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Summary

This Thesis entitled ‘Diquaternerised and Ru(Il) Based Polypyridyl Conjugates as
Biological Probes and Phototherapeutic Agents’ is divided into 8 Chapters. Chapter 1, the
introduction, gives a brief introduction to the cell cycle and its relevance to cancer treatment
and 1s followed by a brief description of the structure of DNA and the different binding modes
by which molecules may interact with it. A description of the photophysical properties of
Ru(II) polypyridyl complexes and their DNA binding ability is also given and is supported by
relevant examples from the literature. A brief introduction to photodynamic therapy (PDT)
follows with particular emphasis on the applicability of certain Ru(Il) conjugates. The
introduction then deals with the excited state reactivity of the 1,8-naphthalimide chromophore
and leads to a short review of gold nanoparticle (AuNP) conjugates and their applicability to
biological use. This Chapter concludes with a description of ongoing research within the
Gunnlaugsson research group and also describes the aims of the research conducted in each of
the subsequent Chapters.

In Chapter 2, a series of Ru(ll) complexes based on a new ligand, pyrazino[2,3-
h]dipyrido[3,2-a:2',3"-c]phenazine, or pdppz, are described. The synthesis of each derivative is
discussed, in addition to their photophysical and DNA binding properties. This is followed by
an evaluation of their excited state reactivity with DNA and their cellular uptake and
photocytotoxicity.

Chapter 3 deals with the ability of an organic quaternerised derivative of pdppz to bind
to DNA. Due to its extended aromatic surface, in concert with its cationic character, this
species i1s shown to possess rich photophysical properties that are monitored to evaluate its
DNA binding interactions, using various spectroscopic techniques. The synthesis,
photophysical evaluation, DNA binding and photocleavage ability, as well as its cellular
uptake and cytotoxicity is discussed in this Chapter.

In Chapter 4, Ru(II)(TAP),-1,8-naphthalimide conjugates with a rigid arrangement of
the subunits is discussed. The effect the inclusion of the  deficient TAP ancilliary ligands has
on the photophysical and DNA binding properties of these conjugates is explored, where both
the solution photophysical properties and the DNA binding responses are evaluated.
Furthermore, their ability to photocleave DNA and be internalised in cancer cells is also
discussed with a view to their potential as phototherapeutic agents.

Chapter 5 details the ability of Ru(1l)(bpy)s-1,8-naphthalimide conjugates to function
as fluorescent anion sensors. The spectroscopic and colorimetric effects on the Ru(Il) excited

state upon anion binding as well as preliminary NMR binding data is detailed.



Suummain

In Chapter 6, the synthesis and photophysical properties of two bis-Ru(Il) (bpy);-bis-
1,8-naphthalimide containing Troger’s base derivatives are described. The effect the
substitution pattern around the Ru(Il) centre has on the synthesis and photophysical properties
of these moieties is explored, in addition to a preliminary description of their DNA binding
ability and applicability to biological imaging.

Chapter 7 details the synthesis and photophysical evaluation of a series of alkyl thiol
functionalised Ru(Il) complexes and their ability to target DNA. This is followed by a
description of their use in the synthesis of Ru(Il) stabilised water-soluble, luminescent AuNP
conjugates. The synthesis, physical and photophysical evaluation of each conjugate is
discussed and is followed by preliminary DNA binding and cellular uptake studies.

Finally, in Chapter 8, general experimental procedures are outlined and the synthesis
and characterisation of each of the compounds discussed is given. Subsequently, literature
references are provided and are followed by the Appendix which provides spectroscopic and

titration data to support work described in the main text.
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{bbreviations

Abbreviations

A adenine

AcO acetate (CH3CO;") anion
AuNP Gold nanoparticle

brs broad singlet

bpy bipyridine

C cytosine

CD circular dichroism

conc. concentrated

d doublet

dd doublet of doublets

dt doublet of triplets

0 chemical shift

DCM dichloromethane

DLS dynamic light scattering
DMAP 4-(N, N-dimethylamino)pyridine
DMF N, N-dimethylformamide
DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

€ molar extinction coefficient
eq. equivalents

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ESI electrospray ionisation
Et;N triethylamine

Et,O diethyl ether

EtOAc ethyl acetate

EtOH ethanol

G guanine

HRMS high resolution mass spectrometry
hrs hours

Hz hertz

IR infrared

ISC inter system crossing

J coupling constant (expressed in Hz)
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A

LD

m
MALDI-TOF
MeCN
MeOH
mins
MLCT
m.p.
m/z
nm
NMR
PS
PBS
Pd/C
PET
phen

ppm

ROS

SPR
stDNA

TAP
TBA
TEM
TFA
T
TOAB
UV/Vis

wavelength

linear dichroism

multiplet

matrix assisted laser desorption ionisation, time of flight
acetonitrile

methanol

minutes

metal to ligand charge transfer
melting point

mass charge ratio

nanometre

nuclear magnetic resonance
photosensitiser

phosphate buffered saline
palladium on carbon catalyst
photoinduced electron transfer
1,10-phenanthroline

parts per million

quartet

reactive oxygen species
singlet

surface plasmon resonance
salmon testes DNA

triplet

thymine

1,4,5,8 tetraazaphenanthrene
tetra n-butylammonium
transmission electron microscopy
trifluoroacetic acid

DNA thermal melting
tetraoctylammonium bromide

ultraviolet/visible
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Chapter 1: Introduction

Since the discovery of the deoxyribonucleic acid (DNA) double helix, there has been
considerable interest in the development of molecules that selectively bind DNA and that
exhibit photophysical properties sensitive to the binding event. Such species show significant
potential as nucleic acid probes, diagnostic agents and novel therapeutic agents. Moreover,
through synthetic design, the development of molecules that have the ability to recognise
specific sequences on DNA and also that can be activated photochemically has become an
intensively studied area of research.

This thesis focuses on the interaction and reaction of spectroscopically active
molecules with DNA and evaluates their potential for biological application in areas such as
imaging and photoactivated cancer therapies. A number of approaches have been employed to
enhance both DNA binding affinity and phototoxic effect mainly involving the use of Ru(II)
polypyridyl based species. This Chapter will look to introduce the various topics discussed in
this thesis and starts with a brief discussion of the relationship between cancer and the
biochemical processes involved in the cell cycle. This will be followed by a short description
of DNA structure and the factors governing its recognition, followed by a discussion of some
relevant examples of small DNA binding molecules from the literature. The remainder of this
Chapter will review some recent development in the areas of Ru(Il) polypyridyl complexes,
1,8-naphthalimides and gold nanoparticles (AuNPs) and will finish with a review of selected

work undertaken within the Gunnlaugsson group.

1.1 Cancer and DNA as a Target

Cancer 1s a leading cause of death worldwide accounting for 7.9 million deaths
(around 13% of all deaths) in 2007 and, furthermore, deaths from cancer worldwide are
projected to continue rising, with an estimated 12 million deaths expected in 2030." The name
cancer is a broad term used to describe more than 200 diseases that can affect any part of the
body. It 1s a disease of the cell that occurs due to failures in the mechanisms that regulate cell
growth and division. The mechanisms by which cancer arises are generally considered to be as
a result of changes to the genome that may lead to abnormal gene regulation, failure of
expression of genes or alteration of a gene, all leading to abnormal cell function. The
transformations that occur are then passed on from the individual cells to its progeny resulting

in the accumulation of cells with abnormal function.’



Cell proliferation itself is a complex cellular process that is regulated by a balance
between growth stimulating and growth suppressing factors.’ Each dividing cell goes through
a complex sequence of events that results in the formation of two daughter cells. This series of
events is collectively termed the cell cycle and a diagrammatic representation is shown in

Figure 1.1.

M‘TOS! [d\> Cytokinesis

Prophase petaphase
Anaphase

Telophase

Figure 1.1 Schematic representation of the cell cycle

The major phases of the cell cycle are Gy, Gy, S, M and Gt Resting cells are in the
Gy phase and healthy cells spend most of their time in this phase. In a dividing cell, the
mitotic (M) phase alternates with interphase; a growth period. The first part of interphase,
called Gy, is induced by external growth factors and is followed by S phase, when the
chromosomes replicate; the last phase is G, and, like Gy, 1s a gap phase in which the cell
grows by producing proteins and cytoplasmic organelles in preparation for the final mitotic
(M) phase; cell division." Briefly, M phase is divided into 4 main phases; (i) prophase
(incorporating prometaphase), (i1) metaphase, (iii) anaphase and (iv) telophase. During these
stages of mitosis the chromosomes condense, align and separate before the cell elongates
leading, finally, to division of the cell cytoplasm and separation (cytokinesis), (Figure 1.2).*
Activated checkpoints within the cell cycle give cells time to repair any damage to the genome
that may have occurred. However, if damage is not corrected cells will undergo apoptosis,
which is a form of programmed cell death. This process prevents any mutations being carried
through to progeny cells.” Often cancer cells find a way to circumvent the apoptotic
mechanism resulting in cell accumulation and tumor progression where these defects in

regulatory circuits lead to the breakdown of normal cellular proliferation and homeostasis.’
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Figure 1.2 Confocal microscopy images showing G, interphase and the different stages of

mitosis, Prophase, Prometaphase, Metaphase, Anaphase and Telophase *
Much effort within medicinal chemistry has been devoted towards the development of

anti-cancer drugs for the treatment of tumors. Chemotherapy is the use of cytotoxic
compounds to kill or inhibit rapidly proliferating cancer cells in preference to the body’s own
healthy cells.® Such cytotoxic agents can take effect by inhibiting any of the processes that
take place during the cell cycle.

On a molecular level, cancers are expressed through protein action but actually
originate at the deoxyribonucleic acid (DNA) level, in the code or in its processing. The
information amplification from DNA to proteins, makes DNA a particularly attractive
medicinal target, since in principle, a single drug molecule per cell could change the
expression of a gene on DNA where multiple drug molecules per cell are required to act on
the multiple copies of proteins.” Thus DNA is extremely important in the design and
development of novel anti-cancer therapeutics and consequently it continues to be one of the
main molecular targets in medicinal chemistry. The regulation of gene expression is central to
all processes that occur in the body and targeting of DNA with small or medium molecules
selective for certain gene sequences will enable the specific regulation of gene expression,

. . - > i . . 8
important in many fields of medical research for new cancer therapies and novel drug design.
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1.2 DNA Structure

The discovery of the right handed double helix, by Watson and Crick in April 1953,
immediately provided fundamental new insights into the nature of genetic events. It presented
more profound levels of understanding of the processes of gene regulation, transcription and
translation, mutation/carcinogenesis, and drug action at the atomic and molecular levels.
These advances in nucleic acid structural studies have given rise to knowledge that is now

being exploited in various fields of medicine for both therapeutic and diagnostic ends.

