances. The signal to noise ratio is relatively low, giving rise to sharp signals.
Chemical shifts for Pt NMR spectroscopy range from +8000 to —7000 ppm, with the Pt
nucleus being sensitive to several factors in the chemical environment; oxidation state, ligand
substituents, stereochemistry, solvent and solvation effects, and temperature.'? Small changes
in the chemical environment can therefore result in large changes in the observed chemical
shift. Figure 1.2 shows the approximate chemical shift ranges for different oxidation states of
Pt. The lower the oxidation state, the higher the electron density at the Pt centre. This leads to

increased shielding and a more upfield chemical shift.

Pt(0)

Pt(II)

Pt(IV)

| | | | | | | | |
10000 7500 5000 2500 0 -2500 -5000 -7500 -10000

8'%Pt (ppm)

Figure 1.2 Approximate range of chemical shifts for different oxidation states of Pt. The chemical
shifts are relative to [PtCls]* in D;O (adapted from Still et al.?).

The %Pt isotope can also couple to other nuclei, leading to the appearance of ‘Pt satellites’
(Figure 1.3) in the spectra of those elements. The splitting of these satellites presents as a
symmetrical doublet around the central resonance, with the ratio of intensities approximately

1:4:1.13



I : 4 : 1
=< J("°Pt-'"H)=>
Figure 1.3 Diagram displaying 'Pt satellites' arising from coupling in a ' H-NMR.'>'*
The linewidth of the '*°Pt satellites varies between Pt and Pt'Y complexes, with the former

t"" square planar

having broader resonances and the latter having sharper peaks. This is due to P
complexes experiencing a much greater chemical shift anisotropy (CSA) effect because of their

reduced symmetry.'* The reduced symmetry means the opposing magnetic field for these Pt'!

complexes is more anisotropic, leading to shorter relaxation times and broader resonances. '

1.2.1 Platinum' in chemotherapy

Cisplatin is one of only three platinum-containing anticancer drugs approved by the FDA for
use in humans worldwide (Figure 1.4). It was first synthesised by Peyrone in 1844, and its
structure described by Werner in 1894, however its potential biological activity wasn’t realised
until 1965 by Barnett Rosenberg.!®!” It has since paved the way for much research into

platinum based chemotherapeutics.

(@)
(@) 2
Q 0 Nu
’Pt‘ Pt" Pt
Cl/ ‘NH3 / ‘NH3 VAN
(@) (6) N
(0] H,
(0]

Figure 1.4 Structures of the three FDA approved Pt" anticancer drugs; cisplatin, carboplatin, and
oxaliplatin.'®
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There are three further platinum-containing drugs that are approved for human treatment in
certain parts of Asia (Figure 1.5). These are nedaplatin, lobaplatin and heptaplatin, and are

clinically used in Japan, China and Korea respectively.'’

0
H3N////, \\\\\\\O ///’2\\\\\0 OIII/,, . S\\O
‘Pt Pt
aN” O\ d\
0 NH, O NH2 0]

Figure 1.5 Structures of the three Pt" drugs apploved throughout Asia; nedaplatin, lobaplatin, and
heptaplatin.

There are several design features that are common to all six of these drugs. Firstly, they are all
neutral square planar Pt" complexes. They also have similar ligand structures with there
consistently being either two cis chloride ligands or a single dioxygen chelating ligand, and

either two cis amine groups or a single diamine chelating group.?’



Figure 1.6 The mechanism of action for cisplatin in the cell (adapted from Zhao et al.*').

The mechanism of action for cisplatin, shown in Figure 1.6, is understood to occur in four key
stages. The first step is cellular uptake (i). This can occur by either of two methods; (ia) active
transport via a copper transporter protein, or (ib) passive diffusion.???* Once the drug is inside
the cell wall, aquation (ii) can occur. This is where one or both of the chloride ligands are
replaced by water groups, to give the mono- and bis-substituted adducts. The disparity in the
concentration of chloride ions between the intra- and extracellular matrix, and the higher
concentrations of cisplatin in the cell, allows for this aquation to occur.?*?* Aquated products
are then able to enter the nucleus through nuclear pores (iii). The final step (iv) is the binding
of cisplatin to the DNA in the nucleus, leading to deformation of the double helix.?® The drug

binds to the DNA by substitution of the Pt-coordinated water molecules with the heterocyclic



DNA base guanine.?’” Adenine is also able to be platinated, however studies have shown that
there is a preference for guanine.?® > Pt NMR studies have shown that the drug initialy forms
a monosubstituted complex with the DNA, before the remaining chloride can be exchanged.?
The damage this binding causes to the normal structure of DNA leads to initiation of the

cellular processes that cause apoptosis.>°

Figure 1.7 Structures of guanine (left), and adenine (right).

It is the N7 position of guanine and adenine that are most favourably platinated due to their
high (Figure 1.7).3! Cisplatin is able to bind to neighbouring deoxyguanosine nucleobases that
are not necessarily on the same strand of DNA. This can therefore give rise to interstrand and
intrastrand cross-links (Figure 1.8). Intrastrand cross-links are the most frequently occurring,
with the most common being 1,2-d(GpG) (65%). Other common intrastrand cross links are the
1,2-d(ApG) (25%), and the 1,3-d(GpTpG) (5-10%). Some GG interstrand links are seen, but

these are less frequently occurring.

There are other mechanisms via which cisplatin exerts cytotoxicity, such as by increasing the
levels of reactive oxygen species (ROS) which, due to the effects of oxidative stress on
biological function, can lead to cell death.>*> One method of ROS production may arise from
cisplatin altering mitochondrial function through nicotinamide adenine dinucleotide phosphate

(NADPH) depletion, which may increase the presence of OH* and O>".3**° It has also been



suggested that, in the treatment of head and neck cancer, interaction with mitochondria may be

critical in the drug’s clinical activity.>¢3”

A B
NH, H3N NH3

L)I\N’

/

N NN N O >N_ _N. _NH,
W:;/>|Y<\|Y N
HN X NH ) NH

N 0
o \o/ 0
pi
/7 \
H,N N
C

Figure 1.8 Schematic diagram of DNA with the most common Pt cross-links. (A) intrastrand 1,2-
d(GpG), (B) intrastrand 1,2-d(ApG), (C) intrastrand 1,3-d(GpTpG), (D) interstrand d(GG).

Despite the success of Pt anticancer drugs, there are drawbacks. One of these is that there can
be severe side-effects associated with taking these drugs, including ototoxicity, neurotoxicity
and nephrotoxicity.*® Due to this, and the targeting of Schwann cells in the peripheral nervous
system, dosage has to be limited.>* Another problem with these drugs is that patients can
develop resistance. This means that treatment becomes less effective, and dosage has to be
increased to remain potent. This is thought to be due to reduced accumulation of the drugs in

tumour tissue, and increased DNA repair, amongst other factors.*



1.2.2 Platinum'Y prodrugs

In an attempt to overcome the issues associated with Pt!! drugs, much research has been done
into the use of Pt'Y prodrugs (Figure 1.9). Pt!Y complexes are generally more kinetically inert,
and more thermally stable than Pt"' complexes.'® Terming these compounds prodrugs comes
from the fact that they need to be reduced in order to access the active anticancer compound.
It is thought that the higher stability of these complexes may reduce the interactions with
proteins and healthy tissues within the body, diminishing the unwanted side-effects and

potentially opening up the opportunity for oral administration.

[ Non-Leaving Group Ligands ’—@MH‘@—( Leaving Group Ligands J

[ Axial Ligands ]

Figure 1.9 General structure of a Pt(IV) prodrug.*'

The addition of two more ligands, allows for modification of the properties of the drug. Ligands
with their own chemotherapeutic actions may give rise to multi-modal Pt based anticancer
treatments.*” By functionalising the axial positions, it may also be a way of improving the
tumour targeting on the drugs, leading to a reduction in negative side-effects.** For example,

estrogens have been bound to cisplatin constructs to improve targeting for breast cancers.**

10



Four Pt!V drugs have entered clinical trials: iproplatin, tetraplatin, satraplatin, and LA-12
(Figure 1.10). Iproplatin was found to be less cytotoxic than cisplatin, and tetraplatin found to
have too many side-effects, so both have been abandoned.*** Satraplatin is currently in trials

for use in combination with radiotherapy, and LA-12 is in phase I trials.**%’

0 0
H, OH H, Cl O)k o)k

e N/,// W HN, | e HyNy, | WGl

‘Pt Pt Pt
HzN(|\C1 -IIIIIIN( \c1 HN( \Cl HN( \Cl

B¢ MGY@Y

Figure 1.10 Structures of the four Pt drugs that have entered clinical trials; iproplatin, tetraplatin,
satraplatin, and LA-12.

tH

It is thought that these PtV complexes are reduced in vivo to the Pt analogue, and that the

mechanism of action is then the same as shown in Figure 1.6. The reduction itself is believed
to occur intracellularly by ascorbate and glutathione, as well as by proteins, within the cell.*®
How easily reducable PtV prodrugs are depends on the nature of the coordinating ligands.
These strongly influence the reduction potential. Generally, the more electronegative the

ligands the smaller the reduction potential.*’

1.2.3 Photoactivatable platinum'Y prodrugs

Light has been used as a means of treatment in medicine for centuries, with some of the most
common modern examples being the use of blue-green light to treat jaundice, and the use of
UVB to treat eczema.’®>! Photodynamic therapy (PDT), developed by Lipson and Schwartz in

the 1960s, advances on phototherapy by involving the administration of a photosensitizer>>>

11



Photosensitizers are molecules than can be activated by light.>* In the presence of molecular
oxygen, light activated photosensitizers will transfer energy to the oxygen, causing production
of reactive oxygen species (ROS). In therapeutic application, the photosensitizer is allowed to
build up within a tumour tissue, and it is the ROS that interact biochemically to cause damage

and death to the surrounding tissue.>

Due to the rapid growth and poor vasculature of some tumours, the environment can be
hypoxic, meaning that PDT can have limited efficacy.’® One potential alternative to PDT is
photoactivated chemotherapy (PACT). This is where photoactivatable complexes, that are
stable in the dark, are irradiated in clinical conditions to obtain an active chemotherapeutic
counterpart without the need for molecular oxygen.®” There are several d-block metals which
have been explored for photochemotherapy, including rhodium, gold and iron, however this

thesis will focus on the use of platinum.>%>

The two common oxidation states of platinum both show photochemical properties.®® Pt!!

tIV

complexes frequently show luminescence following irradiation, whilst Pt'Y complexes exhibit

photoreduction or dissociation.® Pt"Y complexes containing azide ligands display this

tH

behaviour, being able to be reduced to active Pt" compounds by irradiation with short-

wavelength light. The reduction is thought to occur due to induction of ligand to metal charge
transfer (LMCT), which causes azide radicals to be expelled from the molecule (Figure 1.11).%2
For application in anticancer treatments, an inactive Pt'Y prodrug could be administered which
may then enter cancerous cells. Irradiation with a clinically viable wavelength of light may
then yield an active Pt drug, which could induce apoptosis in a similar way to cisplatin.

Whether or not the azide radicals provide any clinical benefit themselves is not fully

understood, but it is thought they quickly convert to produce nitrogen gas. The main benefit of

12



having photoactivatable drugs is that if they are non-toxic in the dark, there will be less off site
activity and in turn reduced side effects from chemotherapy. The need for activation also means

specific tumour sites can be targeted, with irradiation only at the necessary locations.

Light

OH Photoreduction 2+ M Binding to
//\\T\ 3 and aquation X, \\\\OH2 DNA/proteins;
> - >

to cell death

| w > H, O( \ possibly leads

;> 3N,

Figure 1.11 Proposed mechamsm of photoactivation and anticancer activity of Pt"” azide complexes
(adapted from Farrer & Sadler).®

It has been shown that if these diazido complexes also contain amine ligands, changing the

amines does not significantly alter the reduction potential of the Pt"

compound. These ligands
can therefore be varied to improve properties such as solubility or lipophilicity, without

affecting the stability of the complexes.®*

1.3 Liposomes

Liposomes are spherical vesicles formed from lipids which are arranged into bilayers
surrounding an aqueous core (Figure 1.12).% The ability of these lipids to form bilayers arises
from their amphiphilic nature. Liposomes were first discovered by Alec Bangham in 1964 by

electron microscopy.®¢

13



Hydrophilic ‘head’
groups of the lipids

Approx.

100 nm in
diameter

»—[ Aqueous core ]

groups of the lipids

Hydrophobic ‘tail’ }

Figure 1.12 Schematic diagram of the cross-section of an unmodified liposome.

The aqueous core provides the possibility for containment of water-soluble drugs, with the
volume of this core dictating how much drug can be ‘loaded’ into the liposomes. This is of
interest as it has the potential to increase drug circulation times whilst reducing off target
toxicity, and could also allow for targeted release.®” Properties such as lipid composition and
concentration can also be changed in order to alter the loading efficiency.®® Drug loading can
be achieved by active and passive methods (Figure 1.13). Passive loading is where the drug is
incorporated into the liposomes during their formation, while active loading is where the drug

is incorporated after the liposomes have been formed.*’

14



Passive Loading
4
Addition Evaporation Hydration with Freeze / .
: Extrusion
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Figure 1.13 Flow diagram comparing active and passive loading of liposomes.

Active loading requires a gradient to be set up between the aqueous core of the liposome and
the external medium, and also requires the drug to be ionisable. The drug is dissolved in the
external medium in its neutral state, influxes across the liposomal membrane and can then be
ionised inside the liposome. The drug becomes trapped due to formation of an insoluble salt
with a counter ion.”® Nichols and Deamer were the first to demonstrate this approach by using
a pH gradient to load amphipathic amines into liposomes.”' Barenholz then improved upon
these methods by utilising pH and ion gradients created by salts of weak acids (e.g. acetate) or

weak bases (e.g. ammonium).”>7*
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External medium
(Na;SO,. 200 mM)

Intraliposomal Phase
(Ca(CH;CO0),. 200 mM)

Figure 1.14 Diagram of calcium acetate active loading of a generic drug ‘D’ (adapted from Zucker et
al.).”

The loading method used depends on the way in which the drug behaves. This thesis focuses
on two gradient systems, a calcium acetate/sodium sulphate system, and an ammonium
sulphate/sodium chloride system. These methods are outlined in Figures 1.14 and 1.15. The
rationale behind the two methods is that if the drug behaves as an amphipathic weak acid then
the calcium acetate method should yield the best loading, as the positively charged calcium
ions bond to the negatively charged conjugate base of the drug to form a calcium salt that
cannot pass back across the bilayer. This has been successfully demonstrated for nalidixic acid

and pyranine.’* If the drug behaves as an amphipathic weak base then the ammonium sulphate
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method should yield the best loading, as the negatively charged sulphate ions interact with the

drug to form a salt that becomes trapped in the intraliposomal matrix.”

External medium
{NaCl, 250 mM)

Intraliposomal Phase
((NH,)>S0;, 375 mM)

(NH,;),50,

\

INH, +2H* " 2NH,+50,>

W7

2NH;

Figure 1.15 Diagram of ammonium sulphate active loading of generic drug 'D' (adapted from Zucker
etal).”

Zucker et al. developed a model based on analysis of other uptake experiments, which
recommends optimised loading conditions based upon features of candidate molecules.”
Encapsulation efficiencies have been shown to improve when freeze-thaw cycles are included
in the liposome production method.”® Transient holes are formed by the presence of ice
crystals, which allow for better drug penetration and an increase in the intraliposomal

volume.”’
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1.3.1 Passive and active delivery

The enhanced permeability and retention (EPR) effect describes the build up of nanoparticles
smaller than 200 nm within tumour tissue.’® This is a passive method of delivery that occurs
due to the rapid growth of tumour cells, which leads to increased vasculature and poor
lymphatic drainage in the surrounding area.”” These factors should in theory allow leakage
from the poorly formed capillaries into the intercellular space. In healthy tissue, the
permeability of vasculature is limited to less than 1-2 nm in size, meaning that administered
nanoparticles such as liposomes should not be able to leak into the intercellular space. All non-
targeted nanocarrier systems rely upon this phenomenom for delivery, however the effect is
strongly dependent upon the characteristics of the tumour tissue, and in clinical application
limited extravasation is seen in solid tumours.?*®! Subsequently, more active methods of

delivery have been developed to improve tumour uptake.

To aid the targetsuing of treatment, it is preferable for the liposomes to either be targeted or to
respond to a trigger in order to release any encapsulated drug at a specific location.®? Tumour
cells and their neighbouring healthy cells tend to show abnormal cell-surface proteins and
receptors. Liposomes can be modified to have antibodies corresponding to these targets
attached to the surfaces, allowing for improved accumulation at the tumour site.®*> They can
also be made responsive to a range of triggers that will induce drug release, depending on the
lipid composition.®! Thermosensitive liposomes have shown successful release of doxorubicin
in response to mild hyperthermia.** Liposomes responsive to in vivo environmental triggers
have also been developed, with examples such as lactic acid secretion or glucose uptake of
cancer cells causing drug release.®> Additionally, ultrasound induced release has been

investigated.®
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1.3.2 Liposomes in medicine

Liposomes have many applications in medicine including use as drug delivery vehicles,
. . . . . . . . . 87

response enhancers in vaccinations, and signal enhancers and carriers in medical diagnostics.

There are currently 15 approved liposomal drug formulations, with many more in clinical

trials.3®8?

Doxil® was the first FDA-approved liposomal cancer therapy, being approved in 1995.%° It
consists of liposomally encapsulated doxorubicin that is released by the EPR effect, passively
targeting tumours. Doxorubicin is loaded into the liposomes using the active ammonium
sulphate method, resulting in an intraliposomal drug concentration of 100 fold higher than the
extraliposomal loading matrix. Once inside the liposomes the planar nature of the drug allows
it to aggregate by stacking, however, it remains bioavailable.”! Doxil® was developed to
overcome the dose-limiting cardiotoxicity of doxorubicin, as when liposomally encapsulated
the drug is no longer available in cardiac muscle cells.”> More recently a liposomal formulation
of vincristine has been approved for use in the US for treatment of acute lymphoblastic

leukemia.”?

