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Summary

This Thesis entitled ‘Diquaternerised and Ru(ll) 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 is 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(II) 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(Il) 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 quatemerised derivative of pdppz to bind 

to DNA. Due to its extended aromatic surface, in concert with its cationic character, this 

species is 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)2-1,8-naphthalimide conjugates with a rigid arrangement of 

the subunits is discussed. The effect the inclusion of the n 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(II)(bpy)3-1,8-naphthalimide conjugates to function 

as fluorescent anion sensors. The spectroscopic and colorimetric effects on the Ru(ll) excited 

state upon anion binding as well as preliminary NMR binding data is detailed.
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In Chapter 6, the synthesis and photophysical properties of two bis-Ru(II) (bpy)3-bis- 

1,8-naphthalimide containing Troger’s base derivatives are described. The effect the 

substitution pattern around the Ru(II) 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(II) 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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Chapter I: Introduction

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(ll) 

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(ll) polypyridyl complexes, 

1,8-naphthalimides and gold nanoparticles (AuNPs) and will finish with a review of selected 

work undertaken within the Gunnlaugsson group.

Chapter I: Introduction

1.1 Cancer and DNA as a Target
Cancer is 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 is 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
2

in the accumulation of cells with abnormal function.
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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.

Cytokinesis

Figure /. / Schematic representation of the cell cycle

The major phases of the cell cycle are Go, Gi, S, M and G2.'' Resting cells are in the 

Go 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 Gi, is induced by external growth factors and is followed by S phase, when the 

chromosomes replicate; the last phase is G2 and, like Gi, is 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), (ii) 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 G2 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, 

important in many fields of medical research for new cancer therapies and novel drug design.*^



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.
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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 cytosine. 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
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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 confoiTnations are

summarised in Table 12 and depicted in Figure 1.4.

Figure 1.4 Representation of possible structural forms of DNA. Left to right; A-DNA, 

B-DNA andZ-DNA'^
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Table 1.1 Average helix parameters for A-DNA, B-DNA and Z-DNA 12

A B Z

Helix Right handed Right handed Left handed

Diameter ~26 A ~20 A ~18 A

Base pairs per helical

turn
11 10 12

Helical twist per base

pair
32.7" 36“ -9°,-51°

Helix rise per base pair 2.56 A 3.4 A 3.7 A

Base tilt to the helix

axis
20" -6" -7"

Major groove
Narrow and

deep
Wide and deep Flat

Minor groove
Wide and

shallow

Narrow and

deep
Narrow and deep

Glycosidic bond Anti Anti
Anti for pyrimidines, syn for

purines

Sugar pucker C3’-endo C2’-endo
C2’-endo for pyrimidines, C3’-endo

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 rr-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; (ii) 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
13duplex DNA molecules as depicted in Figure 1.5.
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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. 14

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), (ii) linked aromatic and/or 

heteroaromatic rings and (iii) 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.
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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 Cry’stal 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 dmgs. 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 

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 smiall 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 1 

poison gases giving analogues such as L-phenylalanine mustard, 4 which still finds use

against various cancers 17

C\,,„

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) 18,19 jg g strong preference for guanine over adenine with over 70% of the lesions

being found at guanine-guanine sites and arotind 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

growth 20

y-cS.
H3N. ,NH3

o o

HoN

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- 
linking of 5 with the N7 atoms of two guanine bases



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 adjaeent base pairs in an intercalative manner as depieted in Figure 1.8. 

Early studies have provided evidenee that the DNA helix unwinds slightly to create a space 

into whieh the flat polycyclic aromatic species ean be inserted. ' The interaction can be 

characterised by a lengthening of the DNA helix and a local unwinding around the 

interealated 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. 

Strueturally simple intercalators sueh as proflavine, 6 and ethidium, 7 are known to be non­

specific binders although a small preference is observed for pyrimidine-3’,5’-purine sequenee 

steps especially C:G steps.This is thought to be as a result of a low activation energy (< 20 

keal/mol) for “opening up” the dinucleotide phosphate base pair from the DNA structure to 

one into which the interealator can fit.^’^
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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 eomplex intercalating speeies have appended groups including side chains, sugar 

rings or peptide units sueh as the anti-tumor drugs daunomycin, 8 and actinomyein 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
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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)(Me2trien)]^^, 10 was 

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.

rw
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Figure 1.9 Crystal structure of [Rh(phi)(Me2trien)]^^ intercalated between the central

base pairs of a DNA duplex structure 26
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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.^* 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(ll) polypyridyl metal complexes have many and varied applications^' and 

have received significant attention over the past 25 years due to their excellent photophysical 

properties and strong binding affinity with DNA.^‘"^'^ Due to their positive charge, complexes 

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)3^'^, 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.^^

Chapter /. Introihiciiaii

12



Chiiplcr I: Inlrodiiction

Upon irradiation in the visible absorption band of Ru(bpy)3^^, 11a 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 ^MLCT 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(ll) 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 ^MLCT 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(II) 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.