Major groove

Minor Groove

Figure 1.3 Structures of the DNA bases showing the Watson-Crick and Hoogsteen base

pairs and position of the grooves

DNA is a biological polymer consisting of two strands arranged in a right handed anti-
parallel double helix. The strands consist of a number of heterocyclic nitrogenous bases linked
by a negatively charged sugar - phosphate backbone. Unlike most proteins, which can be
made up from a pool of 20 different amino acids, DNA primarily contains 4 bases; the purines
- adenine (A) and guanine (G), and the pyrimidines - thymine (T) and cytosine (C), (Figure
1.3).

Each base contains numerous hydrogen bond donor and acceptor sites which allow for
specific hydrogen bonding interactions to occur between bases on opposite nucleotide chains,
known as Watson-Crick base pairing. According to the Watson-Crick base pairing rules
adenine always pairs with thymine and guanine always pairs with cyfosine. Appropriate
geometrical correspondence of hydrogen bond donors and acceptors ensures only the "right"
pairs form stably and it is on this premise that DNA-binding enzymes can recognise specific
base pairing patterns that identify particular regulatory regions of genes. Hoogsteen base
pairing can also occur with the functional groups that protrude into the major groove giving
rise to the formation of secondary structures of DNA such as triplex DNA and G quadruplex

DNA (Figure 1.3). Base stacking effects are also especially important in the secondary
4



structure of DNA. Base stacking interactions are due to dispersion attraction, short-range
exchange repulsion, and electrostatic interactions. Where base pairing provides specificity in
DNA structure it is these stacking interactions and hydrophobic forces that provide the
primary means by which the helix is stabilised.'”'* B-DNA, the classic helical structure
described by Watson and Crick, describes the right handed anti-parallel double helix of DNA
structure. However, there also exists a number of other forms that depend very much on
environmental conditions such as humidity, temperature, pH, and salt concentration. The
structure initially derived for B-DNA was from X-ray diffraction patterns of DNA fibres at
92% relative humidity.” When the relative humidity is reduced to 75 %, B-DNA may undergo
a reversible conformational change to A-DNA. This structure is again a right handed helix but
is somewhat wider than that of B-DNA. A third conformation is the left handed double helix
Z-DNA, which forms for complementary polynucleotides with alternating guanine and
cytosine residues at high salt concentration. The backbone of Z-DNA is irregular compared to
A- or B-DNA since the residues have very distinct conformations, resulting in a ‘zig-zag’
arrangement of phosphate groups. The structural features of all three conformations are

summarised in Table 1.1,'* and depicted in Figure 1.4.

Figure 1.4 Representation of possible structural forms of DNA. Left to right; A-DNA,
B-DNA and Z-DNA"
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Table 1.1 Average helix parameters for A-DNA, B-DNA and Z-DNA"?

Helix Right handed Right handed Left handed
Diameter ~26 A ~20 A ~184
 Base pairs per helical |
11 10 12
turn ‘
© Helical twist per base = 7
327" 36° -9°, -51°
pair ‘
Helix rise per base pair 2.56 A - 34A 7' 374 O
~ Base tilt to the helix |
20° -6° -7°
axis ’
* Narrow and
Majoi groove Wide and dcep Flat
deep
Wide and Narrow and |
Minor groove Narrow and deep
shallow ‘ deep
* ‘ Anti for pyrimidines, syn for :
Glycosidic bond Anti Anti
; ‘ purines
‘; C2’-endo for pyrimidines, C3’-endo
Sugar pucker C3’-endo I C2’-endo
‘ L for purines
|

The classical B-DNA right handed helix, which is the most prevalent in nature, gives
rise to a number of structural features which are amenable to binding. The hydrophobicity, the
presence of heteroatoms and the level of unsaturation of the four nucleobases, together with
the specificity of hydrogen bonding and m-stacking interactions between them, make DNA
chemically accessible and ideal for DNA specific drug-target interactions.’ A large number of
clinically important drugs and antibiotics are believed to exert their primary biological action

through DNA interaction and subsequent inhibition of template function."

1.3 DNA Binding Interactions

Molecular recognition of B-DNA can take place in 5 distinct ways: (i) major groove
recognition; (i1) minor groove recognition; (iii) electrostatic binding; (iv) covalent bonding to
the bases and (v) intercalation. The binding of small molecules can involve one or a
combination of these interactions. The main body of this thesis will detail the binding of
chemical agents to DNA and as such each of these interactions will be discussed and examples

of each of the binding modes given in the following sections.
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1.3.1 Major Groove Recognition

Proteins frequently achieve DNA sequence recognition by binding in or around the
major groove and forming specific hydrogen-bond contacts to the edges of the base pairs.
Major groove recognition usually involves cylindrical binding units based on a helices, with
the units being just the right size and shape to fit snugly into the major groove but being too
large for the minor groove.'' Synthetic oligonucleotides and peptide nucleic acids (PNAs)
may be designed to bind in the major groove, which in doing so give rise to triple helix
(triplex) formation. Hoogsteen base pairing is important in forming such structures. Stretches
of triple helix can be formed by oligonucleotides of an appropriate sequence binding to long

duplex DNA molecules as depicted in Figure 1.5."

Figure 1.5 NMR structure of Hoogsteen, pyrimidine-purine-pyrimidine DNA Triplex. The

Watson—Crick strands are shaded blue and the additional strand in the major groove red
Such a sequence with a covalently attached strand cleavage agent has been shown to

bind and cleave a unique site on a yeast chromosome, demonstrating the exceptionally high

specificity for a target duplex sequence that a triplex formation can achieve."

1.3.2 Minor Groove Recognition

The minor groove is a very important aspect of DNA structure as this is where the
edges of the bases are exposed to the environment, thus providing functional groups
accessible to hydrogen bond interactions. The common structural characteristics shared by
most minor groove binding molecules are: (i) positive charge(s), (i1) linked aromatic and/or
heteroaromatic rings and (ii1) an approximately crescent shape. Typically adenine-thymine
regions of B-DNA have a narrower minor groove than guanine-cytosine regions, and this
allows a snug fit of the drug against the walls of the groove allowing close van der Waal’s
contacts. Binding in the minor groove may also involve the concave curvature of the inner
surface of the bound molecule complementing that of the convex surface of the minor groove
itself. Van der Waal’s and hydrophobic interactions with the groove walls are the dominant

factors in overall stability and strength of binding when the ligand is bound in the groove.
7



However, directed hydrogen bonding, though a smaller contributor to overall stability, is
responsible for directing binding to particular sites and sequences.® Studies on this class of
compounds have led to the development of synthetic polyamides such as TRIBIZ, 1. This
groove binding molecule containing three linked benzimidazole heterocycles is able to bind

tightly to the DNA helix with little changes in DNA structure (Figure 1.6).

Figure 1.6 Crystal structure of the complex between TRIBIZ, 1 and duplex DNA.
TRIBIZ is shown in red"
1.3.3 Electrostatic Binding

DNA is a polyanion due to the broad electronegative cloud that surrounds the
phosphate backbone. There are several types of molecule that can interact with this outside
edge, mainly via non-specific electrostatic interactions. In aqueous solution metal ions such
as Na' and Mg”" are bound, however, polyamines such as spermine, 2 and spermidine, 3 are
classic examples of outside edge-binding drugs. Polyamines of this type are ubiquitous in
mammalian cells and are thought to play multiple roles in cellular function. Due to the non-
specific nature of binding the exact mechanisms of action are unknown. However, it is likely
that polyamines neutralise the negative charges on the DNA backbone and hence promote
6

DNA packaging, a process vital to cell proliferation.’
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1.3.4 Covalent Bonding

A further major mode of DNA recognition, and one that has been extensively
exploited in cancer chemotherapy, is covalent attachment of a small molecule to the DNA
bases. This most commonly occurs at the N7 atoms of guanine and adenine, located in the
DNA major groove. Alkylating agents of this type were originally derived from World War |
poison gases giving analogues such as L-phenylalanine mustard, 4 which still finds use
against various cancers.'’

Cl

N 7; Cl
NH, \/\CI Cl Loy - C
HO - N

Among the most successful of the clinical alkylating agents used to treat cancers is cis-
platin, 5 which binds to DNA with the displacement of two chlorides and the formation of two
metal-coordination bonds to N7 of two adjacent purine DNA bases on the same strand (Figure
1.7)."" There is a strong preference for guanine over adenine with over 70% of the lesions
being found at guanine-guanine sites and around 20% at guanine-adenine.” Binding of 5 to
DNA causes significant distortion of helical structure and results in inhibition of DNA
replication and transcription leading to cellular apoptosis and eventually suppression of tumor

20
growth.

Figure 1.7 Crystal structure of the 1,2-intrastrand adduct formed between cisplatin, 5

and DNA. Also shown is a schematic representation of the adduct formed by the cross-
i s : . 18,19
linking of 5 with the N7 atoms of two guanine bases
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1.3.5 Intercalation

Many chemical species that target DNA are characterised by possession of an
extended planar heteroaromatic ring system, a chromophore, which is approximately the same
size as a DNA base pair. It is this planar aromatic moiety that targets DNA by becoming
inserted between adjacent base pairs in an intercalative manner as depicted in Figure 1.8.
Early studies have provided evidence that the DNA helix unwinds slightly to create a space
into which the flat polycyclic aromatic species can be inserted.”'** The interaction can be
characterised by a lengthening of the DNA helix and a local unwinding around the
intercalated species with stabilisation achieved through polarisation forces and van der Waal’s
dispersion interactions between the planar species and the DNA base pairs surrounding it.
Structurally simple intercalators such as proflavine, 6 and ethidium, 7 are known to be non-
specific binders although a small preference is observed for pyrimidine-3°,5’-purine sequence
steps especially C:G steps.”” This is thought to be as a result of a low activation energy (< 20
kcal/mol) for “opening up” the dinucleotide phosphate base pair from the DNA structure to

one into which the intercalator can fit.>*

Figure 1.8 A schematic representation of a planar drug molecule binding intercalatively
into a DNA double helix causing base pair extension and unwinding. Drug molecules are
shown in red

More complex intercalating species have appended groups including side chains, sugar
rings or peptide units such as the anti-tumor drugs daunomycin, 8 and actinomycin D, 9.
These side groups reside in the grooves where they are further stabilised by van der Waal’s
interactions and can hydrogen bond to adjacent bases to impart a degree of sequence

specificity.”