Liposomes have already been used to encapsulate Pt'

drugs. Cisplatin was encapsulated in
liposomes of the Doxil® formulation to produce STEALTH cisplatin (also called SPI-77).
Although it showed increased accumulation in tumours compared to normal tissue, the
cisplatin release was insufficient.”**> More recently, a different stealth liposomal cisplatin
formulation (lipoplatin) has passed Phase II and III clinical trials in nonsmall lung cell
carcinomas and pancreatic cancer. It shows 10-50 times greater accumulation in tumour tissues

compared to healthy tissue, and exhibited a therapeutic effect similar to or greater than cisplatin

when used in conjunction with paclitaxel.’® It also shows negligible toxicity in healthy tissue.”’
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Lipoplatin has a drug to lipid ratio of 1:10 (w/w), and a cisplatin concentration of 3 mg mL'.%®
Oxaliplatin has also been encapsulated in liposomes in a formulation called Lipoxal. This has
shown success, with lower toxicity and equivalent efficacy when compared to free

oxaliplatin.”

Limitations of liposomal drug formulations have been observed in clinical trials, with a
liposomal doxorubicin system (OLV-DOX) showing high leakage rates and removal by the
reticuloendothelial system.”® Reproducibility in the production of these formulations is also a
complication, with batch-to-batch variability as high as 30%, thought to be a result of variation

in nanoparticle size.!®

1.3.3 Cross-linking

One of the main drawbacks of liposomal encapsulation for small-molecule drugs, is the poor
drug retention. Research has shown that water soluble drugs loaded into the liposome core
have a tendency to leak back out across the bilayer.”® This leakage is undesirable as it would
mean that, in vivo, not all of the loaded dose of drug is reaching the target site. The benefits of
more targeted delivery include being able to keep dosages at a minimum, and reducing oft-
target activation which can cause detrimental side-effects. One possible method for improving
the retention could be the inclusion of cross-linking within the lipid bilayer. This can be
achieved by incorporating a diyne-containing lipid into the liposome composition.!°! Upon
irradiation with UV-light (254 nm) the alkyne groups undergo photoinduced polymerization
to form interstrand bonds. This cross-linking increases the rigidity of the liposome bilayer and

has been shown to reduce leakage of various loaded compounds. !9%1%3
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14 Microbubbles

Microbubbles are gas filled spheres with a shell formed from lipids, polymers or proteins
(Figure 1.16).!% The diameter of the bubbles can range from 0.5 pm to 10 pm, similar to the
size of red blood cells, which allows them to exhibit comparable rheology in the vasculature

of the human body.!%

Shell
Drug loaded
) liposomes
Drug inserted
into layer
I Drug dissolved in
"LC) hydrophobic cavity
Targeted 55%)%
MBs
Gas

Figure 1.16 The various loading and targeting methods of microbubbles (adapted from Lammertink
etal.).!%

The gas core is utilised in the mechansm of drug delivery and drugs can be contained here,
however because it is a poor solvent for carrying drugs, loading is generally achieved either
within the shell or on the shell’s surface. The gas core would also be naturally unstable in any
aqueous media, so the shell is necessary in order to stabilise the core.!”” Microbubbles have

been used clinically as contrast agents in medical imaging for several decades.!%

21



14.1 Microbubbles and ultrasound

The use of ultrasound in medicine is already commonplace, with low level ultrasound applied
for imaging and high level ultrasound used in procedures such as lithotripsy.!”” When
microbubbles are exposed to ultrasound they exhibit oscillation (Figure 1.17). This is due to
the gas core contracting during the compression phase of the pressure wave, and expanding
during the rarefaction phase.!® At low levels this ultrasound exposure will cause the bubbles
to continually oscillate at or around their critical size, this is known as stable (non-intertial)
cavitation. If the ultrasound exposure is high enough, the bubbles will oscillate until they reach
their critical size, become unstable and violently collapse. This phenomenom is called inertial

(transient) cavitation.''”
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Figure 1.17 Schematic diagram showing microbubble cavitation; a — stable cavitation, b — inertial
cavitation (adapted from Izadifar et al.).'"°

Inertial cavitation releases energy, which can present in the form of acoustic shock waves,

t.1'! Ultrasound induced caviation can assist in the

temperature, pressure, and visible ligh
delivery of drugs through a phenomenon known as sonoporation. This is when the oscillating
or collapsing bubbles cause a temporary increase in the permeability of the surrounding tissues,
such as blood vessel walls, cell membranes, or biological barries such as the BBB.!% This can
enhance the delivery of coadministered therapeutic molecules across these barriers and into

the target location.!!? There are several methods via which sonoporation can occur in relation

to biological membranes and barriers, such as vasculature walls or the BBB. These are outlined
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in Figure 1.18.!!* Stable cavitation can lead to the formation of pores in an adjacent membrane
via the push and pull effects felt from the expansion and contraction of microbubbles (b).
Microstreaming can also occur from stable cavitation, in which circulatory motion is
established in the liquid surrounding a vibrating bubble, and any cells in close viscinity
experience shear stress (a).%? This is thought to be the most influential factor involved in
enhancing drug uptake. Inertial cavitation can cause sonoporation in two ways. Firstly, shock
waves produced from collapsing bubbles exert high stress on cell membranes, which in turn
causes membrane disruption and the formation of pores (c). Secondly, because the collapse of
a bubble is asymmetrical, a jet of liquid directed towards a nearby surface can puncture the
membrane and create pores (d).!'* Evidence for improved efficacy, when using microbubble-
mediated ultrasound delivery, has been shown in the treatment of head and neck squamous cell

carcinomas.'®
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Figure 1.18 Methods of sonoporation; a — microstreaming, b — push and pull effects, ¢ — shockwaves,
d — microjet formation (adapted from Delalande et al.).''®
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As previously stated, inertial cavitation of microbubbles can release energy in the form of
visible light. This is known as sonoluminescence.!!” This occurrence may be of interest as a
method of activation for photosensitive drugs. Much research into this phenomenon has
employed conditions that are not relevant to practical clinical application.!!'®!120 However,
more recent studies have shown direct evidence for activation of a photosensitive drug by

sonoluminescence under clinically viable conditions.!?!

1.4.2 Liposome conjugated systems

Microbubbles can be used as a carrier system for drug loaded liposomes (Figure 1.16). These
conjugated systems can be exploited for ultrasound targeted release by focusing the ultrasound
field at the target site, destroying the bubbles in the vicinity, and releasing the drug primarily
to the desired destination.'?? It is thought that microbubble cavitation may be crucial in
optimising the ultrasound mediated activity of liposomes, and improving cellular uptake.'?”
Although microbubbles and liposomes could be coadministered without conjugation, it is
unlikely to yield the proximity and concentrations required for high membrane disruption and
dose delivery.!?*> Doxorubicin loaded liposomes conjugated to microbubbles have also shown
drug release when exposed to ultrasound.!** In vitro studies of this microbubble-liposome
system found an increase in cell death compared to use of only the liposomes with

ultrasound.'?

The ability to functionalise the outer shells of both liposomes and microbubbles means they
can easily be bound together. There are several methods available for the conjugation, with
previous research investigating biotin-avidin and malemide-thiol linkages. Although biotin-

avidin coupling forms strong bonds, this system cannot be clinically applied due to the immune
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response it invokes in humans.!?®!?” The malemide-thiol bond has been explored separately
for targeted immunoliposomes and microbubbles.!?®!? However, due to the presence of
several reactive functionalities in the malemide-thiol system, it shows poor selectivity. More
recently, conjugating microbubbles containing a dibenzocyclooctyne (DBCO) functionalized
lipid to azide functionalised liposomes using strain promoted azide-alkyne cycloaddition
(SPAAC), has been explored.!**!*! This method of click chemistry was developed by Agard
et al. as an alternative to copper catalysed click reactions, which are incompatible with
biological application due to the cytotoxicity of copper.'3>!3 In this example the benzene rings
on the cyclooctyne are electron-withdrawing, and therefore destabilize the alkyne. This is the
driving force behind the reaction, as the ring strain is high in the cycloalkyne, and so reacts

with the azide via a [3+2] cycloaddition to produce a less strained product.

(0]
Figure 1.19 Diagram showing the regioisomer products of a SPAAC reaction between an azide
functional group and a DBCO functional group.
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1.5 Project aims

This work explores the synthesis of novel azide-containing photoactivatable Pt"

prodrugs, and
how varying the nitrogen coordinating ligands in the other equtorial positions alters the pKa
and photochemical properties of the complexes. The use of liposomes as a method of drug
encapsulation for delivery will also be investigated, with a focus on identifying the best loading
method for a given compound, and improving the retention time for small molecule Pt-
containing drugs. Finally, this work will look at how microbubbles could be used in
conjunction with drug loaded liposomes to improve uptake in tumours, and whether

tIV

sonoluminescence is viable for the reduction of photoactivatable Pt'* prodrugs.

The rationale for this work is to assess the individual components of a potential treatment
sytsem for DIPG. The proposed model would involve administering a photoactivatable PtV
drug, encapsulated in liposomes which are themselves conjugated to the surface of
microbubbles. Ultrasound focused at the BBB would lead to cavitation of any microbubbles in
the region, which would in turn temporarily disrupt the barrier by sonoporation and activate
the drug by sonoluminescence. This would allow for the chemotherapeutic Pt" counterpart to

enter tumour cells within the pons to exert cytotoxic effects.
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Chapter 2 Photoactivatable Platinum Complexes

2.1 Introduction

Various platinum complexes with different functionalisations were synthesised, either as pre-
cursors for further reactions or as the final products themselves. All syntheses followed the
general route of formulating a Pt" complex from K>PtCls, with subsequent oxidation to the

tIV

respective Pt'Y complexes using H>O».

The ability of Pt complexes to undergo associative ligand substitution reactions was used to
preferentially produce either the cis- or trans-isomers of the synthesised complexes. During
this associative ligand substitution, the incoming ligand bonds to the Pt centre in an equatorial
position to form a transient five-coordinate intermediate. This is the rate determining step of
the reaction, meaning the product formation depends on the concentration of both the Pt!
starting complex, and the incoming ligand. The trans effect, in which a ligand can labilize the
group in the ¢rans position to it, is the deciding factor in which ligand will be removed. Ligands
with a high trans effect can be influential through o-bonding and n-bonding (Figure 2.1).!
Strong o-donor groups weaken the bond to the ligand in the trans position. Strong m-acceptors
draw electron density from the metal centre, making the frans ligand electron-deficient and
therefore susceptible to nucleophilic attack. The frans effect can be used to predict which
product will be obtained based on the order in which the reagents are added, however
substitution reactions of square-planar platinum complexes do not always yield the more
thermodynamically preferred product. In the case of cisplatin, by starting with potassium
tetrachloroplatinate and adding the amine ligands, the strong trans directing chloride groups

dictate the formation of the cis diamine product.

36



CO, CN", C:H4> PR3, H > CHs > RS> CsHs, NO>", I > SCN™ > Br > Cl >
pyridine > NH3; > OH > H>O

Figure 2.1 The empirical series comparing the trans-effect of ligands based on the kinetics of
substitution reactions.*

The novel complexes produced in this project were based upon the design of previously
established PtV prodrugs, primarily trans,trans,trans-[Pt(py)2(N3)2(OH)2] which was
synthesised by Farrer et al.> This compound in particular is easily synthesised with a good
yield, has high aqueous solubility (ca. 34 mM), is non-toxic towards cells in the absence of
irradiation and shows potent phototoxicity towards several human immortalised cell lines. The
ability of Pt"" complexes to undergo associative ligand substitution reactions is used to

preferentially produce either the cis- or trans-isomers of the synthesised complexes.

All UV-Vis irradiation studies on complexes in this chapter were carried out in water at a
concentration of 100 uM, using a Thorlabs high-power mounted LED (model M405L4

(405 nm)).

2.2 Known compounds

2.2.1 Iproplatin

Iproplatin (cis, cis, trans-[Pt(NH2'Pr)>Clo(OH)z]) is a Pt drug that was developed by Johnson
Matthey and Bristol Myers Squibb, and which is believed to be reduced in vivo to give a Pt
species that then acts via the same mechanism as cisplatin.* The detection of the Pt'! metabolite
cis,cis-[Pt(NH2'Pr),Cl,] in the urine and blood plasma of patients treated with the drug supports
the proposed reduction mechanism.® It has been extensively studied in human clinical trials,

with five Phase I, twenty-two Phase II and one Phase III trials involving more than 1000

patients.® Phase I trials found that doseage had to be limited due to myelosuppression, and so
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a recommended maximum dose of 300 mg m™ was carried through to Phase II trials.” Phase 11
trials have been conducted in a variety of different cancers including; ovarian, breast,
squamous cell carcinomas, cervical, testicular, paediatric neuroblastomas and paediatric
malignant solid tumours.>'* In most of these cancers iproplatin was found to be largely
inactive, and where it was active it was often less effective than both cisplatin and
carboplatin.!"!>16 Progression of the drug was also impeded by toxic deaths and occurrence of
dose limiting platelet deficiency.”!>!7 The only Phase I1I trial involved coadministration of the
drug with cyclophosphamide for the treatment of ovarian cancer, however it was concluded
that there was no improvement compared to cisplatin.'® Improving the selectivity and targetting

of iproplatin may be beneficial in better exploiting its anticancer properties in vivo.

2-
. Cl//, \\\\Cl 1. excess KI, H,O N///,, \\\\\I
2K
1/ \Cl 2.2 eq. NH,iPr, H,O / \I
1. 1.85 eq. AgNO3, H,O
2.4 eq. NaCl, H,0, 40 °C
Y
H, OH
Na, A e 1. H,0,. 50 °C N///, oy el
N | \Cl / N

L

Figure 2.2 Schematic diagram showing the multistep synthesis used to produce Iproplatin.
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In this research, synthesis of the Pt intermediates, cis,cis-[Pt(NH2'Pr).l2] and cis,cis-
[Pt(NH2'Pr).Cl,], was achieved using the method reported by Pantoja et al., which was adapted
from the original cisplatin synthesis described by S. C. Dhara in 1970 (Figure 2.2).!%7!
Subsequent oxidation to the final compound was achieved by following the method reported
by Barnard et al.?>** The final complex and all intermediates were characterised by 'H, '*C
and Pt NMR spectroscopy, and ES* mass spectrometry. The '®>Pt NMR spectra are

particularly useful for characterisation, as the single resonance for the Pt!' precursor to

iproplatin appears in the Pt region and the resonance for iproplatin appears in the significantly

downfield shifted Pt' region (Figure 2.3).

cis,cis-[Pt(NH2'Pr)>Cl;] -2210 DMF-d;
|
A
M
| |
I
[
I
_ ~ § 17— 0| S |
—ZDIDD I —20‘50 ’ -ZIIDEI I —21‘50 —22‘00 -ZZrED I —ZB:DD ) -23:50
1 (ppm)
D20

cis,cis, trans-[Pt(NH2'Pr)2Cl2(OH):] 043

T ¥ T T T T 3 T T L T ¥ T
1100 1050 1000 950 900 850 800 750
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Figure 2.3 '’Pt NMR spectra for cis,cis-[Pt(NH:'Pr)>Cly] (top, run in DMF-d;) and iproplatin
(bottom, run in D;0).

One of the main properties that makes iproplatin interesting from a clinical application
perspective is its high aqueous solubility. Replicate experiments conducted for this research

found iproplatin to have an average water solubility of 58.2 mg mL™! (139.3 mM), which is the
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highest of all the compounds discussed in this work. In order to better understand how this
compound could be encapsulated into liposomes, 'H NMR spectroscopy titration experiments
were undertaken to calculate the pKa. of the complex. The results of these experiments are

detailed in Chapter 3.

2.5

Abs

200 250 300 350 400 450
Wavelength (nm)
—— 0 mins 30 secs 1 min 2 mins —— 5 mins
—— 10 mins — 15 mins —20 mins —— 30 mins ——45 mins
—60 mins ——90 mins —— 120 mins

Figure 2.4 UV-Vis absorption spectrum for iproplatin after irradiation with visible light (405 nm).
The UV-Vis spectrum of iproplatin (100 uM in H>O) doesn’t show any significant

characteristic peaks, suggesting it is only weakly absorbing in the visible region (Figure 2.4).
However, it is possible to see a decrease in the absorption curve, between 200-350 nm, as the
length of time the sample was irradiated for increases. This suggests that the drug is either
being reduced or decomposed by irradiation with 405 nm light. Irradiation also induced a small
amount of yellow precipitate to form, which agrees with the idea that decomposition is
occurring, however the quantity of the solid isolated was too small to analyse. '"H NMR spectra

taken of the solution before and after irradiation don’t show any difference in the peaks present,
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however there is approximately a 50% reduction in the intensity of the peaks, indicating that
the concentration of the iproplatin has reduced. The same is true for mass spectra taken before
and after irradiation. The peaks present do not change, but the intensity has reduced by

approximately half.

2.2.2 trans,trans,trans-|Pt(py)2(N3)2(OH):z]

trans, trans, trans-[Pt(py)2(N3)2(OH),] is a Pt'Y complex that was first synthesised by Farrer et
al. in 2010.% It was developed in an attempt to improve upon the properties of the mono and
bis amine complexes, trans,trans,trans-[Pt(py)(NH3)(N3)2(OH)2] and trans,trans,trans-
[Pt(NH3)2(N3)2(OH)2].2*?° It is photoactivatable by UVA, blue and green light, which is an
improvement upon complexes that are only UV activatable as short wavelength activation has
limited clinical applications.? It was also found to be potently photocytotoxic towards several
cell lines; HaCaT (keratinocytes), A2780 (and its cisplatin resistance variant, A2780CIS),
OE19, and HepG2. '"H NMR spectroscopy studies showed that there was no loss of the pyridine

ligands upon irradiation, which may be a factor in the increased cytotoxicity.
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Figure 2.5 Schematic diagram showing the multistep synthesis used to produce t,t,t-
[Pt(py)2(N3)2(OH).].

The final complex and all intermediates were synthesised following the procedure first
described by Farrer et al (Figure 2.5).3 The complex is known to have good aqueous solubility
(reported at 34 mM), which was corroborated by replicate experiments that found a solubility
of 16.7 mg mL™! (35.4 mM). As for iproplatin, 'H NMR spectroscopy titration experiments
were undertaken to calculate the pKa of the complex and the results of these experiments are

detailed in Chapter 3.
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Figure 2.6 ' Pt NMR spectra for trans,trans-[Pt(py)>(N3):] (top, run in CDCl5) and trans,trans, trans-
[Pt(py):(N3)2(OH)] (bottom, run in D;0).