13



1.4.2 Structurally Simple Ru(ll) Complexes

Early examples of Ru(ll) 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)3]^^ 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 C3 axis. Studies by Barton et.al. revealed stereospecific binding of the A - isomer 

over the A - isomer of [Ru(phen)3]^^.^^ 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 el 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.
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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 desigTied to date with a view towards 

improving their intercalation ability, the most impressive of these being those incoiporating 

the dipyrido[3,2-a:2’,3’-c]phenazine (dppz) ligand. The first complex studied containing this 
ligand was [Ru(bpy)2(dppz)]^’^, 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 photoluminesciense was observed; the difterence 

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 soHvent 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
41 42equilibrium 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 

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"V^ 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.
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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 et al. described a 

series of dimeric systems, where two [Ru(bpy)3]^'^ or [Ru(phen)2bpy]^^ units are covalently 

linked by polyalkyl chains of various lengths.As described in section 1.4.2, [Ru(bpy)3]^^ 

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.'^*

4+
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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- 

phenanthrohno[5,6-b] 1,4,5,8,9,12-hexaazatriphenylene (PHEHAT), 15, (tetrapyrido[3,2- 

a:2’,3’-c:3”,2”-/?:2’”,3”’-/]acridine (TPAC), 16 and tetrapyrido[3,2-a:2’,3’-c:3”,2”-

h:2”,3”-j]phenazine (TPPHZ), 17. 49-51

N
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A particular example is 18, a dinuclear mono-intercalating Ru(Il) complex developed 

by Thomas et ai, 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.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 stmctural probe, specifically for quadruplex DNA.^^
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Figure l.ll Co-staining of 18 (red, left) with DNA-specific dye DAPI (4 ’,6-diamidino-2- 

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

4+

Lincoln and Norden 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 

(A-A), were synthesised and studied in the presence of DNA.Flow linear dichroism (LD)
17



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)2dppz]^^ 

moieties were intercalated two base pairs apart from each other and were bound in the same 

groove (Fig. 1.12).^'^’^’ As shown by LD and molecular modeling, the A - and A - 

[Ru(phen)2dppz]^^ 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 lo'*’ M'' at 50 mM NaCl) corresponding to 

a four orders of magnitude increase with respect to their monomeric enantiomers (3.2 x lO^ 

M ' at 50 mM NaCl).^^
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Figure 1.12 Molecular model of the binding geometry of A-A-19 showing the two 
intercalated A-[Ru(phen)2dppzf^ units in the minor groove (left) and the linker in the 

major groove (right)
Whereas intercalation of the monomeric [Ru(phen)2dppz]‘^ can be assumed to 

proceed by simple insertion of the dppz ligand, a threading mechanism of Ru(phen)2 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
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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)2dppz]^^. It was therefore concluded that 

the threading mechanism involves the passage of the bulky [Ru(phen)2dppz]^^ 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 58

Figure 1.13 A: Fixed cells in which the chromosomes have been stained with 19. B and C
58show additional microtubule staining. Lines correspond to 20 pM

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(II) complexes are the focus of numerous research works with various applications mainly 

due to their attractive photophysical and photochemical properties.^' 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

application 32,59,60 Moreover, species that can photoreact with DNA offer an alternative

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 modem 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).^^
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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 theraneutir noent

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 fk = 200-700 nm) 

may be represented by the simplified energy level diagram (Figure 1.15). The electronic states 

are represented by the singlet states, Sn, and the triplet states, Tp. 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, Ti. From S|, the excited molecule may also relax back to So 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
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the ground state oxygen molecules (^02) to give rise to ’O2 molecules. The electronic 

excitation to produce 'O2 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 'O2 mediation which is a generally accepted mode of action for most PSs 

currently under investigation, although other competing mechanisms exist.^^

Absorption

IO2---------^ Phototoxicity

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.

HO

21 22
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While the development of new PDT agents is ongoing, Photofrin® is still the most 

widely used and studied photosensitiser today and suffers from a number of drawbaeks.^' 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 

BF2-chelated tetraaryl-azadipyrromethanes such as 23a and 23b developed by O’Shea et. 

a!

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, 'O2 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)3]^'^ and [Ru(phen)3]^^ cause 

cleavage of DNA upon photoirradiation.It has been shown that these species are strongly 

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 'O2 formation, which diffuses along the helix, resulting in a single strand break.™
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1.6.1 Singlet Oxygen Sensitisation
While the 'O2 quantum yields of [Ru(bpy)3]^^ and [Ru(phen)3]^^ remain low,^^’^' the 

photoredox processes of Ru(Il) polypyridyl complexes, in general, can be tuned by changing
72the nature or combination of ligands surrounding the metal centre. The work of Turro et al. 

has utilised Ru(ll) complexes possessing tridentate ligands with extended n 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)n(L)2-n]^^ ( 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 'O2 with ca. 100% efficiency which exceeds that reported for Photofrin® and its 

derivatives, for which (I)]02 of 0.75 was reported.