10



Another method utilised for increasing the binding affinity of intercalating species for

DNA is the imparting of a positive charge into the design by incorporating a transition metal.

A number of metal containing intercalating molecules have been synthesised as probes of

DNA structure, some of which will be discussed in the following section with this being a

major theme throughout this Thesis. The rhodium complex [Rh(phi)(Me,trien)]’", 10 was

. o) . .
developed by Barton et al. using an octahedral metal centre.”® The molecular design used was

based on a large planar ligand structure that can insert into DNA and to which the metal can

be attached. While the planar unit inserts, the metal and additional co-ligands are left to reside

in one of the DNA grooves, as shown in Figure 1.9.

HzN/\
N, | HN
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Figure 1.9 Crystal structure of [Rh(phi)(Mestrien)]’” intercalated between the central

base pairs of a DNA duplex structure
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Metal ions and transition metal complexes of this type, because of their cationic
character, three-dimensional structural profiles, and propensity for performing hydrolysis,
redox, or photoreactions, have a natural aptitude for interacting with DNA.>” The well-
developed synthetic chemistry of ruthenium is of particular interest as it provides for many
approaches to innovative new metallopharmaceuticals.28 In the past, ruthenium complexes
have attracted much attention due to their many advantages over platinum based complexes
currently in use as a result of reduced toxicity, a novel mechanism of action and a different
spectrum of activity.”” Within this class of complexes lies a subgroup of compounds
containing polypyridyl ligands. These complexes show significant DNA binding and cleavage
properties, as well as rich spectroscopic properties that have been intensely investigated.’® The
following section will detail a brief overview of Ru(Il) polypyridyl complexes and a number

of relevant examples from the literature will be described.

1.4 Ruthenium(II) Polypyridyl Complexes
Ruthenium(II) polypyridyl metal complexes have many and varied applications®' and
have received significant attention over the past 25 years due to their excellent photophysical

3 Due to their positive charge, complexes

properties and strong binding affinity with DNA.
of this type bind tightly to DNA via electrostatic binding to the phosphate backbone. In
addition, by varying the ligands around the metal centre it has been possible to modify the

interaction,’ where they may also bind by either groove binding or intercalation.’

1.4.1 Photophysical Properties

The photophysical properties and selective photochemistry of Ru(Il) polypyridyl
complexes in the presence of DNA yields systems that enable simple methods to study the
binding process. Characteristic photostability, water solubility, effective DNA binding affinity
as well as useful photophysics and photochemistry all combine to make Ru(II) polypyridyl
complexes excellent candidates for potential cancer therapeutics as well as spectroscopic
DNA probes and photoreagents.

In order to understand how Ru(II) polypyridyl complexes interact and photoreact with
DNA an explanation of their photophysics is necessary. The most studied complex in this
series is Ru(bpy)s*’, 11 and as such the photophysical mechanisms of this complex will be

described. An energy level diagram depicting the mechanism is shown in Figure 1.10.%
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Figure 1.10 Energy level diagram for the lowest excited states of Ru(bpy)s""

Upon irradiation in the visible absorption band of Ru(bpy);*", 11 a singlet metal to
ligand charge transfer (MLCT) excited state is populated. This state deactivates rapidly by
intersystem crossing (ISC) to the lowest lying triplet MLCT state (*MLCT). The SMLCT state
corresponds to three energy states that are very close in energy to each other and a fourth state
that is slightly higher in energy. Deactivation of the *"MLCT state can occur via three major

pathways.

1. Radiative deactivation which is responsible for the observed emission in the
wavelength region of 600 nm.

2. Radiationless activation which generally controls the lifetime of the MLCT state in
many Ru(Il) polypyridyl complexes.

3. Conversion to the upper triplet metal-centred state (‘MC) by thermal activation.

Interestingly, both the MLCT and *MC states exhibit two types of excited state
reactivities, where the SMLCT state generally involves redox processes, exhibiting both
oxidation and reduction depending on the conditions.’” In contrast the 'MC state usually
results in the promotion of a non-bonding electron into an anti-bonding o orbital. This causes
distortion along the Ru-N bonds and can result in the loss of one ligand.”> Due to the
favourable properties of Ru(Il) polypyridyl complexes mentioned above, an enormous amount
of research has been undertaken in the field. The following section will deal with some

relevant examples from the literature.
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1.4.2 Structurally Simple Ru(II) Complexes

Early examples of Ru(II) polypyridyl complexes as DNA binders involved complexes
that had been previously well characterised in other contexts. These simple systems were
based on bipyridine (bpy), 11 and phenanthroline (phen), 12 complexes of ruthenium. It was
observed that while 11 bound to DNA relatively weakly, (mainly through electrostatic
interactions), the interaction of [Ru(phen);]*" was much stronger.”’ This was rationalised by
the cationic nature of these complexes where both 11 and 12 were expected to be attracted to
the negatively charged backbone of DNA, while 12, with slightly extended heteroaromatic
ligands might insert between the base-pairs of B-form double-stranded DNA (ie. bind via
intercalation). Being a second row transition metal, ruthenium typically adopts an octahedral
conformation. Chirality around this octahedral metal centre arises from the disposition of the
chelating ligands clockwise or anti-clockwise in a left (A), 12a, or right (A), 12b handed helix
about the Cy axis. Studies by Barton et.al. revealed stereospecific binding of the A - isomer
over the A - isomer of [Ru(phen);]*"*® It was originally proposed that one of the phen ligands
intercalated, with the two non-intercalated ligands of the A-isomer fitting tightly along the
groove. However, subsequent studies by Satyanarayana et al. identified viscosity
measurements suggesting that neither the A- nor the A-enantiomer binds to DNA by classical

intercalation but by partial non-classical intercalation, resulting in a kink in the helix.*’

11 12a 12b

1.4.3 Strategies to Increase DNA Binding Ability

The main drawbacks associated with the two systems discussed in the previous
section, with regards to their DNA binding properties, were low affinity and relatively small
changes in their photophysical properties. The obvious way of overcoming these shortcomings
was by changing the ligands surrounding the metal centre so as to provide a means to vary the
nature and strength of binding to both nucleic acids and other biomolecules. One of those
strategies utilised was extension of the aromatic ligands to provide an extended aromatic

platform for intercalation.
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1.4.3.1 Intercalation as a Platform for Binding to DNA

While all cationic complexes are expected to be attracted to the negatively charged
DNA backbone, complexes possessing extended heteroaromatic ligands might be expected to
insert between the base-pairs of B-form double-stranded DNA. Many complexes with
extended aromatic heterocylic ligands have been designed to date with a view towards
improving their intercalation ability, the most impressive of these being those incorporating
the dipyrido[3,2-a:2’,3’-c]phenazine (dppz) ligand. The first complex studied containing this
ligand was [Ru(bpy)z(dppz)]2+, 13, originally synthesised by Sauvage and co-workers.*®
Barton et al. described the interaction of the complex with DNA,” and showed that in
aqueous solution no photoluminescence was observed at ambient temperature, but in the
presence of double helical DNA intense photoluminescense was observed; the difference
between the ‘on’ and ‘off> state of this complex has been described as the ‘light switch’
effect.” This reflected the shielding of the intercalating dppz ligand, being inserted from the
major groove side of the DNA helix, from the bulk solvent ** The MLCT transition was
shown to be directed to the phenazine ring, and the resulting excited state subject to efficient
non-radiative deactivation by hydrogen bond formation between the phenazine nitrogens of
the dppz and solvent molecules.* Many studies have been carried out to determine the exact
mechanism of the ‘light switch’ effect which is proposed to involve bright and dark states in
equilibrium with each other, whose relative population depends on the local environment.*'**
Intercalation has also been supported as a mode of binding by using linear dichroism and

. 4345
fluorescence studies.

This effect has been advantageous for the development of DNA
probes for two main reasons. Firstly, the binding affinity for DNA of such complexes is high,
in the region of 10°- 10’ M™,** and secondly the enhanced photophysical properties of these
complexes are useful for monitoring the binding process. The extended polyazaaromatic
system of dppz and appended planar aromatic moieties have yielded systems with high

binding affinity to DNA which are particularly useful as DNA probes.

i
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1.4.3.2 Bimetallic Ru(ll) Complexes

Research has also shown that the introduction of a second metal centre to the binding
species gives rise to increased DNA binding ability. For instance, Kelly ez al. described a
series of dimeric systems, where two [Ru(bpy);]*" or [Ru(phen);bpy]*" units are covalently
linked by polyalkyl chains of various lengths.*** As described in section 1.4.2, [Ru(bpy)s]*"
interacts with DNA relatively weakly (mainly through electrostatic interactions). However,
the dimeric species, 14, was shown to exhibit a 100-fold increase in binding affinity for DNA.
The effect of ionic strength variations on the binding equilibrium saw a strengthening of
electrostatic interactions due to the high positive charge of 14. The important ionic character

of this construct was also found to improve its binding resistance to increasing NaCl

concentrations up to, and even above, physiological ionic strength conditions.**

1

n=3,5,7

A more rigid arrangement of the two metal complex cores in bimetallic species has
also been explored using complexes based on planar aromatic bridging ligands such as 1,10-
phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene (PHEHAT), 15, (tetrapyrido[3,2-
a2’3’-¢:32-h:2°"’,3°-jlacridine  (TPAC), 16 and tetrapyrido[3,2-a:2’,3"-c:37",2"’-
h:2"*,3"’-j]phenazine (TPPHZ), 17. *'

15 16 17

A particular example is 18, a dinuclear mono-intercalating Ru(II) complex developed
by Thomas et al., that displays high affinity binding to both duplex and quadruplex DNA.*?
Photophysical and biophysical studies indicate that, even at high ionic strengths, this complex

binds to duplex DNA, through intercalation, with high affinities (1.1 x 10’ M in 25 mM
16



NaCl buffer).”® Furthermore, this study also indicated that 18 binds to quadruplex DNA with
affinities that are comparable to, or higher. than those obtained for duplex DNA binding.
Isothermal Titration Calorimetry (ITC) data for 18 also clearly showed that binding to
quadruplex sequences was about 5 kJ mol”' more favourable than binding to duplex DNA. In
addition, binding to quadruplex DNA was accompanied by a distinctive “quadruplex light
switch” effect, in which the emission was blue-shifted and considerably more enhanced
relative to duplex binding.52 In a subsequent publication, the same research group reported the
application of 18 as an in cellulo nuclear DNA stain, well tolerated by live cells, for use with
both luminescence and transition electron microscopy (Figure 1.11), where 18 was shown to
be taken up by live cells via a structure-specific and temperature dependent non-endocytotic
mechanism.” Interestingly, 18 exhibited potential as a new imaging agent due to the existence
of multiple emission maxima upon binding to DNA, suggesting that the complex may find

future application as a DNA structural probe, specifically for quadruplex DNA.>?