The Pt NMR spectra show a significant downfield shift from the Pt" precursor, to the
oxidised PtV product (Figure 2.6). This is expected, as the resonances appear in the

characteristic regions corresponding to the oxidation state of the Pt centre.
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Figure 2.7 UV-Vis absorption spectrum for t,t,t-[Pt(py).(N3)(OH):] after irradiation with visible
light (405 nm).

The UV-Vis spectrum of trans,trans,trans-[Pt(py)2(N3)2(OH)2] has characteristic peaks at
260 nm and 288 nm (Figure 2.7). According to time-dependent density function theory
(TDDFT) calculations, these can be assigned as dissociative 'LMCT(N3->Pt) and mixed
'LMCT/'IL (OH->Pt,N3; IL = interligand) transitions.? There is a significant reduction in the
intensity of both peaks as the time of irradiation increases, which corresponds with the
suggested photodecomposition method by loss of either the hydroxyl or azide ligands. The
UV-Vis spectrum for free pyridine shows an absorbtion peak at approximately 260 nm which
has the same fine structure as the above spectra.?’ If loss of the pyridine ligands was occurring

during irradiation, absorbances in this region would still be expected.

Irradiation induced significant precipitation from solution, lightening of the yellow colour of
the solution, and bubbles could be seen. This is concordant with the observations reported in

the original paper. The formation of bubbles could be evidence for the loss of the azide radicals,

44



which rapidly convert to nitrogen gas. '"H NMR spectra taken of the solution before and after
irradiation show an increase in the intensity of the residual water peak. This could be related
to loss of the hydroxyl groups from the compound during irradiation. There is also a reduction
in the intensity of the peaks corresponding to the compound protons of approximately 72%,

indicating that the concentration of the drug has reduced.
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Figure 2.8 Mass spectra for t,t,t-[Pt(py)>(N3)2(OH):] pre- and post-irradiation (405 nm, 120 minutes).

Mass spectra taken before and after irradiation show quite obvious differences, such as the
significant reduction in intensity of the peak at 943 m/z which correlates to the [2M+H]"
fragment, and disappearance of the peak at 1414 m/z with correlates to the [3M+H]" fragment
(Figure 2.8). The post-irradiation spectrum has several new resonances arising between 750
and 1000 m/z, however the identity of these has not been identified. The resonance at 475 m/z

can be assigned to [Pt(py)2(N3)2+K]", suggesting photoinduced loss of the hydroxyl groups.
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2.3 Novel compounds

Based upon the established methods used in the discovery of previous photoactivatable Pt'

complexes, two novel diazido compounds have been developed. The use of two nitrogen
coordinating ligands, thiazole and pyrazine, was explored to see if comparisons could be drawn
to the pre-existing pyridine and thiazole containing compounds. Their synthesis,

characterisation, and photochemical properties are discussed in the following section.

2.3.1 cis,cis,trans-[Pt(1z)2(N3)2(OH):z]

Thiazole (C3H3NS) has previously been explored as a possible ligand for platinum complexes
due to its planar structure, and chemical similarity to pyridine. The antibiotic bleomycin, which
contains a diathiazole unit, has also been shown to bind to DNA.?®? Van Beusichem and
Farrell originally synthesised both the cis- and frans-isomers of [Pt(#z)Clx] in 1992,
characterising the compounds by NMR spectroscopy and X-ray crystallography.>* They
demonstrated that the thiazole ligands were conjugating to the platinum via the nitrogen, rather
than the sulphur. Further research by both Bierbach and McGowan yielded both the cis- and
trans-isomers of the mixed thiazole-amine product [Pt(¢z)(NH3)Cl2].>'*2 More recently, Peter
Sadler’s group have focused on developing both Pt and Pt!V trans-thiazole complexes, with
the inclusion of azide ligands in order to make the complexes photoactivatable (Figure

2'9)'25,33—35
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Figure 2.9 Structures of the thiazole containing platinum compounds produced by Peter Sadler's
group.*>>>>

The trans-isomers have been explored in more detail due to the improved cytotoxicity they
show against cisplatin resistant cells.>® This thesis will look at the synthesis and characteristics
of the Pt photoactivatable cis-thiazole complex, as this has not previously been made and the

comparison to the #rans isomer is of interest.
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Figure 2.10 shows the multistep synthesis used to obtain cis,cis, trans-[Pt(tz)2(N3)2(OH)2]. By
starting with potassium tetrachloroplatinate and substituting the chlorides for iodides, the
strong trans directing iodide groups dictate the formation of the cis-thiazole product. Further
substitutions yielded the Pt" dithiazole diazide intermediate, which was oxidised to its Pt'V

analogue using hydrogen peroxide to give hydroxyl groups in the axial positions.
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Figure 2.10 Schematic diagram showing the multistep synthesis used to produce c,c,t-
[P(tz)2(N3)2(OH)].

The final product was synthesised in a good yield (63%), and characterised by 'H, '*C, and

95pt NMR  spectroscopy and mass spectrometry. It is reasonably soluble in water (ca.
11.3 mgmL"!' / 23.4 mM), and does not show decomposition when exposed to ultrasound,

which is a desirable property for delivery in conjunction with liposomes and microbubbles. 'H
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NMR spectroscopy titration experiments to calculate the pKa of the complex are detailed in

Chapter 3.
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Figure 2.11 Stacked 'H NMR spectra for all compounds produced in the multi-stage synthesis of

cis, cis,trans-[Pt(tz) 2(N3)2(OH)].
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Figure 2.11 shows the 'H NMR spectra for the Pt intermediates, and the final Pt! product in
the synthesis of cis,cis, trans-[Pt(¢z)2(N3)2(OH)2]. Although the analyses were run in different
deuterated solvents, there are still some notable changes in shift, such as the change in
separation between the b and ¢ proton resonances from cis, cis-[Pt(¢z):12] to cis, cis-[Pt(2)2Clz].
The b and c protons are also interesting as in the final product the b proton resonance is upfield

of the ¢ proton resonance, whereas for all the Pt!!

intermediates they appear the other way
around. This indicates that the b protons are more shielded in the final product. The spectrum
for cis,cis-[Pt(tz)2(N3)2] shows the appearance of broad Pt satellites on the a and b proton
resonances. The linewidth of these satellites indicates that the complex is a Pt species.

Comparatively, the Pt satellites in the spectrum for cis, cis, trans-[Pt(¢z)2(N3)2(OH)2] are much

sharper, showing the change from Pt!! to Pt!V.
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Figure 2.12 Stacked " Pt NMR spectra for all compounds produced in the multi-stage synthesis of
cis,cis, trans-[Pt(tz) 2(N3)»(OH)].
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Figure 2.12 shows the Pt spectra for the intermediates and final complex produced in the
synthesis of cis,cis, trans-[Pt(zz)2(N3)2(OH)2]. The resonance for the first intermediate, cis, cis-
[Pt(22)212], is significantly upfield compared to the resonances for the other complexes. This
suggests that the iodide ligands have a stronger shielding effect compared to the chloride and
azide ligands. The spectrum for cis,cis-[Pt(zz).Cl2] shows a strong resonance at -1905 ppm
corresponding to the named complex, however there is a smaller peak appearing at -1953 ppm.
The source of this resonance is unknown, and because the '"H NMR spectrum for the complex
was clean, the next synthetic step was proceeded with. The resonances for the three
intermediates all appear in the expected Pt region of the spectrum, with the resonance for the

tIV

final oxidised complex showing an obvious shift into the Pt'* region.

As mentioned, the trans-isomer of the Pt! product has been previously synthesised by Sadler

et al.>> The NMR spectra for trans, trans, trans-[Pt(tz)2(N3)2(OH)2] were assigned as follows:

'"H NMR (D-0, 400 MHz) § (ppm) 9.58 (2H, doublet of doublets, H,), 8.30 (2H, doublet of
doublets, He), 8.07 (2H, triplet, Hp) ppm. *C NMR (D,0, 150 MHz) § (ppm) 157.8 (C.), 140.3

(Cp), 123.8 (C.). >Pt NMR (D-0, 129 MHz) § (ppm) 977 ppm.
The assigned data for the cis-isomer, cis, cis, trans-[Pt(tz)2(N3)2(OH)], is given below:

"H NMR (D:0, 400 MHz) & (ppm) 9.26 (2H, doublet of doublets, Ha), 7.93 (2H, doublet of
doublets, Hc), 7.86 (2H, doublet of doublets, Hy) ppm. °C NMR (D0, 101 MHz) & (ppm)

157.3 (Ca), 139.5 (Cb), 123.8 (Ce) ppm. '**Pt NMR (D0, 86 MHz) & (ppm) 1038 ppm.

Both complexes were analysed in D>0, and as such comparisons can be drawn between the
data sets. The '"H NMR spectra resonances for the cis-isomer are upfield shifted compared to

the resonances for the trans-isomer, which indicates higher shielding. The '*C NMR spectra
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don’t show significant differences in chemical shift between the two complexes. The '*°Pt
NMR spectra show that the cis-isomer resonance appears downfield of the trans-isomer

resonance, indicating it is deshielded compared to the frans-isomer.

3.5

3

2.5
P
<15
1

0.5

0

200 250 300 350 400 450
Wavelength (nm)

—O0mins —30 secs 1 min 2 mins ——5 mins
—— 10 mins — 15 mins ——20 mins ——30 mins ——45 mins
—60 mins —90 mins —— 120 mins

Figure 2.13 UV-Vis absorption spectrum for c,c,t-[Pt(tz) 2(N3)2(OH)] after irradiation with visible
light (405 nm).

The UV-Vis spectrum of cis, cis, trans-[ Pt(¢z)2(N3)2(OH)2] shows a peak at 240 nm, and a broad
shoulder at approximately 265 nm (Figure 2.13). Both of these resonances decrease in intensity
with longer durations of irradiation. Free thiazole absorbs between 200-260 nm, and so if loss
of the thiazole ligands was occurring absorbances in this region would still be expected.’’
There is a minimal increase in the absorption intensity at approximately 355 nm as the
exposure time increases, with an isosbestic point occurring at 335 nm. This could correlate to
the increasing concentration of a Pt!! photoreduction product, which is weakly absorbing at

tIV

355 nm compared to the Pt'Y starting compound. Irradiation induced precipitation from

solution and bubbles could be seen forming.
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"H NMR spectra taken before and after irradiation show the formation of new peaks, which
can be assigned as free thiazole. This indicates that the ligands are dissociating as a result of
visible light exposure. There is also a 72% decrease in the intensity of the conjugated ligand

peaks, which reinforces the concept that the drug is breaking down.
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Figure 2.14 Mass spectra of ¢,c,t-[Pt(tz)5(N3)2(OH)>] pre- and post-irradiation (405 nm,
120 minutes).

Mass spectra taken before and after irradiation show significant changes (Figure 2.14). The
pre-irradiation spectrum shows the presence of the compound with the following masses; 484
(IM+H]"), 949 ([2M-OH]"), 967 ([2M+H]"), 1450 ([3M+H]"), and 1935 ([4M+H]"). The post-
irradiation spectrum does not contain any of these masses, suggesting a total breakdown of the
drug in solution. The peak at 490 m/z in the post-irradiation spectra could correlate to the

fragment [Pt(¢z)2(N3)>+K]", indicating a loss of the hydroxyl groups upon irradiation.
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2.3.2 trans,trans,trans-|Pt(pz)2(N3)2(OH)2]

There are several examples in the literature of pyrazine being used as a bridging ligand in
bimetallic complexes. Iengo et al. explored its use in Ru'"" dimers that developed upon previous

antimetastatic complexes.>® It has also been used in mixed bimetallic Pd" and Pt"

complexes,
which showed cytotoxicity in HeLa (human cervical cancer) and A375 (human melanoma) cell
lines.*® Komeda et al. used pyrazine, pyrimidine, and pyridazine bridging ligands in Pt" dimer
complexes based on cisplatin, and found increased cytotoxicity in mouse cell lines, but reduced
cytotoxicity in human cell lines compared to cisplatin.*’ Finally, further bimetallic complexes
using the scaffolds of alternative Pt complexes (e.g. oxaliplatin) showed significant
antitumour effects.*! There has been little research in to pyrazine containing Pt monomers, so

these will be explored in this thesis.*>*

NT
2 |
Cl N, _‘\\\\\C1 1. excess pyrazine, H,0, 85 °C \

2K+ Pt > Pt
™ 2. HCI, 75 °C o \N/ﬁ

1. 2 eq. AgNO3, H,0, 60 °C
2. excess NaN;, H,O

R 1. Hy0,, 45 °C X N///,,,P RE

Figure 2.15 Schematic diagram showing the multistep synthesis used to produce t,t,t-
[Pt(pz)2(N3):(OH)].
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The synthesis, shown in Figure 2.15, followed the methods used to produce trans,trans,trans-
[Pt(py)2(N3)2(OH)2].> The final Pt"Y complex was produced in reasonable yield (67%), and was
characterised by NMR spectroscopy and mass spectrometry. The compound is stable when
exposed to ultrasound, however it is only sparingly soluble in water (ca. 4.0 mgmL™ /
8.5 mM). Determination of the pKa by '"H NMR spectroscopy was conducted to assess how

this compound could be loaded into liposomes. This is detailed in Chapter 3.
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Figure 2.16 Stacked 'H NMR spectra for all compounds produced in the multi-stage synthesis of

trans,trans,trans-[Pt(pz)2(N3)2(OH),].

Figure 2.16 shows the 'H NMR spectra for the Pt intermediates, and the final Pt! product in
the synthesis of trans,trans,trans-[Pt(pz)2(N3)2(OH)2]. Although the analyses were run in
different deuterated solvents, there are still some notable changes in shift, with both resonances
progressively shifting downfield with each successive reaction. The spectrum for trans, trans-

[Pt(pz).Cl2] shows the appearance of broad Pt satellites on both the a and b proton resonances.
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The linewidth of these satellites indicates that the complex is a Pt!! species. No Pt satellites can

be seen on the spectra for trans,trans-[Pt(pz)2(N3)2] or trans,trans,trans-[Pt(pz)2(N3)2(OH)2],
however this is likely due to poor resolution resulting from low solubility of the complexes.
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Figure 2.17 Stacked '’ Pt NMR spectra for all compounds produced in the multi-stage synthesis of
trans,trans,trans-[Pt(pz):(N3)(OH),/.

Figure 2.17 shows the Pt spectra for the interemediates and final complex produced in the
synthesis of trans, trans, trans-[Pt(pz)2(N3)2(OH)2]. The spectrum for trans, trans-[Pt(pz)2(N3)2]
shows a strong resonance at -2171 ppm corresponding to the named complex, however there
are several smaller peaks appearing downfield of this. The source of these resonances is
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unknown, and no other resonances were seen in the the 'H NMR or *C spectra for the complex.
The resonances for the two intermediates appear in the expected Pt region of the spectrum,

with the resonance for the final oxidised complex showing an obvious shift into the Pt'Y region.
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Figure 2.18 UV-Vis absorption spectrum for t,t,t-[ Pt(pz) 2(N3):(OH) ] after irradiation with visible
light (405 nm).

The UV-Vis spectrum for trans,trans,trans-[Pt(pz)2(N3)2(OH)2] shows a characteristic peak at
265 nm, that upon irradiation decreases in intensity and starts to show finer detail of a “triplet’
style resonance (Figure 2.18). This absorption pattern correlates with that of free pyrazine, so
the appearance of this finer detail could indicate the release of the pyrazine upon
photoactivation.** There is also a very broad shoulder in the spectrum at approximately
300 nm, which also reduces in intensity with irradiation. There is a small increase in the
absorption intensity at approximately 400 nm as the exposure time increases, with an isosbestic
point occurring at 330 nm. This could correlate to the increasing concentration of a Pt'!

photoreduction product, which is weakly absorbing at 400 nm compared to the Pt'V starting
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compound. When comparing this data to that of tranms,trans,trans-[Pt(py)2(N3)2(OH):],
similarties can be drawn. Both spectra have a strong absorption with fine detail at around
260 nm, and a broader absorption closer to 300 nm, both of which reduce in intensity with
irradiation. This could suggest that the peaks correlate to the same transfers (e.g. 265 nm = N-
>Pt LMCT, and 300 nm = OH->Pt, N3 LMCT, IL), however TDDFT calculations would need
to be done to analyse this fully. Irradiation induced precipitation from solution and bubbles

could be seen forming.

"H NMR spectra taken of the solution before and after irradiation show an increase in the
intensity of the residual water peak. As with trans, trans, trans-[Pt(py)2(N3)2(OH)z], this could
be related to loss of the hydroxyl groups from the compound during irradiation. There is also
areduction in the intensity of the peaks corresponding to the pyrazine protons of approximately
56%, indicating that the concentration of the drug has reduced. Mass spectra taken before and
after irradiation don’t show any significant changes in the resonances present, apart from a
reduction in intensity. The changes in both NMR spectra and mass spectra suggest that the
decomposition products are precipitating, and are therefore not being detected by these

analyses as they are filtered out.
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2.3.3 cis,cis,trans-|Pt(pz)2(N3)2(OH):]
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Figure 2.19 Schematic diagram showing the proposed multistep synthesis to produce c,c,t-
[Pt(pz)2(N3)2(OH),].

In order to compare the characteristics of trans,trans,trans-[Pt(pz)2(N3)2(OH):] to the cis-
isomer (cis, cis, trans-[Pt(pz)2(N3)2(OH):2]), synthesis of the latter was attempted. The synthetic
route followed was the same as used to produce cis, cis, trans-[Pt(tz)2(N3)2(OH):] (Figure 2.19).
The first intermediate, cis,cis-[Pt(pz):12], was thought to have been made as the 'H NMR
spectrum showed the presence of two doublet of doublets, one with Pt satellites. The *C NMR
did not show the presence of any compound peaks, with only the solvent references appearing
on the spectrum. This may have been due to the NMR sample concentration being too low. No
resonances were seen in the !> Pt NMR spectrum. The mass spectrum also showed no relevant

fragments, however this is not uncommon for Pt species. Based on the 'TH NMR spectrum, the
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next synthetic step was attempted to produce cis,cis-[Pt(¢z)>Cl>]. This was attempted initially
in distilled water, and then in a mixture of distilled water and DMF, and just DMF. None of
the attempts yielded a precipitate, and analyses of the reaction solution didn’t show the
presence of any products. An alternative method avoiding the dichloride intermediate and

t!! diazido complex was attempted. This was carried out in distilled water,

going straight to the P
and yielded a small amount of yellow precipitate. On analysis of the solid and the filtrate by
NMR spectroscopy and mass spectrometry, no assignable product resonances could be seen.
The products may not have been able to be synthesised due to steric hinderance between the
two pyrazine ligands in a cis-conformation. The complications encountered in attempting to

synthesise these Pt intermediates meant that the Pt product, cis,cis, trans-

[Pt(pz)2(N3)2(OH)2], could not be obtained.