10 pm
E =

Figure 1.11 Co-staining of 18 (red, left) with DNA-specific dye DAPI (4°,6-diamidino-2-

phenylindole, blue, centre) and the overlay image (right)

Lincoln and Nordén reported a more flexible dimeric system, based on covalently
linked dppz units, 19. This bis-intercalator is different from others studied, because the
intercalating units are linked at the point through which they would usually be expected to
insert into the DNA duplex. The homochiral enantiomers (A-A, A-A) and the meso compound

54-56

(A-A), were synthesised and studied in the presence of DNA. Flow linear dichroism (LD)

i 7



Chapter 1: Introduction

results supported a bis-intercalative binding mode for all three stereoisomers. The observation
of a ‘light switch” effect upon binding to DNA for these stereoisomers further supported the
intercalation hypothesis, as shielding of the ring nitrogens of the dppz from the aqueous
environment was required for emission detection. Taking into account the binding site of four
base pairs determined from binding titrations, it was concluded that the two [Ru(phen)zdppz]2+
moieties were intercalated two base pairs apart from each other and were bound in the same
groove (Fig. 1.12).°*7 As shown by LD and molecular modeling, the A - and A -
[Ru(phen),dppz]** subunits presented a distinct orientation of their phen ancillary ligands with
respect to the DNA grooves. The positioning of the phen ligands of the A - enantiomer
allowed for a slightly ‘deeper’ insertion of the dppz ligand into the base pair stack, which
accounted for the significantly higher luminescence quantum yield of A-A-19 compared to its
enantiomer A-A-19 upon binding to DNA.* Strikingly, both A-A-19 and A-A-19 were shown
to exhibit extremely high binding constants (1.7 x 10" M at 50 mM NaCl) corresponding to

a four orders of magnitude increase with respect to their monomeric enantiomers (3.2 x 10°

M at 50 mM NaCl).*®
B s

CN

CN

Figure 1.12 Molecular model of the binding geometry of A-A-19 showing the two
intercalated A-[Ru(phen),dppz]’" units in the minor groove (lefi) and the linker in the

major groove (right)
Whereas intercalation of the monomeric [Ru(phen),dppz]’" can be assumed to

proceed by simple insertion of the dppz ligand, a threading mechanism of Ru(phen), moieties,
either by direct crossing through the core of DNA, or through passage of the tether across the
DNA helix, is required for 19 to reach, or to leave, its final bis-intercalative binding mode.
Such a threading mechanism implies considerable DNA conformational changes, which

would possibly involve base pairs opening and, therefore, association and dissociation rates

18



would be slowed down considerably. The study of the binding kinetics revealed remarkably
slow dissociation kinetics for the stereoisomers of 19 with rate constants two to three orders of
magnitude smaller than that observed for [Ru(phen),dppz]*". It was therefore concluded that
the threading mechanism involves the passage of the bulky [Ru(phen)zdppz]2+ subunits across
the DNA helix, and the final bis-intercalation geometry was proposed to be reached from a
threaded mono-intercalated intermediate by a slow reorganisation process involving several
DNA bound intermediates.” Bis-intercalating ruthenium complexes of this type represent a
novel type of DNA-threading compound that binds DNA with extremely high affinity.
Furthermore, such findings subsequently provided new possibilities for the design of excellent
fluorescent markers for DNA in the study of chromosome spindle arrangements as

demonstrated in Figure 1.13.>°

A

Figure 1.13 A: Fixed cells in which the chromosomes have been stained with 19. B and C

58

show additional microtubule staining. Lines correspond to 20 uM -

The strategy of incorporating two metal centres into a single complex has proven to be
extremely successful; having afforded systems with increased DNA binding affinity and
enhanced photophysical responses compared to their monomeric derivatives. As a result
Ru(Il) complexes are the focus of numerous research works with various applications mainly
due to their attractive photophysical and photochemical properties.31 In biological research
areas, in particular, they are developed mainly as efficient photosensors of biological
molecules. Perhaps more interestingly, Ru(ll) complexes also display attractive
photochemistry and as such their excited state reactivity with DNA has been explored
extensively with a view to developing artificial metallonucleases for medicinal

329990 Moreover, species that can photoreact with DNA offer an alternative

application.
approach to the development of photoactive chemotherapy agents, the potential of which will

be discussed in the following section.
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1.5 Photodynamic Therapy and DNA - A Therapeutic Target

Since the pioneering use of cis-platin in the 1960’s as a chemotherapeutic agent, DNA
targeting molecules have been used as both anti-cancer therapeutics as well as probes for
DNA. However, many modern cancer chemotherapy agents suffer from several drawbacks
such as a lack of DNA sequence specificity and cell specificity causing numerous harmful
side effects. Photodynamic therapy (PDT) is a modern treatment that uses two independently
non-toxic components, light and a chromophoric molecule or photosensitiser (PS) to locally
photosensitise tissues and to selectively kill targeted cells.®’ Following administration of the
PS, the cancerous lesion of interest is irradiated with visible or near-infrared (NIR) light,
promoting a set of photochemical reactions, giving rise to fluorescence for the purpose of
imaging in addition to inducing apoptosis and/or necrosis and, hopefully, resulting in ablation

of the cancerous lesion (Figure 1.14).%

Light
@ » Photochemistry
(Cell & tissue death)
l (PDT)
Fluorescence
(imaging)

Figure 1.14. Schematic representation of PDT where PS is a photoactivatable
multifunctional agent, which upon light activation can serve as both an imaging agent and

a theraneutic agent e
Using conventional light sources, a single quantum of light is typically absorbed,

causing the absorbing molecule to be electronically excited. The electronic energy levels
between which transitions occur by absorption of ultraviolet-visible light (A = 200-700 nm)
may be represented by the simplified energy level diagram (Figure 1.15). The electronic states
are represented by the singlet states, S,, and the triplet states, T,. The singlet excited states are
rather short-lived, while the triplet state lifetimes are longer lived, in the microsecond to
millisecond range. With the absorption of a single photon of light, the molecule is promoted to
an excited singlet state, for example, S;. From this excited state, it may initiate photochemistry
(depending on its chemical structure and lifetime) or undergo intersystem crossing to a triplet
state, T;. From S, the excited molecule may also relax back to Sy by non-radiative decay and
generate heat or may re-emit radiation as fluorescence which forms the basis of fluorescence
imaging. In general, T, is longer lived than the first excited singlet state, so that the
biologically relevant photochemistry is often mediated by this state. T, can initiate

photochemical reactions directly, giving rise to reactive free radicals, or transfer its energy to
20
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the ground state oxygen molecules (*0) to give rise to 'O, molecules. The electronic
excitation to produce 'O, requires at least 20 kcal mol”', which places limits on the longest
absorption wavelength of the PS.%® If the energetics are appropriate, photo-oxidative reactions
may occur by 'O, mediation which is a generally accepted mode of action for most PSs

currently under investigation, although other competing mechanisms exist.”’

S
1 .
T T 10 ,———> Phototoxicity
"\o\'&lt/e\r/s\tstem Crossing 2
Tl
R ——
Absorption Fluorescence 302
Phosphorescence
So

Figure 1.15. A simplified energy level diagram depicting the activation of a PDT agent,
leading to the formation of singlet oxygen
The first PS for the treatment of cancers was approved in 1993 and was a purified
hematoporphyrin derivative, Photofrin®, 20 which was shown to preferentially localise in
tumors and gave good tumoricidal effects when combined with red light.***> Within the US,
5-aminolevulinic acid (Levulan®), 21 , which acts a prodrug increasing porphyrin anabolism,
is the only other approved chemical for use in PDT, gaining approval in 2000. Within the EU,
Iceland and Norway a chlorin, Foscan®™, 22 has also been approved for the treatment of head
and neck cancers, however, currently there are three other chromophores in clinical trials:

metoxifin, tin ethyl etiopurpurin and mono-aspartyl chlorine.*®
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While the development of new PDT agents is ongoing, Photofrin® is still the most
61

widely used and studied photosensitiser today and suffers from a number of drawbacks.” It is
composed of a mixture of various hematoporphyrin products with several absorption peaks
where the longest wavelength peak (630 nm) is also the weakest, leading to light doses of
100-200 J/cm® being required for tumor control. Photofrin® is hydrophobic, water insoluble,
synthetically difficult to obtain, it displays a lack of specificity, dark toxicity and perhaps its
biggest drawback is the resulting skin photosensitivity lasting 4-12 weeks after
administration.”' The development of non-porphyrin based photosensitising agents has been
considerably less extensive, despite the possibility of identifying compounds with improved
efficacy, reduced side effects and easily modified structures; examples of which being novel

BF,-chelated tetraaryl-azadipyrromethanes such as 23a and 23b developed by O’Shea et.
a1.67,68

23a 23b

Ru(Il) complexes also display many properties that make them a promising class of
PDT agents, showing water solubility, photostability, reduced toxicity, a novel mechanism of
action, a different spectrum of activity in addition to useful spectroscopic properties and
significant DNA binding properties.”® Most importantly Ru(Il) complexes also display
attractive photochemistry and as such their inherent excited state reactivity with DNA

represents an important step in alternative approaches to PDT.

1.6 Ru(II) Complexes as DNA Photocleavage Agents

As described in the previous section, '0, mediated photo-oxidative reactions within
tumors is generally the accepted mode of action for most PDT agents currently under
investigation.®’ It is also well established that both [Ru(bpy);]*" and [Ru(phen);]*" cause

799 1t has been shown that these species are strongly

cleavage of DNA upon photoirradiation.
oxidising in the excited state and can abstract electrons from species which have high
oxidation potential. In most cases the base oxidation responsible for DNA cleavage is as a

result of 'O, formation, which diffuses along the helix, resulting in a single strand break.”

8]
[ 3%
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1.6.1 Singlet Oxygen Sensitisation

While the 'O, quantum yields of [Ru(bpy);]*" and [Ru(phen);]*" remain low,””" the
photoredox processes of Ru(ll) polypyridyl complexes, in general, can be tuned by changing
the nature or combination of ligands surrounding the metal centre. The work of Turro ef al.”®
has utilised Ru(Il) complexes possessing tridentate ligands with extended m systems such as 3-
(pyrid-2'-yl)-4,5,9,16-tetraaza-dibenzo[a,c]naphthacene, pydppn, 24a. The photophysical
properties of a series of [Ru(tpy)u(L)2n]”” ( tpy = [2,2;6',2"]-terpyridine, L = pydppn, n = 0-
2) complexes have revealed markedly different excited state behavior. Most interestingly, the
lowest energy excited state is a ligand-centered n-n* state localised on the pydppn ligand
itself with lifetimes of ca. 20 ps. Moreover, the [Ru(tpy)(pydppn)]* complex, 24b is able to
generate '0, with ca. 100% efficiency which exceeds that reported for Photofrin® and its

derivatives, for which @0, of 0.75 was reported.73

24a 24b

This complex also binds to DNA with a binding constant K = 4.6 x 10° M (5 mM
Tris/HCI1, 50 mM NaCl, pH 7.5), at the same time as causing efficient DNA cleavage. Such
high quantum yields of 'O, photosensitisation and observed DNA photoclevage ability of
Ru(II) complexes are another large step in the design of new systems for PDT.

An alternative approach to DNA photocleavage is that of direct reaction where the
photosensitising species can form covalently attached photoadducts with DNA.% In order to
achieve this, it is necessary to employ systems which are sufficiently strong oxidisers in their
excited state. This can be achieved by using ligands which by their very nature are n-deficient
and, thus, electron accepting resulting in properties that can be exploited in order to mimic
endonuclease activity. A description of such compounds will be discussed in the following

section.
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1.6.2 1t - Deficient Ru(lIl) Polyazaaromatic Complexes
Complexes that contain at least two mn-deficient ligands, such as 1,4,5,8-
tetraazaphenanthrene, 25 (TAP) or 1,4,5,8,9,12-hexaazatriphenylene, 26 (HAT) ligands have

been shown to be extremely oxidising in their "MLCT excited state. "7

25 26
As a result, two types of photophysical behaviour are generally observed in the

presence of DNA (or oligonucleotides). In the first case, [Ru(TAP);]*" mixed with [poly(dA-
dT)], has been shown to exhibit an increase in the "MLCT lifetime along with an emission

2771 These effects are due

enhancement as a function of increasing amounts of polynucleotide.
to the protection of the excited state of the complex by the local DNA microenvironment from
quenching caused by molecular oxygen and solvent molecules. In contrast, when the same
system is mixed with [poly[(dG-dC)],,”" the emission from the Ru(Il) complex is efficiently
quenched, and the lifetime significantly shortened. Subsequent experiments have shown that
this quenching is caused by a photoinduced-electron transfer (PET) between guanine residues
(the most easily oxidisable base among the four nucleotide bases)’””* and the SMLCT state of

66,67

the complex. The existence of such a charge transfer process followed by a back electron

transfer (BET) has been observed by transient absorption spectroscopy when the electron

7880 Complexes of this type have

donor can freely diffuse or when it is incorporated in DNA.
also been shown to produce a PET process with amino acids (such as tryptophan and
tyrosine).*"** Although BET processes can occur between the excited complexes and
biomolecules (with a guanine or tryptophan moiety), two other processes may compete with
this back charge transfer process. It has been observed that with plasmid DNA, single-strand
breaks followed by double-strand cleavages can occur and, moreover, the formation of
covalent adducts between the complexes and guanine (or trytophan residues) have also been
detected.” ™ As mentioned above, several Ru(1l) complexes have been shown to photo-induce
a single-strand break (nick) of DNA plasmids, which transforms the covalently closed circular
(CCC) form into the open circular (OC) form.””* 1t is thought that this strand break could
originate from a ‘leak reaction’ in which the guanine radical, or radical cation, escapes from
the BET process and reacts with a sugar moiety of the DNA.®” This phenomenon has also

been observed by atomic force microscopy (AFM) which clearly shows topological

modifications of the plasmid DNA after such photoirradiation.**
24



Chapter 1: Introduction

With guanine species a second reaction, in competition with the BET, has also been
detected, corresponding to the formation of a photo-adduct between the m deficient Ru(II)
complexes and GMP, or polynucleotides containing a guanine-unit.’’ In the case of a Ru(1l)
complex containing at least two TAP ligands, a photo-adduct originates from the formation of
a covalent link between one chelated TAP ligand and the exocyclic nitrogen of the guanine-

unit of DNA, as shown schematically in Fig. 1.16.%

Electron Transfer
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Figure 1.16 Structure of the photo-adduct formed upon illumination of [Ru(TAP) 3]‘” in the

presence of GMP, after hydrolysis to remove the sugar—phosphate unit

It has been proposed that this adduct is formed from recombination of two radicals
resulting from a proton coupled electron transfer (PCET) and re-aromatisation of the resulting
adduct molecule (Fig. 1.17),86 The presence of this photo-adduct between the TAP complex
and a guanine-unit has been demonstrated by several techniques including the use of
polyacrylamide gel electrophoresis, electrospray mass spectrometry (ESI/MS), dialysis
(monitored by UV—Vis absorption spectroscopy) and steady-state illuminations followed by

UV—-Vis absorption spectroscopy experiments.’ 5"’

Interestingly, the ET between the excited
state of the Ru(Il) complexes and tryptophan also leads to the formation of a photo-adduct in

which the complex coordination sphere is not altered.*

[Ru(TAP),L)** + GMP

l electron transfer
[Ru(TAP)L(TAP)]* + GMP*

l proton transfer
|[Ru(TAP)L(TAPH))** + G(-H)’

l radical combination

[Ru(TAP)L(TAP-GMP)]**

Figure 1.17 Schematic representation of the photo-electron transfer process between a

GMP base and the excited state of the Ru(ll) species under illumination

(3]
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As mentioned in Section 1.3.4, the well-known cis-platin molecule, 5 is currently
employed for the treatment of certain human cancers.*® The biological activity of this
compound is directly related to the formation of adducts with guanine bases yielding inter- or
intra-strand crosslinks, giving rise to cancer cell death.® With n-deficient Ru(II) complexes,
formation of the photo-adduct could be triggered exclusively under illumination, thus
providing precise control over the reaction and subsequent cancer cell damage. The nature of
this photo-adduct as described above is quite different from the adducts formed with cis-platin
as the photoreactions between Ru(Il) complexes and GMP do not disrupt the coordination
sphere around the metal ion. Such useful photochemical properties make Ru(Il) complexes
extremely advantageous from the point of view of phototherapeutics. Moreover, their
conjugation to appended functional species may provide a ‘double barrel” approach, leading to
modulations in their photochemical reactivity, in addition to conferring them with increased
biological activity. The following section will discuss previous examples of bifunctional

Ru(II) species from the literature.

1.6.3 Ru(Il) Polyazaaromatic Complexes with Appended Functional Species

In general, it has been shown that the addition of an organic subunit to a metallic
complex enhances the affinity of the resulting system for DNA compared to that of the
unfunctionalised complex.” [Ru(TAP),(POQ-Nmet)]*" (POQ-Nmet = 5-{4-[N-methyl- N-(7-
chloroquinolin-4-yl)amino]-2-thiabutylcarboxamido } -1,10-phenanthroline), 27 is an example
of such a bifunctional complex which combines a high affinity for DNA with photoreactivity

%91 The photophysical characterisation of 27 revealed that

characteristic of TAP complexes.
the emission was strongly quenched in comparison to that of the parent complex, 28. This
indicates the presence of an efficient intramolecular quenching process which is restored upon
protonation of the quinoline moiety.% This pH-dependent intramolecular quenching process
was concluded to originate from a PET process from the non-protonated quinoline moiety to
the excited [Ru(TAP),phen]*" unit, 28.”""* However, in the presence of DNA, the emission
from the Ru(ll) centre was restored to varying degrees depending on the DNA sequence

employed.” This was attributed to a “switching off” of the quenching pathway due to partial

protonation of the quinoline in the local microenvironment of DNA.”
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Emission studies in the presence of different polynucleotides also revealed the
particularly interesting photophysical behavior of 27, where at pH 7.5, the quinoline unit was
completely non-protonated thus efficiently quenching the emission of the Ru(Il) unit. Upon
addition of [poly(dA—dT)], a 1.8-fold increase of the emission intensity was observed for 28,
whereas 27 exhibited a 100-fold increase. When bound to [poly(dA—dT)],, the quantum yield
of emission and the excited state decay kinetics of both 27 and 28 we found to be similar,
indicating that the addition of [poly(dA—dT)], restores the luminescence of the Ru(Il) unit
which is efficiently quenched in bulk solution. The protonation of the quinoline subunit upon
binding to polynucleotides accounts for the removal of the intramolecular photo-electron
transfer quenching of the MLCT excited state of 27. It is interesting to point out that 27 in the
presence of [poly(dA—dT)], acts as a molecular ‘light switch’ in the sense that the
luminescence is ‘switched on’. While an emission enhancement was observed for 28 upon
binding to [poly(dA—dT)],, its luminescence was quenched in the presence of DNA;
originating, as previously demonstrated, from an electron transfer from guanine residues of
DNA to the MLCT excited state of the complex.”” In acidic conditions, the luminescence of
27 was also quenched upon addition of DNA and the binding isotherm displays a plateau
value that was similar to that of 28, although at lower [DNA]:[Ru(Il)] ratios. It was therefore
concluded that functionalisation of the Ru(Il) unit in 27 does not affect the luminescence
quenching efficiency with guanine residues of DNA, but at the same time the
functionalisation resulted in an increase in binding affinity by one order of magnitude. In
sharp contrast to the quenching of luminescence associated with DNA binding in acidic
conditions, addition of DNA to 27 in buffer solution, at pH 7.5, induced a 16-fold increase of
emission intensity. This behavior may be explained by protonation of the quinoline subunit
upon DNA binding preventing the intramolecular quenching of the excited state of 27.
However, the restored luminescence is in turn quenched intermolecularly by guanine
residues.”