2.4 Conclusions

Two novel Pt complexes, cis,cis,trans-[Pt(tz)2(N3)2(OH):] and trans,trans,trans-
[Pt(pz)2(N3)2(OH)2], were synthesised reproducibly with good yields and showed aqueous
solubility. Both complexes could be fully characterised by 'H, '3C and '"Pt-NMR
spectroscopy and mass spectrometry. These complexes also showed photoreduction when
irradiated with blue light (405 nm), meaning they could potentially be used in photoactivated
chemotherapy. Both complexes showed similar absorption and irradiation characteristics to the
established compound trans,trans,trans-[Pt(py)2(N3)2(OH)2]. However, cis,cis, trans-

[Pt(22)2(N3)2(OH)2] showed the greatest change in Amax with irradiation of all three compounds,

indicating it may be the most photosensitive complex. Further investigations would need to be
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carried out to better understand the mechanisms by which photoreduction is occurring, and the

products it is yielding.

Despite several attempts, cis,cis,trans-[Pt(pz)2(N3)2(OH)2] could not be synthesised by the

attempted methods. Future work would involve attempting this synthesis by alternative

methods, varying factors such as; solvent system, temperature, reaction times, or reagent

equivalents.
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Chapter 3 Liposomes

3.1 Introduction

The following chapter discusses the use of dynamic light scattering (DLS) to ascertain which
phosphatidylcholine lipid, and which method of liposome formation, yields the most
monodisperse liposomal suspensions. The potential application of differential scanning
calorimetry (DSC) for liposome analysis is also outlined. In depth experiments into optimising
the liposomal encapsulation of the Pt'"Y drug iproplatin are explored, and finally the use of

cross-linkable lipids for improving drug retention in liposome formulations is considered.

The composition of liposomes used in this research was defined by previous studies conducted
by Geers et al, and also by previous work undertaken within the Farrer group.!? The
composition consists of a phosphatidylcholine (PC), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-
mPEG(2000)) in the molar ratio 54:36:10 was used. The phosphatidylcholine was the variable
component, with either 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), or 1,2-
dibehenoyl-sn-glycero-3-phosphocholine (DBPC) being used. The inclusion of cholesterol
increases rigidity, which decreases leakage, however it may also affect loading capacities.’
DSPE-mPEG(2000) was used as the pegylated group is believed to help with ‘stealthing’ the
liposomes in the blood stream, increasing the circulation time and also the probability of
permeating the tumour tissue.**> This formulation was also selected due its suitability for

ultrasound triggered release, which was the intended application for this work. '

The structures of all lipids used in this work are included in appendix section A.l, and

experimental methods for the liposome formulations are detailed in the experimental section.
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3.2 Composition and characterisation

3.2.1 DBPC vs. DPPC

DLS allows for determination of the size distribution of molecules and particles in a
suspension. It has been used in order to measure the size of the liposomes being produced.

Figure 3.1 shows a plot of the data collected by DLS.

DLS was carried out on standard liposomes made using DPPC, cholesterol and DSPE-
mPEG(2000) in the molar ratio 54:36:10 was tested. The same tests were also conducted on
liposomes which had the same lipid ratio, but that used DBPC in place of DPPC. It was
proposed that the longer chain of DBPC could reduce leakage of drugs from the liposomes,
and therefore these experiments were conducted to test how this lipid may alter the properties
of the liposomes. These suspensions were tested at 1 in 10 and 1 in 100 dilutions, diluting with
calcium acetate (200 mM), as the sizing and distribution results can be skewed if the solution
is too concentrated. This is due to the multiple scattering effect, in which light scattered from
a single particle is re-scattered by neighbouring particles in the solution, leading to artificially

low particle size results.’
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Figure 3.1 DLS size distribution for extruded DPPC containing liposomes; I in 10 dilution (blue), 1
in 100 dilution (orange).

The Z-Average value represents the average size of all species in each sample, and the PdI
(polydispersity index) is a dimensionless value that measures the heterogeneity of a sample
based on size. PdI can be calculated from DLS by Equation 1, where o is the standard deviation

and d is the mean diameter.’

2

Pdl = (%) 1)

For a perfectly monodisperse suspension the Pdl would be 0. A PdI value below 0.05 indicates

a close to monodisperse suspension, whereas a value above 0.7 suggests the sample is highly

polydisperse.®
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DPPC DBPC

Dilution | Z-Average (nm) | PdI [ Dilution | Z-Average (nm) | PdI
1in 10 158.8 0.057 | 1in 10 169.4 0.129
1 in 100 158.7 0.078 | 11in 100 163.7 0.129

Figure 3.2 Comparing DLS results of DPPC and DBPC containing liposomes, formed by extrusion,
at 1in 10 and 1 in 100 dilutions with calcium acetate (200 mM).
The data collected (Figures 3.2 and 3.3) shows that the liposomes containing DPPC are slightly
smaller in size than those containing DBPC, and that the suspension is also more monodisperse.
It can therefore be concluded from the data that the DBPC containing liposomes exist in a

broader range of sizes, and are therefore less uniform.

Difficulties were encountered in forming the DBPC containing liposomes by extrusion, as a
higher extrusion temperature was needed because DBPC has a higher transition temperature
(Twm). This is the temperature required to change the state of a lipid from the ordered gel phase,
to the disordered liquid crystalline phase.’ To counter this problem, an attempt was made to
form the DBPC containing liposomes by sonication using a probe sonicator. Conditions used
were 6 secs on, 4 secs off for 10 minutes at 30% amplitude. DLS was used in order to compare

the DBPC samples formed by the different methods.
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Figure 3.3 DLS size distribution for DBPC containing liposomes formulated by sonication (1 in 10
dilution - blue, 1 in 100 dilution - orange), and extrusion (1 in 10 dilution - grey, 1 in 100 dilution -
yellow).

The data in Figure 3.4 shows that the sonication method forms significantly smaller liposomes
than the extrusion method. As well as being smaller, the sonicated liposomes also have a

slightly higher PdI, and therefore have a broader range of sizes than the extruded liposomes.

DBPC — sonicated DBPC - extruded
Dilution | Z-Average (nm) | PdI | Dilution | Z-Average (nm) | PdI
1in 10 105.4 0.145] 1in 10 169.4 0.129
1in 100 103.3 0.156 | 1in 100 163.7 0.129

Figure 3.4 Comparing DLS results of DBPC containing liposomes, formed by sonication and
extrusion, at 1 in 10 and 1 in 100 dilutions with calcium acetate (200 mM).

DPPC was easier to work with as the DBPC containing composition required an extrusion

temperature of 75 °C, compared to 65 °C for DPPC containing liposomes. The extrusion block

and syringes have to be manually handled, which would be difficult to manipulate with heat
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proof gloves, and too hot to use without gloves (Figure 3.5). Based on the PdI results, and also
on the ease of synthesis, a decision was made to continue producing the DPPC, DSPE-
mPEG(2000) and cholesterol containing liposomes. The extrusion method was also selected,

as the results suggest it provides a better uniformity of suspension.

a Mini extruder Gas tight syringes

Heating
block

b Filter

O-ring supports
channel  O-ring

i
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bearing

]
\

-ring

\

Extruder Intekr)nal Polycarbonate Integnal Retainer
outer casing membrane membrane membrane ut
support support

Figure 3.5 a) Image showing the Avanti Mini Extruder set up with heating block and gas tight
syringes, b) Diagram showing the internal structure of the Avanti Mini Extruder."
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3.2.2 DSC for liposome characterisation

Differential scanning calorimetry (DSC) is used to determine the thermal properties of

materials, and can therefore show the transition temperatures of phospholipid bilayers.'!

DSC was investigated to see if it could be used as a method of analysis to prove that the
intended liposomes were being formed. Assuming all lipids have individual thermal profiles,
on formation of liposomes consisting of several different lipids, the transition profile of the

liposomes should correlate to an average of the lipids present.

Initially, an attempt was made to measure the thermal profile of our standard liposomes which
consist of DPPC, cholesterol and DSPE-mPEG(2000) in the molar ratio 54:36:10. The
liposomes were tested in sodium sulphate solution (200 mM), but no thermal transitions were

observed (Figure A4.1).

It was proposed that solvent effects from the surrounding medium could be interfering with
the liposomes. To test this theory, DSC was carried out on the standard liposomes in calcium
acetate (200 mM), as this is the suspension they are in before dialysis with sodium sulphate in
order to set up the drug loading gradient. There were still no transitions seen in this second
medium (Figure A4.2). It was decided that the individual solid lipids used in the liposome
composition should be tested separately to measure their thermal profiles without interactions

to each other, or to the intra- and extraliposomal mediums.

When the solid lipids were tested, transitions were seen for both cholesterol and DSPE-
PEG2000, but not for DPPC. The traces for these tests are shown in Figure A4.3. For
cholesterol, weak transitions are seen at 36 °C upon heating and 24 °C on cooling. For DSPE-

PEG2000, strong transitions are seen at 49 °C on heating and 45 °C during cooling.
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Liposomes were then formulated from the individual lipids, to assess whether the results were
due to the solution and bilayers interfering (Figure A4.4). Only DPPC and DSPE-mPEG(2000)
were tested in this manner, as it was not possible to formulate liposomes made purely from
cholesterol. The results showed no transitions for the DSPE-mPEG(2000) liposomes, despite
transitions having been observed when the lipid was in it’s solid state. For the DPPC liposomes
peaks were seen, however these were later identified as showing the melting point of DPPC

rather than a phase transition.

33 Active loading and leakage

3.3.1 Iproplatin versus trans,trans,trans-|Pt(py)2(N3)2(OH)2]
Due to the therapeutically desirable properties of trams,trans,trans-[Pt(py)2(N3)2(OH):],

liposomal encapsulation of this compound was attempted in a preliminary investigation to see
if it would be a viable drug to use in this system. The calcium acetate loading method was
used, as this had been previously explored for iproplatin loading.'? The initial loading for this
drug in the formulated volume of liposomes (approx. 1.25 mL) was found to be 0.43 mg (2.9%
efficiency from 15 mg incubation), in comparison to the average initial loading for iproplatin
of 1.58 mg (10.5% efficiency). Because of the significantly higher loading efficiency of

iproplatin, it was decided that further liposome studies would focus on iproplatin.

3.3.2 Comparing loading methods for iproplatin encapsulation

In previous work conducted by the group, passive and active loading methods were compared
for the encapsulation of the anti-cancer drugs gemcitabine and iproplatin.? For both complexes,

it was found that passive loading resulted in significantly lower loading, and was therefore not
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a promising option. Active loading was therefore preferentially used for further studies.'? This
previous work only explored the use of the calcium acetate active loading method for
iproplatin. An alternative method of active loading uses an ammonium sulphate / sodium
chloride gradient. The method selected depends on whether the drug to be loaded behaves as
an amphipathic weak acid (calcium acetate) or an amphipathic weak base (ammonium
sulphate). Although it was assumed that iproplatin would behave as a weak acid, deprotonating
at one of the amine groups, this thesis explores the use of both methods for the loading of

iproplatin in order to determine which loading method will give the most optimal results.

Liposomes were formulated using the standard method described in the experimental section
of this thesis, either using calcium acetate or sodium sulphate solutions for rehydration. These
liposomes were loaded with iproplatin following the relevant method, and subsequently
aliquots of these samples were collected daily after loading. Unencapsulated drug was removed
from these samples by size exclusion, and the liposomes digested to release any drug that was
still present in the intraliposomal matrix. Both loading methods were repeated in quintuplicate
to assess the reproducibility of loading, and analysis was carried out by ICP-MS. This method
of analysis provides the Pt concentration, which can be back-calculated to give the
concentration of the drug. Analytical HPLC was previously used as the method of analysis for
these experiments, however due to machine faults it was not possible to collect data for all

samples, and so they had to be repeated via this new method.

Figures 3.6 and 3.7 show the average change, excluding anomalous values, in Pt concentration
of the intraliposomal matrix plotted against the number of days since the liposomes were
loaded. Experiments were run in quintuplicate, and averages of these five batches taken. The

anomalies were attributed to contamination during sample preparation, and have been included

75



in the appendix (A.5). The Pt concentration values are the combined concentrations of the '**Pt
and '”°Pt isotopes in the test samples, which are dilutions of the original liposome samples due
to the need for sample digestion and the testing ranges of the ICP-MS instrument. These
isotopes are tested for as they have the highest natural abundances (32.864% and 33.775%
respectively). These values can be used to extrapolate the total Pt concentration of all isotopes
in the samples, and also the values for the concentrated initial solutions which gives the initial
loading value. The blue line graph represents the standard composition liposomes loaded using
the calcium acetate method, and the yellow line graph represents the standard composition
liposomes loaded using the ammonium sulphate method. Points on the graphs at which the Pt
concentration appears to increase with time (calcium acetate days 3 and 10, and ammonium
sulphate days 4, 8 and 11) are due to variation in the individual batches, and the range of results
from the five batches can be seen from the error bars. Points on the graphs without range bars

are due to only one batch having a sample collected on those days.
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Figure 3.6 Change in Pt concentration of the intraliposomal matrix in the days after loading for
standard calcium acetate liposomes.
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Figure 3.7 Change in Pt concentration of the intraliposomal matrix in the days after loading for
standard ammonium sulphate liposomes.
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The general trend for both sets of loading methods shows a decrease in the Pt concentration as
the time since loading increases. This is concordant with the idea that the drug is passively
leaking out of the liposomes, and agrees with previous work conducted. Comparison of the
initial loading capacities shows that iproplatin is more successfully loaded using the
ammonium sulphate method, with an average Pt concentration at day 0 of 250 ng g™!. The
average initial encapsulation calculated from this data for the calcium acetate loading method
is 160 ng g™!, approximately 90 ng g’! less. These values, when converted back to the original
concentrated samples and accounting for the presence of all isotopes, equate to an initial
encapsulation of 1.02 mg mL™! using calcium acetate and 1.61 mg mL™! using ammonium
sulphate. As a percentage of the amount of iproplatin used in the incubation step (15 mg), these
are 8.5% and 13.4% respectively. The higher encapsulation using the ammonium sulphate
method suggests that iproplatin is behaving as a weak base, rather than a weak acid. There is a
reasonably large range between batches for the initial loading using both methods. The calcium
acetate samples had a minimum initial loading of 128 ng g! and a maximum initial loading of
221 ng g!, giving a range of 93 ng g’!. The ammonium sulphate samples had a minimum
encapsulation of 165 ng g”! and a maximum encapsulation of 284 ng g”!, giving a range of

118 ng g

After 10 days there was an average of 0.22 mg mL™! (21.5% of the initial encapsulation)
remaining in the calcium acetate liposomes, and 0.56 mg mL™' (34.9%) in the ammonium
sulphate liposomes. This shows that using the ammonium sulphate method also leads to
improved retention of the encapsulated drug. The ICP-MS data for the individual batches,

including anomalous values, are included in in appendix A.5.
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3.3.3 pKa values and loading

Based on the idea that if the loaded complex behaves as a weak acid or a weak base, one
loading method may be more suitable than the other, it was hypothesised that determining the
pKa of a compound could indicate which method might be more successful. This could mean
that replicate loading experiments by boths methods would not need to be carried out to

compare their efficiency.

In order to obtain pKa values for the complexes in Chapter 2, 'H-NMR titrations were carried
out. A solution of the compound in D>O (250 mg in 12 mL) was added to a clean conical flask.
The solution was then acidified with 2 mL of a 1 M solution of hydrochloric acid prepared in
D,0. The pH was measured using a Hanna Instruments Pocket Checker pH Tester, and 'H-
NMR obtained using a Bruker Avance III HD nanobay NMR equipped with an 9.4 T magnet.
The pH was then gradually raised using solutions of potassium hydroxide (1 M and 0.1 M)
prepared in D,0O, and 'H-NMR taken at each new pH reading. pKa. experiments were repeated
in duplicate to assess the reproducibility of the results. The 'H-NMR spectra were used to
monitor the shift in the resonances for each compound. The chemical shift could then be plotted
against the corresponding pH to give a titration curve, with a best fit derived from the
Henderson-Hasselbalch equation (Equation 2). It is worth noting that the different protons on
each compound could shift by varying degrees, with some protons not showing any significant

shift.

(ymax - y)

pH = pK, + log 5 =y
min

(2)
y is the experimentally measured paramter (chemical shift), with y,. representing the highest

chemical shift and ym» representing the lowest chemical shift, and where (Y0 — V) %
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[A7] and (y — Ypmin) & [HA]. In order to plot the best fit data set, equation 1 must be recast in

the form y = f(x) (Equation 3).!3!4

(ymax - ymin)
(1+100H )

Y = Ymin t (3)

The pKa value for this equation is found from the equivalence point, where it is equal to the
pH value, of the original plotted data set. Data for all complexes was plotted using Microsoft

Excel.
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Figure 3.8 Change in chemical shift for the CH resonance (proton marked on compound structure) of
iproplatin with changing pH. The blue markers show the measured data, and the orange line shoes
the best fit.

Figure 3.8 shows the change in chemical shift of the resonance corresponding to the CH proton
in the isopropylamine ligand on iproplatin. The blue marks are the measured data, and the
orange line shows the best fit. The plotted data yields a pK,~ (the pK, measured in D20) of
3.36. The binding affinities of D" and H" are different and therefore it would result in different

acidities. pKa~ can be converted into the pKa value using the relationship in Equation 4.
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pK, = pKj; X 0.929 + 0.42 4)

This gives a pK, for iproplatin of 3.54 in H>O, which is likely to correspond to protonation of
the hydroxyl groups at low pH. The CHj3 protons on the isopropylamine ligands did not show
a shift with the changing pH, and the hydroxyl and amine protons were masked by the D>O
solvent peak. It was hypothesised that the mechanism of action for liposomal loading would
be proton loss at either the NH> group, or the hydroxyl group. These mechanisms correspond
to acidic behaviour, which correlates to the pKa value, but does not fit the improved loading
by the ammonium sulphate method. It is therefore likely that the most efficient loading method

depends on multiple factors, rather than just the pKa values for the complexes.

These pKa studies were carried out on the other complexes described in Chapter 2. For ¢,7,¢-
[Pt(py)2(N3)2(OH):], the chemical shifts for the meta and para protons on the pyridine ligands
were mapped. The ortho protons did not show a change in chemical shift, and the hydroxyl
proton resonances were masked by the D,O solvent peak. Averaging the replicate experiment
results, the meta and para protons yielded pKa values in H,O of 2.45 and 2.44 respectively.
This gives an average pKa value of 2.45, which is again likely to correspond to protonation at
the hydroxyl at low pH. Proton exchange at this group is the most likely mechanism involved

during active liposomal loading.

Mapping the change in shift of the thiazole ligand protons in the complex c,c,t-
[Pt(22)2(N3)2(OH):] yielded slightly different pKa values depending on the proton. The values
calculated for H,O were 3.01 for the NCS proton, 3.03 for the SCC proton, and 3.10 for the
CCN proton. This gives an average pKa value of 3.05. Again, the hydroxyl group resonance

was not seen in the '"H NMR spectra due to the analysis being conducted in D2O. The
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mechanisms occurring during active loading are most likely to involve proton exchange at the

hydroxyl groups, however protonation at the thiazole sulphur could be possible.

Finally, for #,¢,¢-[Pt(pz)2(N3)2(OH)2] chemical shifts were only seen for the ortho pyrazine
protons, with the hydroxyl proton resonances masked by the D20 solvent peak. This gives a
pKa of 2.21 in H2O, which at the low pH likely relates to protonation of the hydroxyl group.
The proton exchange involved in the liposomal loading is most likely to occur at the hydroxyl

groups, however protonation at the para nitrogen is feasible.

34 Cross-linked liposomes

One of the main issues encountered with liposomal encapsulation is the retention of the drug.
Due to the ‘leaky’ nature of the bilayer, small molecules such as iproplatin are able to diffuse
out of the liposomes, and previous work has shown this process to happen rapidly within a
couple of days of loading.? One proposed method of improving this retention is to cross-link
within the liposomal shell. This can be done by inclusion of a diacetylene containing lipid in
the liposome composition, which can be polymerised by irradiation with UV-light (Figure

3.9).1017
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UV-light

Y

Figure 3.9 Diagram showing the cross-linking of 23:2 Diyne PC within a liposomal shell (adapted
from Smith & Kong).'®

This method was explored for our liposome system in collaboration with Prof. Steve Evans’
group at the University of Leeds. Liposomes consisting of DPPC, 1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine (23:2 Diyne PC), cholesterol, and DSPE-
mPEG(2000) in the ratio 27:27:36:10 were formulated. These liposomes were then irradiated
with UV light (254 nm, 48 W) for various lengths of time, and monitored by Raman
spectroscopy to look at the extent of polymerisation. The experiment was then repeated with
drug loaded liposomes to see if this impacted the cross-linking, results of which are shown in
Figure 3.10. The literature suggested that as the cross-linking occurred, Raman spectroscopy
would show peaks at 1510 cm™ and 2100 cm™! (corresponding to the C=C and C=C bonds in

the polymerised 23:2 Diyne PC).!® It was also anticipated that excessive irradiation would lead
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to the formation of pores in the bilayer, accompanied with a decrease in intensity of the relevant

peaks in the Raman spectra.'®

Raman spectroscopy of polymerisation for both the empty and drug loaded liposomes
confirmed the expected trend, with the intensity of the peaks at 1510 cm™ and 2100 cm
increasing up to 40 minutes before starting to decrease with the formation of pores. All future
irradiation studies used this length of irradiation. Iproplatin is highly coloured and absorbs at
ca. 250 nm, so an attempt was made to study the encapsulation and leakage of iproplatin from
these cross-linked liposomes using quantitative UV-Vis spectroscopy. Unfortunately, due to
the presence of several lipids and Triton-X 100 (used in liposome digestion) which absorb in
a similar region, this method of analysis was unsuccessful. Further experiments looking at the
encapsulation and leakage of iproplatin from this cross-linked system were carried out and

analysed using ICP-MS.
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Figure 3.10 Raman spectra of Iproplatin loaded diyne-containing liposomes during UV irradiation.

To assess the loading and leakage of these cross-linkable liposomes, studies were carried out
in a similar manner to those used for the standard liposome formulations. Batches of liposomes
were formulated in quintuplicate using the previously mentioned 23:2 Diyne PC containing
composition, and either the calcium acetate or ammonium sulphate loading methods. The
synthesis of the cross-linked liposomes is the same as the standard liposomes up until the drug
has been loaded. After incubation, the liposomes were cleaned by sephadex column to remove
unencapsulated drug, and then they were irradiated with UV-light. Due to only having access
to a lower power UV-lamp (254 nm, 28 W) than the one used for the work in Leeds, the time
of irradiation was increased from 40 mins to 70 mins. After irradiation the liposomes were then
cleaned again. Samples were taken before and after irradiation to assess whether the exposure

to UV would have any immediate impact on the drug encapsulation.
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Figures 3.11 and 3.12 show the average change in Pt concentration of the intraliposomal matrix
plotted against the number of days since the liposomes were loaded. As before, the Pt
concentration values are the combined concentrations of the '**Pt and !°>Pt isotopes in the
diluted test samples. Experiments were run in quintuplicate, and so the averages are from all
five batches, but with anomalous values removed. The individual batches and anomalous

values can again be seen in appendix A.S5.
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Figure 3.11 Change in Pt concentration of the intraliposomal matrix in the days after loading for
cross-linked calcium acetate liposomes.
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Figure 3.12 Change in Pt concentration of the intraliposomal matrix in the days after loading for
cross-linked ammonium sulphate liposomes.

The general trend for all batches from both sets of loading methods again shows a decrease in
the Pt concentration as the time since loading increases, however with these cross-linked
liposomes it appears that the majority of the drug is being lost during the irradiation process,
as the biggest decresase in Pt concentration occurs between the pre- and post-UV points (a
65.2% decrease for the ammonium sulphate liposomes, and a 79.4% decrease for the calcium
acetate liposomes). This could suggest that the UV is potentially decomposing the drug, and
the products of this decomposition are effluxing. Comparison of the initial loading capacities
shows that iproplatin is more successfully loaded using the ammonium sulphate method, with
an average Pt concentration before irradiation of 339 ng g”!. The average initial encapsulation
calculated from this data for the calcium acetate loading method is 68 ng g™!, approximately
270 ng g! less. These values, when converted back to the original concentrated samples and

accounting for the presence of all isotopes, equate to an initial encapsulation of 0.44 mg mL"!
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using calcium acetate and 2.18 mg mL™! using ammonium sulphate. As a percentage of the
amount of iproplatin used in the incubation step, these are 3.7% and 18.1% respectively. The
higher encapsulation using the ammonium sulphate method reinforces the idea that iproplatin
is behaving as a weak base. Again, there is quite a large range for the initial loading for both
methods. The calcium acetate samples had a minimum initial loading of 32ng g™ and a
maximum initial loading of 121 ng g}, giving a range of 89 ng g"!. The ammonium sulphate
samples had a minimum encapsulation of 188 ng g! and a maximum encapsulation of

507 ng g’!, giving a range of 319 ng g™

After 10 days there was an average of 0.01 mg mL™ (2.9% of the initial encapsulation)
remaining in the calcium acetate liposomes, and 0.03 mg mL™!' (1.6%) in the ammonium
sulphate liposomes. This shows that the retention by both methods is incredibly poor, with
negligible amounts of iproplatin being retained in either formulation. The ICP-MS data for the

individual batches, including anomalous values, are included in in appendix A.5

3.5 Conclusions

Based on the results of the DPPC versus DBPC experiments, the composition that used DPPC
was selected. This was both due to it being an easier composition to work with, requiring an
extrusion temperature of 65 °C rather than 75 °C, and because the liposomes formed were
much more monodisperse. Even when using sonication to synthesise the DBPC containing
liposomes, which would have been preferable to the high temperature extrusion, the
suspensions formed had a higher polydispersity index and the liposomes formed were
significantly smaller than those formed by extrusion. The consistency and reproducibility of

the DPPC containing liposomes was thought to be a favourable characteristic for being able to

88



monitor the drug loading and leakage without having too many variables. Although no attempts
were made to produce the DPPC containing liposomes by sonication, the extrusion method
was reproducable and produced good liposomal suspensions, and so due to the fact previous

work had used these liposomes with success they were carried through to this work.

For analysis of liposomes, it was found that using DSC was not a viable method. No transitions
were seen during analysis of the complete liposomes, and even if this was due to interference
from the matrices, it would not be possible to avoid this interfence during analysis of samples.
DLS had previously been successfully used to analyse and characterise the liposomes, and this

was therefore kept as the preferred method.

From the analysis of drug loading and leakage from the standard composition liposomes, it can
be stated that using an ammonium sulphate loading method leads to better initial encapsulation

and better retention of the Pt!Y

drug iproplatin. This implies that during the loading, iproplatin
behaves as a weak base, though it is uncertain at which position on the complex this behaviour
is arising from. Analysis of the loading and leakage from cross-linked liposomes also suggests
that the ammonium sulphate method results in the highest loading, with the highest initial
loading of iproplatin occurring for the ammonium sulphate method in cross-link composition
liposomes. UV-Vis analysis for iproplatin carried out prior to this work showed no change in
the spectra with varying lengths of UV exposure (254 nm), when measured across 350 to
800 nm wavelength. This is why it was thought that iproplatin would be compatible with the
cross-linked liposomes. Repeat experiments, carried out after the liposomal loading work,
looked at the absorption from 200 to 800 nm and showed that the absorption intensity between

200 and 300 nm decreased with exposure to blue light (405 nm). This indicates that iproplatin

is photoreducible, and had this been known prior the the encapsulation work, a different
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method of cross-linking would have been undertaken. The downside of the cross-linked
liposomes is that the majority of the encapsulated drug is lost immediately after UV-exposure.
This means that the retention is actually inferior than that of the standard composition
liposomes. One of the most notable results from all of the different liposome batches
formulated, was that the initial loading is not reproducible, despite the synthesis being kept as
consistent as possible. This variation could mean that the composition wouldn’t be clinically
viable, as the amount of drug being delivered might not be the same for the same volume of
different batches, however because industrial scale synthesis is carried out by machine this
may give better uniformity. The poor retention also means that the liposomes would have to
be administered shortly after loading as the solutions would not be usable after the first day.
Finally, the amount of iproplatin being encapsulated, even in the most successful method and
composition, is modest. This would mean that the volume of the suspension needing to be
administered would be incredibly high. Although this might be feasible, clinical trials would
need to be done to assess the side effects, and if the drug can be administered in smaller

volumes by current methods then this might be preferable.

The experimental pK, value for iproplatin was found to differ from what was hypothesised,
based on liposome loading being more successful by the ammonium sulphate method. It is
likely that the efficacy of a loading method for a complex depends on multiple factors, and

therefore determination of pKa cannot be used as the sole predictor.

Although not thoroughly studied, brief experiments suggest that trans,trans,trans-
[Pt(py)2(N3)2(OH)2] can not be loaded into our standard composition liposomes with sufficient
encapsulation or retention using the calcium acetate method. Further work would need to be

done to assess whether other compositions and loading methods were compatible with this
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complex. For example, attempting loading using the ammonium sulphate method instead of

the calcium acetate method. This compound would not be compatible with the cross-lined

liposomes as it is highly photoreducible, and would therefore not withstand the exposure to

UV-light.
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Chapter 4 Microbubbles and Ultrasound

4.1 Introduction

As outlined in Chapter 1, the ability to conjugate drug filled liposomes to the surface of
microbubbles has been explored as a method of improving both targeting and efficacy of drug
delivery.!? These systems, when used in conjunction with ultrasound exposure, have been
shown to improve drug release and cellular uptake, and have already been used in the delivery
of doxorubicin.*”®> Previous work showed the strain promoted azide-alkyne cycloaddition
(SPAAC) method of conjugation, involving both preformed liposomes and microbubbles, to
be successful in bonding drug filled liposomes to the surface of microbubbles.® The method
used in this work required incubation times in excess of 18 hours, and therefore a more efficient
method might be preferable. This chapter will briefly explore one possible alternative method

of conjugation.

Using these systems as a means of delivery for the compounds discussed in Chapter 2, would
require ultrasound exposure and therefore it would be preferable for the complexes to be stable
under sonication so that they were not prematurely reduced to the active Pt species or to
decomposition products. The stability of these compounds when exposed to relevant

ultrasound conditions is discussed in this chapter.

Finally, the exploitation of sonoluminescence as a method of activation for a photoreducable

PtV prodrug is assessed.
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4.2 Conjugated microbubble-liposome systems

One possible alternative to the previously used method involves forming azide-functionalised
liposomes, clicking these to a DBCO-functionalised lipid, and then adding this system to the
other lipids that make up the microbubbles before forming the bubbles.” This method was
applied to the liposome-microbubble system used in this research, with the standard DSPE-
mPEG(2000) in  our liposomes replaced with  1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[azido(polyethylene glycol)-2000] (DSPE-mPEG(2000) azide). The
azide functionalised liposomes were incubated with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[dibenzocyclooctyl(polyethyleneglycol)-2000] (DSPE-
mPEG(2000)-DBCO) at RT for 2 h for the click reaction to occur. The liposomes were then
added to 1 mL of a solution of DSPC and DSPE-mPEG(2000) (molar ratio 9:0.5) in Ungers
solution (PBS:propylene glycol:glycerol, 8:1:1). The ratio of liposomes to microbubbles was
varied, with a low concentration sample of 1:40 and a high concentration sample of 1:4
(liposomes:microbubbles, v/v), and all samples were made up to 1.5 mL using Ungers solution.
The microbubbles were formed by agitation (capsule mixer, 45 s) using perfluorobutane for
the heavy gas core, imaged with a Brightfield microscope, and characterised using image
analysis software. The inclusion of 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) in the
liposome formulation allowed for analysis by fluorescence microscopy, with a batch of blank

microbubbles being used as the control.

For the sample with the higher concentration of liposomes, fluorescence microscopy appeared
to show that the liposomes were clicked to the microbubbles surface as circular details could
be seen on the fluorescence images corresponding to the DiO-containing liposomes. Figure 4.1

shows the fluoresecence microscopy, confocal microscopy, and overlaid images for an area of
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the sample. One of the bubbles has been highlighted with an arrow to show its appearance in
the confocal image, and how the circular fluorescence detail can be seen overlapping with its

location. There also appeared to be a significant amount of fluorescence not associated with

the microbubbles, which could correlate with excess liposomes remaining in the suspension.

Figure 4.1 Imaging of the 1:4 sample, left to right: fluorescence microscopy, confocal microscopy,
overlaid images.

At lower liposome concentrations only very small traces of fluorescence could be seen, with
no correlation to the location of the microbubbles (Figure 4.2). A bubble visible in the confocal
image has been highlighted with an arrow, however there is no associated fluorescence. This
suggests that all the liposomes were removed during the washing phase. If this is the case, at
higher concentrations the liposomes may possibly have been adhering to the microbubble
surface, without actual integration of the DSPE-PEG(2000)-DBCO in to the microbubble shell.
It is also feasible that the concentration of liposomes had been reduced too much, and that the

optimum ratio may lay in between the two analysed variations.
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Figure 4.2 Imaging of the 1:40 sample, left to right: fluorescence microscopy, confocal microscopy,
overlaid images.

4.3 Platinum' compound stability

4.3.1 Platinum'Y complexes with ultrasound

Delivery using the proposed system, consisting of drug filled liposomes bound to the surface
of microbubbles, would require ultrasonic irradiation to cavitate the microbubbles and enhance
the drug delivery. The Pt prodrugs are intended to be photoactivated, and therefore it is
preferable that they don’t decompose when exposed to ultrasound. The stability of the
compounds was analysed by '"H NMR spectroscopy, monitoring any changes between a control
sample and two samples that were sonicated for 3 minutes using a QSonica Probe Sonicator
(20 KHz output frequency, 30% amplitude). These conditions correlate to those used in the
microbubble cavitation experiments. All samples were made to a concentration of 3 mM in

D-O.