While 27 was shown not to exhibit sequence selectivity in binding, the nucleic base
content of the polynucleotides profoundly affected the emission of the bound species. Studies
were carried out with polynucleotides containing varying percentages of guanine residues and
it was shown that the observed enhancement was dependent on the base content; the greater
the percentage of AT base pairs, the greater the observed luminescence enhancement. Hence,
27 can be regarded as a luminescent sensor for base content, acting as a light switch for
sequences possessing high AT content.”® It has since been demonstrated that under
photoirradiation, 27 dramatically reduces the transcription rate of RNA polymerase activity to

around 50%, whereas [Ru(bpy).phen] *" reduced it only to 20%. As a control, no inhibition
27
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occurred in the dark and so this activity can be directly related to the photo-adduct formation
where [Ru(bpy)a(phen)]*” is unable to form a photo-adduct.” m-deficient Ru(II) complexes
appended to functional units have thus been shown to be highly effective photoreagents for
DNA. The effect of such photo-adduct formations on cellular function is clear and further
conjugation to various other functional units opens a new approach to developing potential
DNA probes, DNA photoreagents and PDT sensitiser drugs. A particular example of such a
functional unit, with numerous advantageous properties is that of the 1,8-naphthalimide
chromophore. The following section will give a brief overview of the properties of 1,8-

naphthalimides and give a number of relevant examples from the literature.

1.7 1,8-Naphthalimides as DNA Photocleavage Agents
Due to its unique photophysical properties and DNA-intercalating ability, the 1,8-

098 Jts absorption

naphthalimide structure has found application in many areas of chemistry.
and fluorescence emission spectra lie within the UV and visible regions, and the various
photophysical properties can be easily tuned through synthetic design. Structural
modifications are readily achievable on either the aromatic moiety itself, or at the ‘N-diimide
site’, allowing for various functional groups and structural motifs to be incorporated

(Figure 1.18).

R <« N-diimide Site
I

O N_O
1 i Naphthalene Sites
4 - position

Figure 1.18 General structure of the naphthalimide chromophore showing the main
positions of modification

Biological interest in 1,8-naphthalimides began in the 1970s when, in the search for

new effective anti-tumour drugs, Brana ef al. designed and synthesised a series of imide

derivatives of 3-nitro-1,8-naphthalic acid.”” Waring e al. showed that compounds of this type

bind to DNA, increase the length of sonicated DNA and cause unwinding of closed circular

" The first drugs of this

superhelical DNA, characteristics typical of intercalating agents.
group that reached the clinical trial stage were mitonafide, 29 and amonifide, 30 which
exhibited highly effective anti-tumor activity, primarily by interaction with the Topoisomerase

28
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[ enzyme resulting in inhibition of the replication process or an enhancement of

' However, due to unexpected central

Topoisomerase 11 mediated DNA cleavage.'’
neurotoxicity and limited efficiency, the clinical studies on these two drugs have been

discontinued.'”
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Since then a vast array of compounds have been generated in an attempt to further

NH,

improve upon the DNA binding capacity and anti-tumor toxicity of 1,8-naphthalimide
containing drugs. A large research effort has also been carried out by the Gunnlaugsson
research group to this end, and as such the use of 1,8-naphthalimides as anti-cancer agents has
already been reviewed extensively in previous theses from this research group including those
of Frimansson,'” Veale, '™ Gillespie,'o5 Husseym(’ and Phelan.'”

In the 1990s, Saito er al. reported a family of nitro-substituted L-lysine-1,8-
naphthalimide derivatives that make use of the inherent excited state reactivity of the 1,8-

108,109 A fter irradiation

naphthalimide core displaying efficient DNA photocleavage properties.
and piperidine treatment, compound 31 was found to cleave duplex DNA with high selectivity
for thymine residues. Irradiation of 31 in the presence of 3°,5’-dibenzoyl protected thymidine
led to oxidation of the thymine methyl group to an aldehyde (formyl-Uracil or fU) while
prolonged irradiation resulted in decarbonylation, leaving uracil at that site. This demonstrates
the ability of 31 to directly oxidise the nucleobase rather than (or in addition to) the sugar. The
authors also investigated the ability of 31 to photocleave the single-stranded trimer 5°-
d(ATA)-3". Irradiation again led to oxidation of the thymine methyl group and piperidine
treatment resulted in cleavage of the trimer at the oxidized T site. Finally, irradiation of
poly(dA)-poly(dT) also led to formation of fU, indicating that 31 can oxidise the thymine
methyl group in double-stranded as well as single-stranded DNA. The authors proposed that
the oxidation reaction is due to photoinduced hydrogen abstraction from the methyl group by
the excited state nitro group. Evidence in support of this hypothesis comes from the
observation that 32 cleaves duplex DNA with significantly lower selectivity for thymine
residues. If the two compounds bind to DNA, in similar orientations (by intercalation), then

the nitro groups will point in different directions, leading to different H-abstraction
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efficiencies. Significantly, compound 33 does not cleave at thymine residues, but rather at GG
sites. Saito and co-workers performed mechanistic experiments in an effort to understand what

09 . .
"% Laser spectroscopic experiments demonstrated

factors led to cleavage at GG sites.
production of an imide radical anion providing clear evidence for a photoinduced electron-
transfer reaction. Subsequent ab initio calculations have also revealed that GG steps are the
most electron donating and, thus, the most easily oxidized site for the B-form DNA
conformation.''” These reports indicate that 1,8-naphthalimide derivatives are not only
capable of cleaving DNA photochemically but that, depending on the substitution pattern,

hydrogen abstraction atoms from deoxyribose, or from thymine methyl groups, can result in

site selective photocleavage.
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In more recent work Qian e7 al.”’’ have developed a number of photocleavage agents
exploiting the 1,8-naphthalimide core. The intercalation and photocleavage of DNA by 34 was
seen to be extremely effective compared to that of the oxygen-containing counterpart 35.
Again, the photocleavage efficiency under UV light irradiation was proposed to proceed by
electron transfer from the bases of DNA to the triplet excited state of the naphthalimides. In
the same report the enhancement of the intercalation ability and the photocleavage of DNA
was also observed for other compounds possessing a thiono or thio group compared with their

oxygen-containing counterparts.' '
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Another strategy employed by the same group involved the synthesis of a family of
oxazolonaphthalimides which were capable of generating hydroxyl radicals."' ' Using
Electron Spin Resonance (ESR) they showed that they could efficiently generate hydroxyl
radicals and photocleave supercoiled plasmid DNA while at the same time being tightly bound
to DNA. Naphthalimide hydroperoxides 36 and 37 bearing a conjugated oxazole ring were
designed and synthesised by the same group, and were shown to be more efficient than the
non-substituted counterpart 38 in DNA photonicking. The authors suggested that the
enlargement of the molecular planarity of compounds 36 and 37 by introducing the conjugated
oxazole ring played an important role in the improvement of their DNA-intercalating
capabilities, as well as in causing a bathochromic shift of their UV-absorption band, both

factors, contributing to their enhanced DNA photocleaving capabilities.
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In another study heterocyclic-fused naphthalimide intercalators with chiral amino side
chains have been investigated in order to gain an understanding of the effect of chirality on
DNA binding, photodamage and antitumor cytotoxicity (Figure 1.19).""* In general, it was
reported that their side chains’ chiral configuration was important in determining DNA
binding affinites with preference being observed for S-enantiomers over both R-enantiomers
and racemic mixtures of both species. In addition, their DNA photodamaging activities were
in good agreement with their DNA binding constants calculated from fluorescence data; the S-
enantiomers could photocleave circular supercoiled DNA more efficiently than their R-
enantiomers. Even more importantly, almost all of these intercalators showed effective
cytoxicities against human lung cancer cells and murine leukemia cells. It is interesting to note
that the racemic, R- and S-enantiomers all showed differing bioactivities. Although there was
no obvious or direct relationship between their cytotoxicities and DNA binding affinities, it
was noteworthy that the chiral amino side chains did play an important role in their antitumor
cytotoxicities. R/S-enantiomers behaved quite differently in terms of cytotoxicity against
different cell lines, suggesting that the chirality of amino side chains is an important

consideration in developing novel naphthalimide based antitumor agents.

31



Chapter [ Introduction

R - enantiomer S - enantiomer

Figure 1.19 Chemical structures of heterocyclic-fused naphthalimide intercalators with
chiral amino side chains
As a demonstration of their versatility, the naphthalimide derivative, 39 showed near-
infrared emission and large Stoke’s shifts (Aps = 580 nm, A, = 750 nm in MeOH) , showing
its potential as a long-wavelength near-infrared (NIR) fluorescent imaging agent.'" After
incubation with 39 for 2 hours at 37 °© C in V79 379A Chinese hamster cells, an intense
intracellular red fluorescence was observed with excitation at 537 nm. The intense
fluorescence observed after such a short time indicates that 39 could be potentially used as a
biological label. Although the DNA binding ability of this compound was not evaluated one
would expect, as has been demonstrated in the previous examples, with such a large planar
aromatic area that this species would be a strong binder to DNA. With the added benefit of its
excited state reactivity, 39 showed real potential as a dual imaging and DNA photodamaging
agent for PDT. In addition to the examples given above many approaches are being utilised to
create species that can selectively cleave DNA under light irradiation. Thiazonaphthalimides

" and sulphur substituted naphthalimides'" are just two other examples.

Figure 1.20 Fluorescence microphotographs of V79 cells incubated with 39 (20 uM).