Iproplatin
The 'H NMR spectrum of iproplatin (run in D,0) has two resonances. A septet at 3.19 ppm

and a doublet at 1.27 ppm, respectively correlating to the CH and CH3 protons on the
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isopropylamine ligands. Figure 4.3 shows that there are no changes in the spectra between the
control and sonicated samples, indicating that iproplatin is stable when exposed to ultrasound.
The resonances for free isopropylamine (in D,0O) appear at 2.96 and 0.97, and so would be

visible in the spectra of the sonicated samples if the ligand were being lost.
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Figure 4.3 Stacked 'H NMR spectra showing the resonances for control and duplicated sonicated
samples of iproplatin measured in D;O.
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trans,trans,trans-|Pt(py)2(N3)2(OH):z]
The '"H NMR spectrum of t,t,t-[Pt(py)2(N3)2(OH).] (run in D,0) has three resonances, a doublet

at 8.73 ppm, a triplet at 8.21 ppm and a triplet at 7.75 ppm. These correlate to the ortho, para
and meta protons on the pyridine ligands respectively. The Pt satellites on the ortho proton
resonance indicate that the pyridines are bound, and the sharp nature of the satellites shows the
Pt centre to be in the +4 oxidation state, as in the +2 oxidation state the satellites are broader.
This is due to the chemical shift anisotropy effect. Figure 4.4 shows that there are minimal
changes in the spectra between the control and sonicated samples, indicating that the
coumpound is mostly stable when exposed to ultrasound. The appearance of very weak
resonances adjacent (upfield) to the compound para and meta proton peaks can be seen in the
sonicated samples. The resonances for free pyridine (in D20O) appear upfield at 7.96 ppm,
7.23 ppm, and 6.82 ppm, and as such these weak resonances cannot be from the release of the
pyridine. These peaks could be occurring due to formation of a Pt" product, formed through
loss of the hydroxyl or azide ligands. Further analysis would need to be carried out to assign

these resonances.
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Figure 4.4 Stacked 'H NMR spectra showing the spectra for control and duplicated sonicated
samples of t,t,t-[Pt(py)2(N3)2(OH),] measure in D;O.
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cis,cis,trans-|Pt(t7)2(N3)2(OH):z]
The "H NMR spectrum of ¢, ¢, -[Pt(¢z)2(N3)2(OH).] (run in D,O) has three resonances; a doublet

of doublets at 9.27 ppm, a doublet of doublets at 7.93 ppm, and a doublet of doublets at
7.86 ppm. These correlate to the SCN, NCC, and CCS protons on the thiazole ligands
respectively. The Pt satellites can be seen on the nitrogen adjacent protons, indicating that the
thiazole is bound to a Pt centre. Figure 4.5 shows that there are no changes in the spectra
between the control and sonicated samples, indicating that the complex is stable when exposed
to ultrasound. The 'H NMR spectrum of free thiazole (in D20) also has three resonances; a
doublet of doublets at 8.63 ppm, a doublet of doublets at 7.57 ppm, and a doublet of doublets
at 7.23 ppm. These correlate to the SCN, NCC, and CCS protons respectively. It would
therefore be possible to see the appearance of these resonances if any thiazole were to become

disassociated during sonication.
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Figure 4.5 Stacked 'H NMR spectra showing the spectra for control and duplicated sonicated
samples of c,c,t-[Pt(tz)2(N3)2(OH):] measured in D;O.
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trans,trans,trans-|Pt(pz)2(N3)2(OH)2]
The 'H NMR spectrum of t,t,¢-[Pt(pz)2(N3)2(OH)2] (run in D,O) has two resonances, a doublet

at 8.99 ppm and a doublet at 8.90 ppm. These correlate to the ortho and meta protons on the
pyrazine ligands. Figure 4.6 shows that there are no changes in the spectra between the control
and sonicated samples, indicating that the coumpound is stable when exposed to ultrasound.
Due to lower aqueous solubility of this complex, the resonances in these spectra are weaker
and there is lower resolution of the fine structure of the peaks. This could explain why the
expected Pt satellites are not visible. The 'H NMR spectrum of free pyrazine (in D,0O) has a
single resonance at 8.48 ppm, which is not seen to appear in the spectra for the sonicated

samples. This indicates there has been no loss of the pyrazine ligands.
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Figure 4.6 Stacked 'H NMR spectra showing the spectra for control and duplicated sonicated
samples of t,t,t-[ Pt(pz)2(N3)2(OH) ] measured in D:O.
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4.3.2 Platinum'Y reduction by microbubble cavitation

As outlined in Chapter 1, microbubbles have been shown to exhibit sonoluminescence, which
is when a collapsing bubble emits light.® To assess if this could be used to reduce
photoactivatable PtV prodrugs to their active Pt'' counterparts, .7 ¢-[Pt(py)2(N3)2(OH)2] was
added to a solution of microbubbles formed from DSPC and DSPE-mPEG(2000), and the
mixture exposed to ultrasound (US). The drug is strongly absorbing in the UV at 294 nm, with
reduction in intensity seen as photoreduction occurs, and so UV-Vis spectroscopy was used to
monitor the experiments. The microbubbles were formed using a 9:1 ratio of DSPC and DSPE-
mPEG(2000). The lipids were predissolved in chloroform (typically 20 mg total lipids) in a
glass vial. The chloroform was allowed to evaporate overnight to form a lipid film. The film
was resuspended in PBS at approximately 100°C for 30-60 minutes, and then the lipids fully
dispersed with sonication for 1.5-2.5 minutes. The headspace was filled with perfluorobutane
and, under continuous gas flow, the contents of the vial sonicated at the liquid-air interface at
high intensity for approximately 30s. The microbubbles were then cooled on ice for
10 minutes.  The  stock  microbubble solution had a  concentration  of
6.89 x 10® microbubbles mL™!. The concentration per sample was diluted to give
1.07 x 10® microbubbles mL™'. The drug solution concentration was also kept constant at
100 uM. The ultrasound parameters were set to - centre frequency: 1 MHz, acoustic pressure:
185 kPa (peak to peak), pulse repetition frequency: 100 Hz, duty cycle: 30%, pulse length:

3000 cycles, exposure time: 5 mins.
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To show that the drug was not reduced purely by ultrasound exposure, UV-Vis spectra were
taken for a solution of the drug pre- and post-sonication (Figure 4.7). This shows the drug to

be stable under ultrasound conditions, with minimal change between the two spectra.

1.2

Absorbance
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270 290 310 330 350 370 390 410
Wavelength (nm)

Figure 4.7 UV-Vis spectra comparing the absorbance of t,t,t-[Pt(py):(N3)2(OH),] before (blue) and
after (orange) 5 minutes exposure to ultrasound.

Combined solutions of microbubbles and drug were then exposed to the same ultrasound
conditions, with UV-Vis spectra taken before and after. As a control, these experiments were

also run on suspensions of only microbubbles, to assess the absorbance and any change there

may be before and after bubble cavitation.
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Figure 4.8 UV-Vis spectra comparing pre- and post-ultrasound exposure absorbances; MB only pre
(blue), MB only post (orange), MB+Pt pre (grey), MB+Pt post (yvellow).

On initial analysis of only the combined solution spectra (grey and yellow lines on Figure 4.8),
a reduction in the absorbance was seen, which suggested the experiments had been successful
and that the cavitation of the bubbles had caused sonoluminescence and induced
photoreduction of the drug. However, when comparing these results with the change in
absorbance of only the bubbles, it was seen that the difference in absorbance was the same.
This can be seen on Figure 4.8 by the pre- and post-ultrasound spectra being identical, but
shifted downwards in intensity. This suggests that as the bubbles are destroyed, their UV-Vis

absorbance decreases, and this is therefore the change seen for the bubble and drug samples.

4.4 Conclusions

Based on the fluorescence imaging, it appears that the attempted method of conjugating azide-

functionalised liposomes to a DBCO containing lipid before forming microbubbles is
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unsuccessful. This may be due to a significantly shorter incubation time than used for the
alternative method of conjugation. However, based on this preliminary study, despite the long
incubation times the method of conjugating liposomes to already formed microbubbles may

be more efficient and reproducible.

All of the complexes discussed in Chapter 2 show stability when exposed to sonication, which
would mean that they would remain intact if administered with microbubbles and exposed to

ultrasound.

From the sonoluminescence studies, the data suggests that the drug is not being photoreduced
by microbubble cavitation. The changes seen in the absorbance between the pre- and post-
ultrasound analyses can be assigned to reduced absorbance from the microbubbles being
destroyed, rather than from reduction of the concentration of the drug. Because of the
absorbance the microbubbles show in the UV-Vis spectra, it may be preferable to analyse the
occurrence of the drug reduction by using an alternative technique. '°>Pt NMR could be useful
for this, as the regions in which the resonances appear are strongly linked to the oxidation state

of the Pt centre.
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Chapter 5 Conclusions and Future Work

5.1 Photoactivatable platinum complexes

This thesis explored the synthesis of two novel PtV diazido complexes, cis,cis,trans-
[Pt(#2)2(N3)2(OH)2] and trans,trans,trans-[Pt(pz)2(N3)2(OH)2]. Both complexes were
synthesised in good yields and showed aqueous solubility. The photoreducibility of these
compounds by irradiation at 405 nm was assessed by UV-Vis spectroscopy, and compared to
the known compounds iproplatin (cis, cis, trans-[Pt(NH2'Pr)2Clo(OH):]) and trans,trans, trans-
[Pt(py)2(N3)2(OH)2]. Both novel compounds showed similar photosensitivity to the trans-
pyridine complex, with the cis-thiazole compound showing the greatest change in absorption
at Amax. This suggests it may be the most photoreducible of the compounds. The photochemical
characteristics of these compounds may mean they could be used in photoactivated
chemotherapy. Iproplatin is only weakly absorbing in the UV, but a slight reduction in the
absorption intensity was seen in the UV-Vis spectrum as the irradiation time increased. The
irradiation of all four complexes caused precipitation from solution, and the formation of
bubbles was seen for the diazido compounds. The release of bubbles could indicate the
formation of nitrogen gas through loss of the azide ligands. Future work would involve
obtaining analytical quantities of the precipitates in order to characterise them, and to quantify
how much of the Pt' is actually being reduced during irradiation. This in turn would allow for

better understanding of the mechanisms by which the photoreduction is occurring.

The next steps for analysis of the novel compounds would be to carry out cell studies, to assess
their chemotherapeutic properties, and obtain ICs values. ICso, defined as the concentration of

a drug needed to inhibit a biological process or response by 50%, would give quantitative
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values of how much of the compounds is needed to kill half of a known number of cells.!
These studies would need to be carried out in the absense of light, to see if the compounds are
non-toxic in the dark, and under clinically relevant irradiation conditions. In order to compare
the cytotoxicities of the novel complexes to the known compound trans,trans,trans-
[Pt(py)2(N3)2(OH):], the cell lines utilised by Farrer et al. should be used; HaCaT, A2780,
A2780CIS (cisplatin resistant), OE19, and HepG2.? These cancerous cell lines correspond to
the skin, ovaries, gastric system and liver respectively. Although these are not relevant to the
treatment of DIPG, having an understanding of the properties the novel compounds exhibit in
comparison to a known complex may be of interest. To directly test the potential of
cis, cis,trans-[Pt(¢z)2(N3)2(OH)2] and trans, trans,trans-[Pt(pz)2(N3)2(OH):] in the treatment of
DIPG cell studies using the SF8628 cell line, derived by surgical biopsy from a pediatric

H3.3K27M DIPG patient, could be carried out.’

Finally, further attempts would be made to synthesise cis,cis, trans-Pt[(pz)2(N3)2(OH)2]. This

would involve varying the solvent system, as poor aqueous solubility of the Pt'

precursor
cis, cis-[Pt(pz)212] may be one of the limiting factors of the synthesis. Variations in temperature

and reaction time would also be explored to try and improve yields.

5.2 Liposomes

Liposomes composed of a phosphatidylcholine lipid (PC), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-
mPEG(2000)) in the molar ratio 54:36:10 were utilised for loading experiments, to assess the
uniformity of liposome suspensions, and to identify whether differential scanning calorimetry
(DSC) could be used in the characterisation of liposomes.
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Comparisons between 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-
dibehenoyl-sn-glycero-3-phosphocholine (DBPC) containing liposomes by dynamic light
scattering (DLS) found that DPPC formulations yielded suspensions with a lower
polydispersity index (PdI), and fractionally smaller liposomes, when formed by extrustion.
DBPC containing liposomes formed by extrusion and sonication were both less monodisperse
than the DPPC formulations. Due to the increased uniformity, and lower extrusion temperature

required, the DPPC containing compositions was chosen for all loading experiments.

It was hypothesised that liposomes could be characterised by DSC, with the thermal profile of
a liposomal formulation corresponding to an average of its composite lipids.* Experimental
analysis found that no thermal transitions could be seen for liposomal suspensions, and altering
the liposomal matrices did not change the outcome. As DLS had previously been used to
characterise liposomes with high success, all subsequent liposomes were analaysed by this

method.

Iproplatin was loaded into standard formulation liposomes using either the calcium acetate, or
ammonium sulphate active loading methods.>® Experiments were repeated in quintuplicate
and found that the initial loading, and subsequent retention, was higher when using the
ammonium sulphate method. The average initial encapsulations were 1.02 mg mL™' for the
calcium acetate method, and 1.61 mg mL! for the ammonium sulphate method. After 10 days,
21.5% of the encapsulated drug remained in the calcium acetate liposomes, whilst 34.9%
remained in the ammonium sulphate liposomes. The improved loading and retention by the
ammonium sulphate method suggests that iproplatin may behave as a weak base, however
determination of the pK. of the complex yielded a value of 3.54 in H2O. This is a relatively

acidic pKa. This indicates that the best loading method for a given compound may not relate
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solely to its acidic or basic behaviour, but may be a combination of several factors, and
therefore pK, values cannot be used as the sole deciding factor in choosing a loading method
for a complex. Loading of the complex trans,trans,trans-[Pt(py)2(N3)2(OH);] into the same
standard liposomes was briefly explored by the calcium acetate method, which showed poorer
loading and retention compared to iproplatin, however replicates of these experiments would
need to be done to reinforce this result. Future work would involve loading the trans-pyridine
complex, and both novel compounds from Chapter 2 into the standard liposomes using both
the calcium acetate and ammonium sulphate methods. Replicates of these experiments would
provide a better understanding of how these complexes behave, and could be compared to the

experimentally derived pKa values obtained in this thesis.

Although iproplatin can be loaded into the standard formulation liposomes, the retention of the
drug by both methods is still relatively poor, and therefore cross-linked liposomes were
explored to try and improve this quality. The standard composition was altered by removing
half of the DPPC, and substituting it for 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphocholine (23:2 Diyne PC) which polymerises when irradiated with UV-light (254 nm).
Raman spectroscopy was used to monitor the polymerisation, and an optimum irradiation time
of 40 minutes was selected as beyond this point pores start to form in the bilayer. The drug was
loaded into the liposomes, by either the calcium acetate or ammonium sulphate method, before
irradiation. Initial encapsulation efficiencies showed the ammonium sulphate method to be
significantly more efficient, with an encapsulation concentration of 2.18 mg mL™! compared to
0.44 mg mL"! using the calcium acetate method. However, samples measured immediately
after irradiation showed a drastic decrease in the concentration of Pt, suggesting the drug is

either decomposing or leaking out during the polymerisation stage. This data, along with the

112



UV-Vis irradiation data for iproplatin, suggests that it is photoreducible and is therefore not
compatible with liposomes cross-linked by this method. The diazido complexes discussed in
Chapter 2 are more strongly photoactivatable, and would therefore also not be viable for this

liposomal formulation.

Another method of improving liposomal encapsulation is to use a chitosan coating on the
external surface of the liposomes. Chitosan is a positively charged linear polysaccharide, and
so forms electrostatic interactions with the negatively charged liposomal surface, leading to
surface adsorption.” Research has shown that it can be used to successully coat DPPC
liposomes, increasing their stability without significantly altering the main phase transition
temperature.'® One study has shown that chitosan coated butyric acid loaded liposomes could
be used as chemotherapeutics to treat human hepatoma cells.!! The use of chitosan to stabilise
liposomes for oral administration has also been investigated.!>!* Future work would explore
using chitosan coatings with the standard liposome formulation used in this thesis to assess if
it improves the retention of any loaded drugs. Initial studies would be carried out using
iproplatin, as there is the most data for these systems for comparison. However, if the other
complexes had showed successful encapsulation by active loading methods, then chitosan

coating could also be applied to those systems.

5.3 Microbubbles and ultrasound

An alternative method of liposome-microbbuble conjugation was attempted. This involved
clicking azide functionalised liposomes to a DBCO functionalised lipid, before adding this to
a solution of the other microbubble lipids, and forming the bubbles in situ. The inclusion of
3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) in the liposome formulation allowed for
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the conjugated systems to be analysed by fluorescence microscopy. It appeared that at a
concentrated reaction ratio of liposomes to microbubbles (1:4, v/v) conjugation had been
successful. This was determined by the appearance of circular rings in the fluorescence
imaging, which correspond to liposomes bound to the surface of the microbubbles. A dilute
reaction ratio sample (1:40, v/v) did not show this fluorescence, suggesting that the liposomes
may not have been conjugated and had been removed from the suspension during the washing
phase. Replicates of these experiments would need to be done in order to confirm whether the
adherance seen for the concentrated sample was reproducible. When altering the method of
conjugation for this work the time frame for the reaction was dropped significantly, from
18 hours using the original method to 2 hours using the new method. This limits the
comparisons that can be drawn between the methods, as the change is too significant. A
reaction time of 18 hours should have been used for the new method, with concentrations of
liposomes and microbubbles kept constant, and then the products of both methods compared
by quantitative fluorescence. This would have allowed for a direct comparison of the amount
of liposomes conjugated to the microbubbles, and would have given an answer for which
method yielded the best system. The reaction time for the new method could then be decreased
to see if the maximum conjugation could be achieved in a shorter time frame. These studies

would be undertaken as part of the future work for this project.

Reduction of the photoactivatable PtV drug trans,trans,trans-[Pt(py)2(N3)2(OH)2] was
attempted by sonoluminescence. The results showed that there was a reduction in intensity in
the UV-Vis spectra of the solution of microbubbles and drug after exposure to ultrasound.
However, this reduction was later attributed to absorption of the bubbles, which decreased after

cavitation. In order to assess if sonoluminescence can occurr with these systems, a different
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method of analysis may be needed in which the microbubbles do not mask the presence of any
Pt species. One possible alternative would be using '*>Pt NMR spectroscopy. This would allow
for analysis before sonication to ensure that only PtV species were present, and analysis
afterwards  to identify if any Pt species had  been  produced.
Finally, to ensure that the complexes discussed in Chapter 2 would be compatible with a
microbubble-liposome system that needed ultrasound exposure, the stability of all complexes
when sonicated was assessed. 'H NMR spectra showed no changes between sham and
sonicated samples for iproplatin, cis,cis,trans-[Pt(tz)2(N3)2(OH)2], and trans,trans,trans-
[Pt(pz)2(N3)2(OH).], indicating that these three compounds are stable under ultrasound
exposure. The 'H NMR spectrum for trans,trans,trans-[Pt(py)2(N3)2(OH)2] showed no
significant changes, however weak resonances could be seen appearing adjacent to the para
and meta compound resonance peaks. These could indicate the formation of a Pt" species, and

further analysis would need to be done to identify this species.

The long term goals from this work would be to optimise the synthesis of a microbubble-
liposome system which could carry a photoactivatable Pt'Y prodrug. This system could then be
used in ultrasound targeted therapy, utilising the targeted delivery and enhanced uptake
afforded by sonoporation at impermeable biological membranes, and exploiting the

phenomenom of sonoluminescence to reduce the drug to its active counterpart.
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Chapter 6 Experimental Methods

6.1 General Procedures

Commercially available solvents and chemicals were purchased and used without further
purification (unless otherwise stated). Deionised water was obtained using an Elix® Essential

water purification system.

NMR Spectroscopy: NMR spectra were acquired at 298 K. 400.2 MHz 'H NMR, 100.6 MHz
13C NMR, and 86 MHz '”>Pt NMR spectra were recorded on a Bruker Avance 11l HD nanobay
NMR equipped with an 9.4 T magnet. All spectra are referenced to the residual solvent peak,

unless otherwise stated. The chemical shifts (6) are reported in parts per million (ppm).

Mass Spectrometry: Mass spectra were acquired using either an Agilent Technology 1260
Infinity or a Waters LCT premier XE spectrometer. High resolution accurate mass spectra were

recorded to 4 decimal places using Bruker pn'TOF and Micromass GCT systems.

IR-Spectroscopy: Infrared spectra were recorded in solid-state using a Bruker Tensor 27 FT-
IR spectrometer with an IR Diamond Attenuated Total Reflectance module. Data was

processed using Bruker OPUS software.

UV-Vis Spectroscopy: UV-Visible absorption spectra were recorded using a Jasco V770

spectrophotometer with Spectra Manager™ Suite software.

Dynamic Light Scattering: Liposomes and microbubbles were sized by dynamic light

scattering using a Malvern Zetasizer Nano ZS.

Differential Scanning Calorimetry: DSC experiments were carried out using the Williams’

group instrument at the University of Oxford.
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pH Measurements: pH measurements for the pK, analysis in Chapter 3 were recorded at
ambient temperature using Hanna Instruments Pocket Checker pH Tester. The meter was
calibrated using standard buffer solutions (pH 7.00, pH 4.01, pH 10.01), as supplied by the

provider.

ICP-MS

Platinum and phosphorus content in samples were determined by ICP-MS, using either a
Perkin Elmer Elan 6100 DRC ICP-MS or a Perkin Elmer NexION 2000B ICP-MS. Analysis
was carried out by Dr. Philip Holdship in the Department of Earth Sciences and Dr. Trang To
in the Department of Geography, University of Oxford. Volumetric flasks were prepared by
washing with 20% Romil ultrapure analytical grade (UPA) nitric acid overnight. 50 pL of each
sample was placed into a 10 mL volumetric flask with 450 uLL concentrated HNO3, 50 puL
concentrated HCI, and 100 pL H202 (30% v/v) added. Samples were heated at 110 °C for
approximately 2 hours until foaming had stopped, to ensure complete digestion. Samples were
diluted up to 10 mL with deionised water, and 2 mL of this further diluted up to 10 mL with
deionised water. Concentrations were detected for **Pt, °Pt and *'P isotopes and scaled up

according to isotopic abundance.

Microscopy

Brightfield microscope images were captured using a Leica microscope (Leica Microsystems
GmbH, Wetzlar, Germany), with a QImaging digital camera (MicroPublisher 3.3 RTV,
QImaging, Surrey, Canada). The processing software was Livinglmage v8 (Media

Cybernetics, Inc., Rockville, MD, USA). For fluorescence imaging, a Zeiss Laser Scanning
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Microscope 710 (LSM 710) (Carl Zeiss Microscopy GmbH, Jena, Germany) was used. The

processing software was ZEN (Zeiss).

Ultrasound conditions

Experiments were carried out in the Biomedical Ultrasonics & Biotherapy Laboratory
(BUBBL) at the Oxford Institute of Biomedical Engineering. Samples were placed into the
SAT2 ultrasound treatment device and treated with ultrasound for 3 minutes. Ultrasound
parameters were set to - centre frequency: 1 MHz, acoustic pressure: 148 kPa (peak to peak),
pulse repetition frequency: 100 Hz, duty cycle: 30%, pulse length: 3000 cycles, exposure time:
180 s. Samples without ultrasound applied were loaded into the setup for 3 minutes (sham

irradiation).

6.2 Synthetic Methods
cis,cis-[Pt(NH2Pr):1]

H,
N////z \\\\\I
'Pt\\
LN v

K>PtCls (1.00 g, 2.41 mmol) was added to deionised water (50 mL) and stirred to dissolve. KI
(3.88 g, 23.37 mmol) was added, and the reaction stirred in the dark at RT for 1 hour. NH>'Pr
(0.4 mL, 4.70 mmol) was added drop wise over 10 minutes, and the reaction stirred in the dark

at RT for a further 4 hours. The resulting dark orange precipitate was collected by filtration
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under suction, and washed with the minimum amount of cold water, methanol and diethyl

ether.

Yield: 1.180 g, 83.2%. '"H NMR (DMF-d>, 400 MHz) § (ppm) 4.81 (4H, broad singlet, NH>),
3.53 (2H, septet, CH), 1.28 (12H, doublet, CH3) ppm. *C NMR (DMF-d, 101 MHz) & (ppm)
49.1, 23.2 ppm. Pt NMR (DMF-ds, 86 MHz) § (ppm) -2238 ppm. ES*MS (m/z) 1136

([2M + HTY), 1158 ([2M + Na]*).

cis,cis-[Pt(NH2Pr):Cl]

H,
N /, I, \\\\\Cl
‘Pt
H2N( e

Cis-[Pt(NH2'Pr)2I2] (0.88 g, 1.56 mmol) was added to deionised water (60 mL). AgNOs;
(0.49 g, 1.85 eq.) was added and the reaction stirred in the dark at RT overnight. The resulting
suspension was filtered (celite and IM) to remove the Agl. The clear yellow filtrate was
transferred to a clean flask and NaCl (0.36 g, 3.95 eq.) was added. The reaction was left stirring
in the dark at 40 °C overnight, followed by cooling to 4 °C. The resulting pale yellow
precipitate was collected by filtration under suction and washed with the minimum amount of

cold water, methanol and diethyl ether.

Yield: 0.441 g, 73.5%. 'H NMR (DMF-d>, 400 MHz) & (ppm) 4.80 (4H, broad singlet, NH>),
3.24 (2H, septet, CH), 1.27 (12H, doublet, CH3) ppm. *C NMR (DMF-d7, 101 MHz) § (ppm)
48.0, 22.9 ppm. Pt NMR (DMF-d;, 86 MHz) § (ppm) -2210 ppm. ES*MS (m/z) 733
([2M - CI1%), 1117 ([3M - CI1]").
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cis,cis,trans-[Pt(NH2'Pr)Cl2(OH):]

Cis-[Pt(NH2'Pr)>Clz] (0.14 g, 0.37 mmol) was added to deionised water (5 mL). H20 (0.5 mL,
30% v/v) was added drop wise, and the reaction left to stir in the dark at 50 °C overnight. The
solvent was removed by rotary evaporation to give a pale yellow solid. The resulting solid was

dissolved in water:acetonitrile (95:5) and purified by HPLC.

Yield: 0.090 g, 58.2%. 'H NMR (D20, 400 MHz) & (ppm) 3.19 (2H, septet, CH), 1.27 (12H,
doublet, CH3) ppm. *C NMR (D20, 101 MHz) § (ppm) 48.0, 22.1 ppm. '*>Pt NMR (D0,

86 MHz) 5 (ppm) 942 ppm. ES*MS (m/z) 418 (M + H]"), 835 ([2M + H]"), 1252 ([3M + H]").

trans,trans-|Pt(py)2Cl2]
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K>PtCls (1.00 g, 2.41 mmol) was dissolved in deionised water (25 mL) and pyridine (0.9 mL,
11.17 mmol) was added. The reaction was stirred in the dark at 85 °C overnight, cooled to RT
and then filtered (IM). The solvent was removed from the filtrate by rotary evaporation to give
a white solid. The solid was washed with a small amount of diethyl ether. HCI (25 mL, 2 M)
was added to the dried product and the reaction stirred in the dark at 75 °C for 24 hours. The
yellow suspension was cooled on ice. The resulting yellow precipitate was collected by
filtration under suction, and washed with the minimum amount of cold water, ethanol and

diethyl ether.

Yield: 0.837 g, 81.4%. 'H NMR (DMF-d7, 400 MHz) § (ppm) 8.85 (4H, doublet, CH), 8.03
(2H, triplet, CH), 7.55 (4H, triplet, CH) ppm. *C NMR (DMF-d7, 101 MHz) § (ppm) 153.6,
139.4, 125.8 ppm. Pt NMR (DMF-d;, 86 MHz) § (ppm) -1947 ppm. ES™S (m/z) 425

(IM + HJ"), 447 ((M + Na]").

trans,trans-[Pt(py)2(N3)2]

trans-[Pt(py)2CL2] (0.70 g, 1.65 mmol) was suspended in deionised water (120 mL) with
AgNO3 (0.55 g, 3.24 mmol). The reaction was stirred in the dark overnight at 60 °C. The
resulting suspension was filtered (celite and IM) to remove the AgCl. NaN3 (0.55 g,
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8.46 mmol) was added to the filtrate, and the reaction stirred in the dark at RT for 4 hours. A
second quanitity of NaN3 (0.55 g, 8.46 mmol) was added and stirred for a further 4 hours. The
suspension was placed on ice, and the resulting yellow solid collected by filtration under
suction. The product washed with the minimum amount of cold water, ethanol and diethyl
ether to get crude product. The crude product was recrystallised from pyridine (1 g per
37.5 mL, preheated to 40 °C) and immediately filtered (IM). The solution was cooled on ice to

give a yellow precipitate. The pure product was collected by filtration under suction.

Yield: 0.360 g, 50.8%. 'H NMR (CDCls, 400 MHz) & (ppm) 8.75 (4H, doublet, CH), 7.82 (2H,
triplet, CH), 7.39 (4H, triplet, CH) ppm. 3C NMR (CDCls, 101 MHz) § (ppm) 152.6, 138.9,
126.1 ppm. '°Pt NMR (CDCls, 86 MHz) & (ppm) -2096 ppm. ES™MS (m/z) 438 (M + H]"),

876 ([2M + H]"), 898 ([2M + Na]*).

trans,trans,trans-[Pt(py)2(N3)2(OH)2]

=

| OH
\ N////,' N3
Pt
N | DS
OH

\\\\\\

F

trans-[Pt(py)2(N3)2] (0.15 g, 0.34 mmol) was suspended in H>O, (10.5 mL, 30% v/v) and
stirred in the dark at 45 °C for 3 hours. The solvent level was reduced to approximately 2.5 mL
by rotary evaporation at 50 °C. Ethanol (6 mL) was added and the solution filtered (IM).
Diethyl ether (18 mL) was added to the filtrate and the solution cooled in the freezer overnight

to give yellow needle crystals. The product was collected by filtration under suction.

123



Yield: 0.127 g, 79.4%. 'H NMR (D-0, 400 MHz) & (ppm) 8.73 (4H, doublet, CH), 8.21 (2H,
triplet, CH), 7.75 (4H, triplet, CH) ppm. '3*C NMR (D,0, 101 MHz) & (ppm) 149.4, 142.6,
127.1 ppm. Pt NMR (D20, 86 MHz) & (ppm) 958 ppm. ES*MS (m/z) 494 (M + Na]"), 943

([2M + HTY), 965 ([2M + Na]").

cis,cis-[Pt(tz)212]

A

N\ Pt K7
N /1

S
—

K>PtCls (0.50 g, 1.21 mmol) was dissolved in distilled water (38 mL). KI (2.00 g, 12.1 mmol)
was added and the reaction left to stir in the dark at RT for 1 hour. Thiazole (0.17 mL,
2.41 mol) was added and the reaction stirred in the dark at RT for 24 hours. The suspension
was separated by filtration under suction. The resulting solid was washed with the minimum

amount of cold water, ethanol and diethyl ether.

Yield: 0.644 g, 86.2%. 'H NMR (DMSO-ds, 400 MHz) & (ppm) 9.14 (2H, doublet of doublets,
CH), 7.98 (2H, doublet of doublets, CH), 7.80 (2H, doublet of doublets, CH) ppm. *C NMR
(DMSO-ds, 101 MHz) § (ppm) 154.4, 143.7, 120.4 ppm. '*>Pt NMR (DMSO-ds, 86 MHz) &

(ppm) -3105 ppm. ES™™S (m/z) 1239 ([2M + H]").
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cis, cis-[Pt(£z)2Cl2]

7

N\ Na_ ¢!
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/I gy
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/

cis-[Pt(#z)212] (0.64 g, 1.03 mmol) was suspended in distilled water (125 mL). AgNO3 (0.35 g,
2.06 mmol) was added and the reaction stirred in the dark at 60 °C for 24 hours. The suspension
was filtered (celite and IM) to remove the Agl. NaCl (0.60 g, 10.30 mmol) was added to the
filtrate and the reaction stirred in the dark at RT for 24 hours. The product was isolated by
filtration under suction and washed with the minimum amount of cold water, ethanol and

diethyl ether.

Yield: 0.209 g, 84.0%. 'H NMR (DMSO-ds, 400 MHz) & (ppm) 9.47 (2H, doublet of doublets,
CH), 7.97 (2H, doublet of doublets, CH), 7.95 (2H, doublet of doublets, CH) ppm. *C NMR
(DMSO-ds, 101 MHz) § (ppm) 154.4, 143.7, 120.4 ppm. '*>Pt NMR (DMSO-ds, 86 MHz) &

(ppm) -1905 ppm. ES*MS (m/z) 837 ([2M — CI").

cis,cis-[Pt(tz)2(N3)2]

S \\
\ N///," \\\\\\N3

Pt
S/\N( ‘N3

—

cis-[Pt(22)2Cl2] (0.10 g, 0.23 mmol) was suspended in distilled water (20 mL). AgNO3 (0.08 g,

0.46 mmol) was added and the reaction left to stir overnight in the dark at 60 °C. The
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suspension was filtered (celite and IM) to remove the AgCl. NaN3 (0.15 g, 2.30 mmol) was
added to the filtrate and the reaction stirred at in the dark at RT for 24 hours. The resulting
suspension was separated by filtration under suction and the solid washed with minimal cold

water, ethanol and diethyl ether.

Yield: 0.082 g, 79.3%. 'H NMR (CD3CN, 400 MHz) § (ppm) 9.11 (2H, doublet of doublets,
CH), 7.84 (2H, doublet of doublets, CH), 7.73 (2H, doublet of doublets, CH) ppm. *C NMR
(CDsCN, 101 MHz) & (ppm) 158.0, 144.2, 123.1 ppm. *>Pt NMR (CDsCN, 86 MHz) & (ppm)
2049 ppm. ES'™S (m/z) 365 ([M-2N3]*"), 407 ([M-Ns3]"), 450 ([M+H]), 856

([2M - N3]"), 900 ([2M + H]"), 1349 ([3M + H]").

cis,cis,trans-|Pt(¢z)2(N3)2(OH)2]

S\\\ OH

\ NaL | AN
Pt,

R
S OH
—
cis-[Pt(#z)2(N3)2] (0.05 g, 0.11 mmol) was suspended in H>O> (3.5 mL, 30% v/v). The reaction

mixture was stirred in the dark at 45 °C for 2 hours. The reaction was quenched by dilution

with distilled water and the solution lyophilized to give a yellow solid.

Yield: 0.030 g, 63.0%. "H NMR (D20, 400 MHz) & (ppm) 9.27 (2H, doublet of doublets, CH),
7.93 (2H, doublet of doublets, CH), 7.86 (2H, doublet of doublets, CH) ppm. '*C NMR (D-0,
101 MHz) & (ppm) 157.3, 139.5, 123.8 ppm. Pt NMR (D>0, 86 MHz) & (ppm) 1038 ppm.

ES*MS (m/z) 484 ([M + H]"), 506 (M + Na]"), 967 ([2M + H]"), 1451 ([3M + H]").
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trans,trans-|Pt(pz)2Cl2]

K>PtCls (0.50 g, 1.20 mmol) was dissolved in deionised water (12.5 mL). Pyrazine (0.45 g,
5.62 mmol) was added to the solution, and the reaction left to stir in the dark at 85 °C overnight.
The reaction was allowed to cool before being filtered (IM). The solvent was removed under
vacuum, and the residual white solid washed with diethyl ether. HC1 (12.5 mL, 2 M) was added
to the solid and the reaction left to stir in the dark at 75 °C for 24 hours. The yellow suspension
was cooled on ice and filtered under suction. The yellow solid was washed with the minimum

amount of cold water, ethanol and diethyl ether.

Yield: 0.480 g, 93.3%. "H NMR (CDCls, 400 MHz) & (ppm) 8.85 (4H, doublet of doublets,
CH), 8.58 (4H, doublet of doublets, CH) ppm. '3C NMR (CDCls, 101 MHz) & (ppm) 147.7,
147.1 ppm. 'Pt NMR (CDCls, 86 MHz) & (ppm) -2015 ppm. ES*MS (m/z) 853 ([2M + H]"),

875 ([2M + Na]"), 1279 ([3M + H]").
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trans,trans-|Pt(pz)2(N3)2]

trans-[Pt(pz)>Cl2] (0.40 g, 0.94 mmol) was suspended in deionised water (70 mL). AgNOs3
(0.32 g, 1.90 mmol) was added and the reaction stirred in the dark at 60 °C overnight. The
resulting suspension was filtered (celite and IM) to remove the AgCl. NaN3 (0.31 g,
4.76 mmol) was added and reaction stirred in the dark at RT for 4 hours. Another aliquot of
NaN3 (0.31 g, 4.76 mmol) was added and the reaction stirred in the dark for a further 4 hours.
The suspension was placed on ice, and the yellow solid collected by filtration under suction.

The solid was washed with the minimum amount of cold water, ethanol and diethyl ether.

Yield: 0.225 g, 54.6%. '"H NMR (CDsCN, 400 MHz) & (ppm) 8.85 (4H, doublet of doublets,
CH), 8.82 (4H, doublet of doublets, CH) ppm. *C NMR (CDsCN, 101 MHz) & (ppm) 148.9,
147.1 ppm. Pt NMR (CDsCN, 86 MHz) § (ppm) -2171 ppm. ES™S (m/z) 440 ((M + H]"),

478 (IM + KT, 1275 ([3M — N3]").
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trans,trans,trans-|Pt(pz)2(N3)2(OH)2]

trans-[Pt(N3)2(pz)2] (0.20 g, 0.46 mmol) was suspended in 30% H20> (14 mL, 30% v/v) and
stirred in the dark at 45 °C for 3 hours. The solvent volume was reduced to ~2.5 mL under
vacuum at 50 °C. Ethanol (10 mL) was added and the solution filtered (IM). Diethyl ether
(30 mL) was added and the solution cooled in the freezer overnight. The crystals were isolated

by filtration under suction.

Yield: 0.128 g, 67.3%. '"H NMR (D-0, 400 MHz) § (ppm) 8.99 (4H, doublet of doublets, CH),
8.90 (4H, doublet of doublets, CH) ppm. *C NMR (DO, 101 MHz) & (ppm) 148.7, 143.9
ppm. Pt NMR (D20, 86 MHz) & (ppm) 783 ppm. ES™™S (m/z) 496 ([M + Na]"), 947

([2M + H].
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cis,cis-|Pt(pz):12]
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KoPtCls (0.25 g, 0.60 mmol) was dissolved in deionised water (19 mL). KI (1.00 g,
6.02 mmol) was added and the reaction stirred in the dark at RT for 1 hour. Pyrazine (0.096g,
1.20 mmol) was added and the reaction stirred in the dark at RT for a further 24 hours. The
suspension was filtered under suction. The solid was washed with the minimum amount of

cold water, ethanol and diethyl ether.