(A) = bright field image, (B) = fluorescence after excitation at 537 nm
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The outline of the preceding section shows the immense amount of work that has been
undertaken in the area of naphthalimide chemistry. In addition, the versatility shown has
ranged from DNA binding species to DNA photocleavers, antitumor agents and most recently
NIR fluorescence imaging agents all of which make these species ideal for development as
PDT photosensitisers. It also emphasises the potential importance that species containing this
structure will have in the future. In particular, conjugation to other functional species will
bring about novel structural probes or sequencing agents for DNA that may be activated in a
controlled manner by irradiation. Increasingly, conjugation of active moieties to functional
materials has been seen as a viable approach in many fields of chemical research. Gold
nanoparticles (AuNPs), in particular, have seen a sinificant amount of research focus''” and
their use, with particular attention to biological application will be reviewed in the following

sections.

1.8 Gold Nanoparticles and Medical Application

In recent years, gold nanoparticle (AuNP) conjugates and their properties have led to
new and exciting developments with enormous potential in biology and medicine.'""""”
Recent studies by Mirkin ez al., as well as those of several other research groups, have shown
AuNPs, when functionalised with appropriate surface moieties, can readily enter living cells,

as shown in Figure i B

(A)
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Figure 1.21 Transmission electron microscopy imaging and measurements of AuNPs in
cells. (A) The graph of the number of AuNPs per vesicle diameter vs. AuNP size. (B-F)
TEM images of AuNPs with sizes 14, 30, 50, 74, and 100 nm trapped inside vesicles of a

Hela cell, respectively
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These developments have forged the way in nanoparticle research, leading to the
broader use of AuNPs in cellular biology and the promise of their eventual use as therapeutic

and diagnostic agents. Structures which behave as gene-regulating agents,'”"'** drug

123,124 125-127

carriers, imaging agents, and photoresponsive therapeutics'zg’129 have been
developed and studied in the context of many different diseases. The highly tunable and
multivalent surface architecture of AuNPs offers the potential to incorporate multiple
therapeutic agents on the surface of a single nanoparticle. Coupled to their physical and
chemical properties, which provide distinct advantages over molecule-based systems, AuNPs
are expected to improve the delivery and efficacy of therapeutic payloads in cellular and

medical applications.

1.8.1 Gold Nanoparticles Conjugates as PDT Agents

In the context of Chapter 1, AuNPs that have been conjugated to photoactive and
photoresponsive species are of particular relevance. Studies undertaken by Hone et. al. have
shown the synthesis of AuNPs stabilised with a phthalocyanine dye, 40 for the delivery of a

3 . s
P01 The AuNP conjugates were shown to have an average diameter

photosensitiser for PDT.
of 2-4 nm after a synthetic strategy that resulted in a phase transfer reagent being
interdigitated between the phthalocyanine molecules on the particle surface. This resulted in
increased solubility of the hydrophobic photosensitiser in polar solvents enabling delivery of
the AuNP conjugates to cells. The dye was shown to be present in the monomeric form on the
AuNP surface, absorbing radiation at 695 nm resulting in the formation of singlet oxygen with
high efficiency. Importantly the three-component (photosensitiser/gold/phase transfer reagent)
AuNPs were shown to generate singlet oxygen with a = 50% enhancement of the quantum
yield compared to that of the free dye suggesting that the phthalocyanine-AuNP conjugates
are ideally suited for PDT. When the AuNP conjugates were incubated with a cervical cancer
cell line, they were shown to be efficiently internalised, delivering the phthalocyanine
photosensitiser directly into the cell interior. Subsequent irradiation of the AuNP conjugates
within the cells induced substantial cell mortality, thought to be as a result of photodynamic
production of singlet oxygen. Encouragingly, the PDT photocytotoxic efficiency of the AuNP
conjugates was shown to be twice that obtained from using the free phthalocyanine dye,
supporting the hypothesis of damage by singlet oxygen formation. These results suggest that

AuNP conjugates are an excellent vehicle for the delivery of surface bound photosensitisers

for efficacious PDT.
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Using a slightly different approach Wang et al. have synthesised size-controlled
supramolecular gold nanoparticles (Au-SNPs) using a supramolecular self-assembly approach,
by combining cyclodextrin-grafted branched polyethylenimine (CD-PEI), adamantane
functionalised polyethylene glycol (Ad-PEG) and 2 nm AuNPs."** This work was based on
the premise that the resulting Au-SNPs might exhibit enhanced photothermal effects over
AuNPs alone.'*® The reported photothermal effects resulted from femtosecond laser excitation
of AuNPs in an aqueous envoirnment. This led to a transient heating of the nanoparticles,
which decayed via heat transfer to the water phase where it was shown that the water
temperature rose to near the critical temperature of the water which undergoes an explosive
evaporation in the sub-nanosecond range.'** The use of arginine—glycine—aspartic acid (RGD)
peptides as targeting ligands displayed on the surface of the Au-SNPs saw successful selective
photothermal treatment of a population of a,f3-positive cells with no damage to neighbouring

a,PB3-negative cells by laser-induced microbubble-generation (Figure 1.22)."%

Figure 1.22 Fluorescence micrographs of a.f3-positive cells (green labelled) before and

after treatment with 118 nm RGD-Au-SNPs and laser irradiation
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The work discussed above further demonstrates the potential of AuNPs for use in
alternative cancer therapies. Furthermore, the use of AuNP conjugates that incorporate a
functional species that can act as both a targeting and a photoactivatable moiety will lead to
further improved photoactivated therapies. As discussed in Section 1.6 transition metal
complexes provide both DNA binding ability as well as photoreactivity and, as such, fulfil the
requirements of being both targeted to, and capable of photoreacting with DNA. In addition,
the rich photophysical properties of many metal complexes provide an alternative to

traditional fluorescent imaging agents.

1.8.2 Transition Metal - Gold Nanoparticle Conjugates
Although still a relatively unexplored field, the coordination of transition metals to the

5 and

outer surface of AuNPs has already been employed in diverse areas such as catalysis'
sensing.'*° Nanoparticle-based catalysis has taken advantage of their large surface area,
solubility properties, robust nature and well-organised surface topography. Similarly, sensing
applications have benefited from the pre-organisation of the metal-ligand unit on the surface
leading to an amplified electrochemical response to anions and other analytes.'*’” A major area

in which metal functionalised nanoparticles have yet to be fully exploited is in the field of

biomedical applications. Steps have been taken towards this end by the group of Pope er al.

who have developed luminescent, water-soluble AuNPs functionalised with *MLCT emitting
138

rhenium complexes 41 and 42.

E:

41 42

The resulting hybrid conjugates were shown to be water-soluble and also displayed "MLCT
emission; two ideal characteristics that represent a useful approach for the future development
of luminescent AuNP-derived materials. Materials of this type have the potential to be
exploited in a number of applications including fluorescence microscopy and nanoelectronic

; 3
devices."®
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Figure 1.23 Schematic representation of the formation of AuNP-DNA assemblies by
using a DNA-intercalating Ru(ll) complex conjugated to a biotin unit crosslinker, AuNP—

streptavidin conjugates, and a DNA template '**

Sleiman et al. have developed an alternative approach by assembling discrete AuNP
assemblies on a linear DNA template (Figure 1.23)."*" This work has made use of a DNA-
intercalating Ru(Il) complex conjugated to a biotin unit crosslinker, which shows very little
luminescence in aqueous solution or when bound to streptavidin, and has its luminescence
‘switched on’ when bound to DNA.'* The AuNP-DNA assemblies were then shown to form
through mixing of the crosslinker and gold nanoparticle-streptavidin conjugates by TEM
analysis. This fascinating work allows the simple and potentially selective assembly of a large
number of readily synthesised streptavidin or biotin-labeled materials on DNA-AuNP
conjugates. The use of such cross-linkers for the selective labelling of biologically important
DNA structures (e.g., mismatched DNA) with AuNPs and other functional components shows

real promise for future biomedical application.

iz

43

The 1,10-phenanthroline-terminated Ru(II) complex, 43 has also been used to stabilise
and functionalise AuNPs using a terminal polypyridyl unit.'*' The strong interaction between
the nitrogen atoms of the polypyridyl ligand and the surface of AuNPs has allowed for the
successful formation of Ru(Il) stabilised AuNPs via a rigid phenanthroline type ligand
allowing electronic communication throughout the assembly.'** Reverse phase transfer of
these Au-NPs from water to acetonitrile by substituting the CI" counter anion with PFs has
also been demonstrated, thus allowing simple separation of the free and AuNP conjugated

species. Importantly it has been demonstrated that Au surfaces often quench the fluorescence
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of emissive species through charge or energy transfers,"">'* but fluorescence enhancement
can also be observed depending on various factors such as the distance between the metallic

f.'*> The fluorescence spectra of

NP and the fluorophore or the nature of the fluorophore itsel
the free and AuNP conjugated complex clearly showed a 33% quenching of emission from the
grafted Ru(Il) complex vs. the free species. Importantly, in this case, the emission maximum
wavelength falls in the absorption band corresponding to the surface plasmon resonance,
indicating that energy transfer is likely to be the major quenching process. Murray ef al. have
already reported such an energy transfer for [Ru(bpy);]*" electrostatically associated to
AuNPs.'?'** Nevertheless, due to the rigid and fully conjugated character of the linker, the
authors surmised that electron transfer is the most likely contributor to the de-excitation of the
fluorophore. The affinity of 43 for Au surfaces via its terminal phenanthroline pendant group
offers new perspectives on a post-functionalisation conjugation approach to a large variety of
metal complexes. Key parameters such as the anchoring point between the metal complex and
the AuNP, the distance between the metal centre and the AuNP or the influence of a fully
conjugated system compared with a non-conjugated system will be important factors to
consider in order to modulate the interaction between the AuNPs and the metal complex.
However, influence of such parameters on the luminescence and electrochemical properties of
this family of AuNPs has not yet been reported.

The examples above serve to demonstrate the enormous potential of both organic and
transition metal based AuNP conjugates. The properties of metal complexes self-assembled on
AuNPs, in particular, leads to nano-sized bimetallic conjugates that will have a huge role to
play in the future of many fields of research. Although largely unexplored to date their use in
biomedical application, in particular, will involve cross-disciplinary research including
synthetic chemists, materials scientists, biologists, engineers, and clinicians. The work carried
out thus far provides only a glimpse of the wide range of potential applications for transition

metal AuNP conjugates in biology and medicine.

1.9 Recent Advances within the Gunnlausson Group
The work of Gunnlaugsson ef al. over the past number of years has spanned the
various fields of chemistry described thus far. With extensive research undertaken in the field

146131 work has also focused on DNA

of naphthalimides as molecular sensors and reporters,
targeting species derived from both the naphthalimide chromophore and Ru(II) conjugates. In
addition, incorporation of lanthanide metal complexes on the surface of AuNPs is a
burgeoning area in the field of supramolecular and lanthanide chemistry, work that has been

pioneered by Gunnlaugsson ef al.
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Recent work has seen much research in the design and incorporation of nucleic acid
recognition moieties into the 1,8-naphthalimide structure. To date numerous mono- and di-
peptide-based 1,8-naphthalimide conjugates have been synthesised, using solution phase
peptide chemistry. The basic structure comprises either an amino, nitro, chloro or bromo
substituted naphthalimide species connected to a carboxylic anchor functionalised with a
variety of a-amino acid/esters, examples of which are shown in Figure 1.24. Many of these
compounds have shown sub 2 uM ICs, (half maximal inhibitory concentration) values when
tested against a series of leukaemia cell lines. The results of all of these studies are detailed in

the Theses of Frimansson,'” Veale, '™ Gillespie,'o5 Hussey106 and Phelan'"’.
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Ry, Ry = H, NH,, NO,,Cl, Br
R3 = H, CH3, CHzCH(CH3)2, CH2Ph
R, = H, CHa, (CHa)s, CH,Ph

Figure 1.24 Examples of some of the mono-and di-peptide based naphthalimide
derivatives developed by the Gunnlaugsson group

In addition to being a highly versatile structure for use in both cation and anion

96

sensing, ~ the 1,8-naphthalimide structure has also been employed in the sensing of

biomolecules, especially DNA. A series of 1,8-naphthalimide based Troger’s bases 44a-c
have been recently developed by Veale et al., and were shown to bind strongly to DNA. %1%
These Troger’s base compounds have been shown to interact with DNA via electrostatic and
hydrogen bonding interactions through the tertiary amines. These compounds also have the
ability to bind through intercalation, and moreover, as demonstrated in Figure 1.25, these
structures can also function as dual imaging—therapeutic agents. Confocal microscopy imaging
studies have clearly shown that the structures accumulate within the nucleus and give rise to
cellular death in drug-resistant K562 leukaemia cell lines. Interestingly the Troger’s base
derivatives exhibited improved cytotoxicities over their 1,8-naphthalimide precursors.'03 With
the observed increase in cytotoxicities over their 1,8-naphthalimide counterparts, ongoing

research in this area is looking to develop mono- and di-peptide based Troger’s bases such as

45 and 46, the results of which will be reported in the Thesis of Ms. Samantha Murphy.
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Figure 1.25 The 1,8-naphthalimide based Troger’s base and images showing the
Sfluorescence arising from 44b within cancer cells, imaged using confocal fluorescence
microscopy: (A) bright field image, (B) fluorescence arising from 44b (10 mM), (C) co-

stained with propidium iodide
Ryan et. al. have developed an alternative approach to DNA targeting by the use of

54,155

Ru(1l) polypyridyl-1,8-naphthalimide conjugates 47-50." In this work studies were
conducted in order to understand the properties of bifunctional Ru(Il)-1,8-naphthalimide
conjugates, in particular the effect of variations in substitution and connectivity. Having
synthesised various complexes containing both rigidly and flexibly linked 1,8-naphthalimide
chromophores, the use of a more rigid aromatic group as the linking moiety was
demonstrated, allowing for more precise control of the orientation of the two components as
seen for 47 - 50. A meta arrangement around the connecting ring was shown to result in
greater affinity for DNA, and greater changes in the spectroscopic properties, due to greater

complementarity in the shape of the complex to that of the DNA.
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The nitro substituted complexes, 47 and 49, were shown to undergo a DNA induced
stacking process at low equivalents of DNA, with concomitant emission quenching. This was
followed by an emission enhancement with further additions of DNA. This was suggested to
be as a result of redistribution and protection from quenching in the local environment of the
DNA. Amino complexes 48 and 50 possessed substantially different photophysical properties
to their nitro analogues, being strongly emissive in solution. Furthermore, both displayed
significant emission enhancements upon binding to DNA, an observation that was attributed
solely to the protection of the complex from solvent quenching. An overall binding mode for
conjugates 47 — 50 was proposed, which involves intercalation of the 1,8-naphthalimide into
the helix with concomitant external groove association of the Ru(II) centre. The tight binding,
typical of intercalative interactions, was apparent from thermal denaturation studies and
ethidium bromide displacement assays, with further confirmation ascribed through circular
dichroism, UV/Vis absorption and fluorescence emission titrations. Furthermore, all four
complexes displayed efficient DNA photocleavage efficiency and were found to enter cervical
cancer HeLa cells and localise within the nucleus, ascribed from flow cytometry experiments,
and confocal microscopy experiments.'”*

In the field of metal based AuNP assemblies Gunnlaugsson ef al. have exploited
emissive Eu(III)-AuNP conjugates within displacement arrays allowing phosphate anion

: . 56,15
detection in water. "’

A heptadendate macrocyclic Eu(I1l) cyclen conjugate possessing an
alkyl thiol group, 51 has been adsorbed onto the surface of AuNPs, forming water soluble
AuNP conjugates. In aqueous solution, at pH 7.4, the AuNP conjugates are non-luminescent,
however, upon addition of a B-diketone antenna the self-assembly formation results in a
highly luminescent ternary complex upon excitation of the antenna. It was then demonstrated
that these luminescent AuNPs can be used in the sensing of biologically relevant phosphates

such as flavin monophosphate, through displacement of the -diketone antenna (Figure 1.26).
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Figure 1.26 Schematic representation of self-assembly formation between the non-
luminescent AuNP- Eu(Ill) conjugate and a [f-diketone antenna, to give luminescent AuNP-
Eu(lll) conjugates. The sensing of flavin monophosphate occurs by the displacement of the

antenna and the formation of the non-luminescent AuNP-Eu(Ill)-flavin conjugate '°

Furthermore, this sensing mechanism was found to be highly selective for flavin
mononucleotide which plays a key role in many electron transfer, oxidation, and
dehydrogenation processes in vivo. Flavin mononucleotide was the only anion investigated
that could effectively displace the B-diketone antenna from the luminescent ternary AuNP-
Eu(IIl) conjugate leading to almost complete quenching of the Eu(Ill) emission. Phosphate
containing molecules such as AMP, ADP, ATP, cyclic AMP, or NADP only quenched the
Eu(IIl) luminescence between 20-55% after addition of 500 equivalents of these anions.
Carboxylate containing creatine, coumaric, and panthotenic acid gave rise to minor
luminescent changes while Na,CO; and H,PO, resulted in only 25% quenching. In a
subsequent study, Bonnet ez. al. studied the formation of the AuNP - Eu(IlI) - B-diketone self-
assembly as a function of pH in water. This study revealed that the emission arising for the
Eu(III) centre is significantly modulated as a function of pH, where within the physiological
pH range, the emission is ‘switched on”."’

As can be seen from this brief review, the work of Gunnlaugsson et al. is vast and far
ranging. The examples given above are just a small portion of work that has been undertaken
and continues to evolve in the group. The work presented in this thesis will aspire to build

upon the knowledge within the group by combining various aspects of chemical research with

the aim of solving biological and medical problems.

1.10 Conclusion
The interaction of binding species with DNA has been the subject of intense
investigation since the discovery of the double helical structure. An understanding of such

interactions has been pivotal to the design and development of structural probes of DNA in
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addition to novel chemotherapeutic agents. This chapter began with a brief discussion on the
role of the cell cycle in cancer disease progression and how the targeting of DNA is such an
important approach in chemotherapeutics.

The structure and modes of binding to DNA were also discussed with particular
attention being drawn to intercalation. Intercalation is of particular importance due to its
strength of binding and its ability to induce changes in the photophysical properties of the
structure upon binding. This led to a discussion of transition metal species capable of binding
to DNA, namely Ru(Il) polypyridyl complexes. Ru(Il) complexes show an inherent ability to
interact with DNA, and furthermore, by varying the ligands around the metal centre it is
possible to modify the interaction with nucleic acids in order to take advantage of their
characteristic photostability and water solubility as well as their useful photophysics and
photochemistry. As a result their use as spectroscopic probes for DNA was discussed.

As well as being utilised as spectroscopic probes for DNA, there has also been an
increased focus on the use of Ru(Il) complexes as DNA photoreagents due to their excited
state reactivity. This led to a brief introduction to Photodynamic Therapy (PDT), an
alternative approach to traditional chemotherapy, which takes advantage of the excited state
properties of photosensitisers for medicinal application. In the context of Ru(Il) complexes,
particular attention was drawn to the utility of polyazaaromatic Ru(Il) species due to their 7t-
deficiency and strongly oxidising excited state reactivity; properties particularly well suited to
species for application in phototherapetics.

The discovery and progression of the 1,8-naphthalimide chromophore as a potential
anticancer agent was also discussed. The purpose of this section was to show the versatility of
this species. Examples were detailed that ranged from DNA binding species to DNA
photocleavers, antitumor agents and most recently NIR fluorescence imaging agents. Many of
the properties described show that this structure, with its excited state reactivity, is also ideal
for incorporation into species that may be used as PDT agents.

A further functional material detailed in this introduction was that of gold
nanoparticles (AuNPs) and their use in medical application. The examples given demonstrate
the enormous potential of both organic and transition metal based AuNP conjugates for
targeted drug delivery as well as light activated therapies. Although largely unexplored to date
the use of transition metal based AuNPs, in particular, will lead to a wide range of potential
applications in biology and medicine.

The final section dealt with recent scientific advances within the Gunnlaugsson group.
This research represents an important contribution to the design of potent therapeutic agents,

with the development of a large family of peptide-based 1,8-naphthalimide derivatives, many
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of which have exhibited potent cytotoxic activity in leukaemia cell lines. DNA targeting
agents based on Ru(Il)- polypyridyl-1,8-naphthalimide conjugates as well as novel 4-amino-
1,8-naphthalimide-derived Troger's bases were also discussed. A final example of a
heptadendate macrocyclic Eu(Ill) cyclen conjugate possessing an alkyl thiol group adsorbed
onto the surface of AuNPs was given, forming water soluble AuNP conjuga<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>