Yield: 0.306 g, 83.5%. 'H NMR (DMF-d7, 400 MHz) & (ppm) 9.11 (4H, doublet of doublets,

CH), 8.78 (4H, doublet of doublets, CH) ppm.
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cis,cis-|Pt(pz)2Cl2]

N=—
\ Ny, WGl
/ Pt‘\
~<N Cl

\_

Method 1: cis-[Pt(pz)212] (0.25 g, 0.41 mmol) was suspended in deionised water (50 mL).
AgNO3 (0.14 g, 0.81 mmol) was added and the reaction left to stir in the dark at 60 °C for
24 hours. The suspension was filtered (celite and IM) to remove the Agl. NaCl (0.23 g,
4.01 mmol) was added to the filtrate and the reaction stirred in the dark at RT for 24 hours.
The suspension was filtered under suction. Analysis of the solid was not possible due to the

quantity being too low.

Method 2: cis-[Pt(pz):12] (0.30 g, 0.49 mmol) was suspended in a solution of deionised water
and DMF (60 mL, 50:50 volume). AgNO3 (0.17 g, 1.00 mmol) was added and the reaction left
to stir in the dark at 60 °C for 24 hours. The suspension appeared as a black solid in a clear

solution, indicating the formation of Pt’.
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cis,cis-[Pt(pz)2(N3)2]

N=—
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cis-[Pt(pz)212] (0.20 g, 0.33 mmol) was suspended in deionised water (40 mL). AgNO3 (0.11 g,
0.66 mmol) was added and the reaction left to stir in the dark at 60 °C overnight. The
suspension was filtered (celite and IM) to remove the Agl. NaN3 (0.14 g, 2.14 mmol) was
added and the reaction stirred in the dark at RT for 24 hours. The suspension was filtered under

suction. Analysis of the solid was not possible due to the quantity being too low.

Liposome Synthesis and Loading

Calcium Acetate Method - Standard
DPPC (17.66 mg), cholesterol (6.2 mg), DSPE-PEG2000" (12.5 mg) and DiO (100 puL of

2 mg mL! in CHCI3) were added to a 250 mL round bottom flask with 1 mL of chloroform
and swirled to dissolve. The solution was dried to give a thin film and then reydrated film with
1.2 mL of 200 mM calcium acetate solution, vortexing at 60 °C for 20 mins. The solution was
frozen on liquid N>, then thawed using a 60 °C water bath with 10 seconds of vortexing as it
was warming. Five of these freeze-thaw cycles were completed, leaving the flask at each
extreme for 10 mins. The solution was kept at 60 °C until extrusion, and the syringes and

extrusion block pre-heated to 65 °C. The solution was extruded 11 times through a 400 nm
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filter, and 11 times through a 200 nm filter. The extraliposomal calcium acetate was replaced
with 200 mM sodium sulphate by dialysis. 3 cycles of dialysis against 200 times the volume
of liposome solution were completed using a float-a-lyser G2 0.5-1 kDa pre-prepared dialysis
Iml tube, stirring at 40 °C for 1 hour. A fourth cycle of dialysis against 400 times the volume
at ambient temperature was left stirring overnight. The liposomes were transferred to a clean
flask and incubated with a concentrated solution of iproplatin (15 mg mL™") in 200 mM sodium
sulphate for 1 hour at 55 °C, before cooling to 4 °C. The liposomes were filtered using pre-
packed gel column (Sephadex G-25 in PD-10) to remove any unencapsulated drug, and stored

at4 °C.

Calcium Acetate Method — Cross-linked
DPPC (8.8 mg), 23:2 Diyne PC (11 mg), cholesterol (6.2 mg), and DSPE-PEG2000 (12.5 mg)

were added to a 250 mL round bottom flask with 1 mL of chloroform and swirled to dissolve.
The solution was dried to give a thin film and then reydrated film with 1.2 mL of 200 mM
calcium acetate solution, vortexing at 60 °C for 20 mins. The solution was frozen on liquid N>,
then thawed using a 60 °C water bath with 10 seconds of vortexing as it was warming. Five of
these freeze-thaw cycles were completed, leaving the flask at each extreme for 10 mins. The
solution was kept at 60 °C until extrusion, and the syringes and extrusion block pre-heated to
65 °C. The solution was extruded 11 times through a 400 nm filter, and 11 times through a
200 nm filter. The extraliposomal calcium acetate was replaced with 200 mM sodium sulphate
by dialysis. 3 cycles of dialysis against 200 times the volume of liposome solution were
completed using a float-a-lyser G2 0.5-1 kDa pre-prepared dialysis 1ml tube, stirring at 40 °C
for 1 hour. A fourth cycle of dialysis against 400 times the volume at ambient temperature was

left stirring overnight. The liposomes were transferred to a clean flask and incubated with a
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concentrated solution of iproplatin (15 mg mL™) in 200 mM sodium sulphate for 1 hour at
55 °C, before cooling to 4 °C. The liposomes were then filtered using a pre-packed gel column
(Sephadex G-25 in PD-10), using sodium sulphate as the eluent, to remove any unencapsulated
drug. The liposomes were then irradiated with UV-light (254 nm, 28 W) for 70 mins, and

filtered again though a pre-packed gel column. The liposomes were stored at 4 °C.

Calcium Acetate Method — Microbubble-conjugation
DPPC (17.66 mg), cholesterol (6.2 mg), DSPE-PEG Azide (12.5 mg) and DiO (100 uL of

2 mg mL"! in CHCl3) were added to a 250 mL round bottom flask with 1 mL of chloroform
and swirled to dissolve. The solution was dried to give a thin film and then reydrated film with
1.2 mL of 200 mM calcium acetate solution, vortexing at 60 °C for 20 mins. The solution was
frozen on liquid N2, then thawed using a 60 °C water bath with 10 seconds of vortexing as it
was warming. Five of these freeze-thaw cycles were completed, leaving the flask at each
extreme for 10 mins. The solution was kept at 60 °C until extrusion, and the syringes and
extrusion block pre-heated to 65 °C. The solution was extruded 11 times through a 400 nm
filter, and 11 times through a 200 nm filter. The extraliposomal calcium acetate was replaced
with 200 mM sodium sulphate by dialysis. 3 cycles of dialysis against 200 times the volume
of liposome solution were completed using a float-a-lyser G2 0.5-1 kDa pre-prepared dialysis
Iml tube, stirring at 40 °C for 1 hour. A fourth cycle of dialysis against 400 times the volume
at ambient temperature was left stirring overnight. For blank liposomes, the synthesis was
stopped at this point. For drug loaded liposomes, the suspension was transferred to a clean
flask and incubated with a concentrated solution of iproplatin (15 mg mL™") in 200 mM sodium

sulphate for 1 hour at 55 °C, before cooling to 4 °C. The liposomes were filtered using pre-
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packed gel column (Sephadex G-25 in PD-10) to remove any unencapsulated drug, and stored

at4 °C.

Ammonium Sulphate Method - Standard
DPPC (17.66 mg), cholesterol (6.20 mg), DSPE-PEG2000 (12.50 mg), and DiO (100 pL of

2 mg mL in CHCl3) were added to a 250 mL round bottom flask with 1 mL of chloroform and
swirled to dissolve. The solution was dried to give a thin film and then reydrated film with
1.2 mL of 250 mM ammonium sulphate solution, vortexing at 60 °C for 20 mins. The solution
was frozen on liquid N, then thawed using a 60 °C water bath with 10 seconds of vortexing
as it was warming. Five of these freeze-thaw cycles were completed, leaving the flask at each
extreme for 10 mins. The solution was kept at 60 °C until extrusion, and the syringes and
extrusion block pre-heated to 65 °C. The solution was extruded 11 times through a 400 nm
filter, and 11 times through a 200 nm filter. The extraliposomal ammonium sulphate was
replaced with isosmotic sodium chloride (375 mM) by eluting through a pre-packed gel
column (Sephadex G-25 in PD-10). The liposomes were transferred to a clean flask and
incubated with a concentrated solution of iproplatin (15 mg mL™) in 375 mM sodium chloride

for 1 hour at 55 °C, before cooling to 4 °C for storage.

Ammonium Sulphate Method — Cross-linked
DPPC (8.8 mg), 23:2 Diyne PC (11 mg), cholesterol (6.2 mg), and DSPE-PEG2000 (12.5 mg)

were added to a 250 mL round bottom flask with 1 mL of chloroform and swirled to dissolve.
The solution was dried to give a thin film and then reydrated film with 1.2 mL of 250 mM
ammonium sulphate solution, vortexing at 60 °C for 20 mins. The solution was frozen on liquid
Nbo, then thawed using a 60 °C water bath with 10 seconds of vortexing as it was warming. Five
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of these freeze-thaw cycles were completed, leaving the flask at each extreme for 10 mins. The
solution was kept at 60 °C until extrusion, and the syringes and extrusion block pre-heated to
65 °C. The solution was extruded 11 times through a 400 nm filter, and 11 times through a
200 nm filter. The extraliposomal ammonium sulphate was replaced with isosmotic sodium
chloride (375 mM) by eluting through a pre-packed gel column (Sephadex G-25 in PD-10).
The liposomes were transferred to a clean flask and incubated with a concentrated solution of
iproplatin (15 mg mL™") in 375 mM sodium chloride for 1 hour at 55 °C, before cooling to 4 °C
for storage. The liposomes were then filtered using a pre-packed gel column (Sephadex G-25
in PD-10), using sodium chloride as the eluent, to remove any unencapsulated drug. The
liposomes were then irradiated with UV-light (254 nm, 28 W) for 70 mins, and filtered again

though a pre-packed gel column. The liposomes were stored at 4 °C.

Microbubble Synthesis — For Unconjugated Microbubbles
DPPC (7.00 mg), DSPE-mPEG(2000) (1.50 mg), and DSPE-PEG-DBCO (1.65 mg) were

dissolved in 1 mL chloroform in a 9:0.5:0.5 molar ratio. The solution was dried to give a thin
film and then rehydrated with 2.5 mL of a solution of PBS:glycerol:propylene glycol (8:1:1).
250 uLL of the solution was placed into a 0.5 mL Eppendorf and the headspace filled with
perfluorobutane (PFB) gas. The microbubbles were formed using a capsule mixer (Vialmix)

shaking for 45 seconds before cooling on ice.

Microbubble Synthesis — For Liposome Conjugated Microbubbles
DPPC (7.00 mg), DSPE-mPEG(2000) (1.50 mg), and DSPE-PEG-DBCO (1.65 mg) were

dissolved in 1 mL chloroform in a 9:0.5:0.5 molar ratio. The solution was dried to give a thin

film and then rehydrated with 2.5 mL of a solution of PBS:glycerol:propylene glycol (8:1:1).
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1 mL of this solution was added to 200 pL of a liposome solution formed by the calcium acetate
method (after dialysis with sodium sulphate), and 300uL of a solution of
PBS:glycerol:propylene glycol (8:1:1). The solution was left to stir for 2 hours (RT, 480 rpm)

so the click reaction could occur between the liposomal-N3 group and the DSPE-PEG-DBCO.
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A2 NMR Spectroscopy
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Figure A2.1 Assigned NMR spectra for iproplatin run in DO, top to bottom: 'H NMR, >C NMR, and
1 pt NMR spectra.
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For the 'H NMR spectra provided in Figure A2.1, the OH and NH; protons are masked by the
D,0 solvent peak at 4.70 ppm. Residual acetone from washing can be seen in the 'H and *C
NMR spectra, with the second acetone peak in the '3C NMR spectrum appearing at 215.4 ppm.
Finally, the Pt NMR spectrum shows a single resonance in the Pt'Y region (942 ppm) which

tH

is significantly downfield shifted compared to the Pt" precursor (-2211 ppm).
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Figure A2.2 Assigned NMR spectra for trans,trans,trans-[Pt(py)2(N3)2(OH) ] run in D:O, top to
bottom: 'H NMR, °C NMR, and ">Pt NMR spectra.
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For the '"H NMR spectra provided in Figure A2.2, the OH protons are masked by the DO
solvent peak at 4.70 ppm. The '>Pt NMR spectrum shows a single resonance in the Pt'Y region

(968 ppm) which is significantly downfield shifted compared to the Pt" precursor (-2096 ppm).
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Figure A2.3 Assigned NMR spectra for cis,cis-[Pt(tz) :I>] run in DMSO-ds, top to bottom: 'H NMR,
3C NMR, and '’ Pt NMR spectra.
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Figure A2.4 Assigned NMR spectra for cis,cis-[Pt(tz) 2CI12] run in DMSO-ds, top to bottom: 'H NMR,
3C NMR, and '’ Pt NMR spectra.
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Figure A2.5 Assigned NMR spectra for cis,cis-[Pt(tz) 2(N)2] run in CD;CN, top to bottom: 'H NMR,
3C NMR, and "’ Pt NMR spectra.
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Figure A2.6 Assigned NMR spectra for cis,cis, trans-[Pt(tz) ,(N3) (OH) ] run in D:0O, top to bottom: 'H
NMR, >C NMR, and "> Pt NMR spectra.
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For the '"H NMR spectra provided in Figure A2.6, the OH protons are masked by the DO
solvent peak at 4.70 ppm. In the 'H-NMR spectrum, sharp Pt satellites can be seen either side
of resoances a and b. These are the protons on the nitrogen adjacent carbons in the thiazole
ligands, and the linewidth indicates that the complex is Pt!V. Finally, the '>Pt NMR spectrum
shows a single resonance in the Pt'Y region (1038 ppm) which is significantly downfield shifted

tH

compared to the Pt" precursor (-2046 ppm).
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Figure A2.7 Assigned NMR spectra for trans,trans-[Pt(pz)Cl>] run in CDCI;, top to bottom: 'H
NMR, *C NMR, and '’Pt NMR spectra.
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Figure A2.8 Assigned NMR spectra for trans,trans-[Pt(pz)(Ns),] run in CD;CN, top to bottom: 'H
NMR, >C NMR, and '*’Pt NMR spectra.
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Figure A2.9 Assigned NMR spectra for trans,trans,trans-[Pt(pz) 2(N3)2(OH)>] run in DO, top to
bottom: 'H NMR, >C NMR, and '’ Pt NMR spectra.

For the '"H NMR spectra provided in Figure A2.9, the OH protons are masked by the DO
solvent peak at 4.70 ppm. The >Pt NMR spectrum shows a single resonance in the Pt'Y region
(786 ppm) which is significantly downfield shifted compared to the Pt" precursor (-2171 ppm).

Due to the complex being sparingly soluble in most solvents, the signal to noise ratio is lower

in the presented spectra.
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A3 Mass Spectrometry
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Figure A3.1 Accurate ESI-MS for iproplatin, fragment [M+Na]" (M, = 440.04, accuracy 0.2 ppm).
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Figure A3.2 Accurate ESI-MS for trans,trans,trans-[Pt(py) »(N3)2(OH)>], fragment [M+Na]" (M, =
494.06, accuracy 0.8 ppm).
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Figure A3.3 Accurate ESI-MS for cis,cis,trans-[Pt(tz) o(N3)2(OH).], fragment [M+Na]" (M, = 505.98,
accuracy 0.2 ppm).

154



trans,trans,trans-|Pt(pz)2(N3)2(OH)2]

496.0532
100_- Measured
o ] Spectrum
2 80
S . 7497.0531
3 ©0-1489.0879
- 7 504.9733
= 40— -
8 ] 505.9757
X 5 4?%_%___3404 499.0562 I
gilillllll T |l|| I'II‘I | 1 L4
I | I I T ] | | | I | [ I I I I ]
490 495 500 505
m/z
496.0528
i 495.0507 :
100 ] = Theoretical
7 Spectrum
- 80— 497.0530
= i
S 60-
1= |
[i¥
2 40
L
m —]
499,
o 20 99.0559
] 493.0491 | 500.0593
0 L L L L L L L L L L L L L L L DAL B B W
490 495 500 505
m/z

Figure A3.4 Accurate ESI-MS for trans,trans,trans-[Pt(pz)(N3)>(OH)>] , fragment [M+Na]" (M, =
496.05, accuracy 0.8 ppm).
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A4 DSC Data
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Figure A4.1 Thermal transition profiles for standard composition liposomes in sodium sulphate (200
mM).
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Figure A4.2 Thermal transition profiles for standard liposomes in calcium acetate (200 mM).

157



0.15

0.1

0.05

YA
Y-

55

1 E— )

Heat flow (W g!)
[e)
13
>
-

Temperature (°C)

——Cholesterol ——DPPC ——DSPE-PEG2000

Figure A4.3 Thermal transition profiles for the individual solid lipids cholesterol (blue), DPPC
(orange), and DSPE-PEG2000 (grey).
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Figure A4.4 Thermal transition profile for liposomes made from the individual lipids DPPC (blue),
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A5 ICP-MS Data

Anomalous values are included in the same colour as the batch they are from, and are marked
with an asterisk, but they have not been included on the trendlines. For cross-linked liposomes,
days -1 and 0 represent the day of loading with -1 corresponding to the pre-UV sample and 0

corresponding to the post-UV sample.
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Figure A5.1 Change in Pt concentration of the intraliposomal matrix for standard liposomes loaded
by the calcium acetate method, trans,trans,trans-[Pt(py):(N3):(OH),] (blue), iproplatin (orange).
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Figure A5.2 Change in Pt concentration of all batches of standard calcium acetate loaded liposomes,
Blue - Batch 1, Orange - Batch 2, Grey - Batch 3, Yellow - Batch 4, Purple - Batch 5.
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Figure A5.3 Graph showing all batches of standard ammonium sulphate loaded liposomes, Blue -
Batch 1, Orange - Batch 2, Grey - Batch 3, Yellow - Batch 4, Purple - Batch 5.
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Figure A5.4 Graph showing all batches of cross-linked calcium acetate loaded liposomes; Blue -
Batch 1, Orange - Batch 2, Grey - Batch 3, Yellow - Batch 4, Purple - Batch 5.
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Figure A5.5 Graph showing all batches of cross-linked ammonium sulphate loaded liposomes,; Blue -
Batch 1, Orange - Batch 2, Grey - Batch 3, Yellow - Batch 4, Purple - Batch 5, Green — Batch 6.
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