24a

2+

This complex also binds to DNA with a binding constant K = 4.6 x 10” M" (5 mM 

Tris/HCl, 50 mM NaCl, pH 7.5), at the same time as causing efficient DNA cleavage. Such 

high quantum yields of 'O2 photosensitisation and observed DNA photoclevage ability of 

Ru(ll) 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 7r-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 Tt - Deficient Ru(n) Polyazaaromatic Complexes

Complexes that contain at least two jr-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.

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

presence of DNA (or oligonucleotides). In the first ease, [Ru(TAP)3]^^ mixed with [poly(dA- 

dT)]2, has been shown to exhibit an increase in the ^MLCT lifetime along with an emission 

enhaneement as a function of increasing amounts of polynucleotide.^^'^' These effects are due 

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)]2/' the emission from the Ru(ll) complex is efficiently 

quenched, and the lifetime signifieantly 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 ^MLCT state of 

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

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

donor can freely diffuse or when it is incorporated in DNA.^^’*^ Complexes of this type have 

also been shown to produce a PET process with amino acids (such as tryptophan and 

tyrosine).*'’*^ Although BET processes ean occur between the excited complexes and 

biomolecules (with a guanine or tryptophan moiety), two other processes may eompete 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(ll) complexes have been shown to photo-induce 

a single-strand break (nick) of DNA plasmids, which transfonns the covalently closed circular 

(CCC) form into the open circular (OC) form.’^’*^ It 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.
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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 n deficient Ru(Il) 

complexes and GMP, or polynucleotides containing a guanine-urni.^'^ In the case of a Ru(II) 

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-
85unit 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)3f 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).*^ The presence of this photo-adduct between the TAP complex 

and a guanine-umi 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. ’ ’ Interestingly, the ET between the excited 

state of the Ru(II) complexes and tryptophan also leads to the formation of a photo-adduct in 

which the complex coordination sphere is not altered.

|Ru(TAP)2L]2+‘

|Ru(TAP)L(TAP ))^

lRu(TAP)L(TAPH )|2

1
+

1
-I-

1

GIMP

electron transfer

GMP +

proton transfer 

G(-H)

radical combination

lRu(TAP)L(TAP-GMP)l2+

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

GMP base and the excited state of the Ru(II) species under illumination
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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 7r-deficient Ru(ll) 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(ll) complexes and GMP do not disrupt the coordination 

sphere around the metal ion. Such useful photochemical properties make Ru(II) 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(ll) species from the literature.

1.6.3 Ru(II) 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)2(POQ-Nmet)]^^ (POQ-Nmet = 5-{4-[N-methyl- N-(7- 

chloroquinolin-4-yl)amino]-2-thiabutylcarboxamido}-l,10-phenanthroline), 27 is an example 
of such a bifunctional complex which combines a high affinity for DNA with photoreactivity 

characteristic of TAP complexes.The photophysical characterisation of 27 revealed that 

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)2phen]^^ 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.

—I 2+ 2+

^Cl

27
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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(ll) unit. Upon 

addition of [poly(dA-dT)]2 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)]2, 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)]2 restores the luminescence of the Ru(II) 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)]2 acts as a molecular Tight switch’ in the sense that the 

luminescence is ‘switched on’. While an emission enhancement was observed for 28 upon 

binding to [poly(dA-dT)]2, 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(II)] ratios. It was therefore 

concluded that functionalisation of the Ru(II) 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)2phen] reduced it only to 20%. As a control, no inhibition
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occurred in the dark and so this activity can be directly related to the photo-adduct formation 

where [Ru(bpy)2(phen)]^^ is unable to form a photo-adduct.^^ rc-deficient Ru(ll) 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- 

naphthalimide structure has found application in many areas of chemistry.Its absorption 

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 W-diimide 

site’, allowing for various functional groups and structural motifs to be incorporated 
(Figure 1.18).

R
I

N-diimide Site

Naphthalene Sites

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 et al. designed and synthesised a series of imide 

derivatives of 3-nitro-l,8-naphthalic acid.^^ Waring et al. showed that compounds of this type 

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

superhelical DNA, characteristics typical of intercalating agents.The first drugs of this 

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



Chapter I: liilroducliou

II enzyme resulting in inhibition of the replication process or an enhancement of 

Topoisomerase II mediated DNA cleavage.'*^' However, due to unexpected central 

neurotoxicity and limited efficiency, the clinical studies on these two drugs have been

discontinued. 102

NO2 'NHj

29 30
Since then a vast array of compounds have been generated in an attempt to further 

improve upon the DNA binding capacity and anti-tumor toxicity of 1,8-naphthaIimide 

containing drugs. A large research effort has also been carried out by the Gunniaugsson 

research group to this end, and as such the use of 1,8-naphthaIimides as anti-cancer agents has 

already been reviewed extensively in previous theses from this research group including those 

of Frimansson,'®^ Veale, Gillespie,'®^ Hussey'*’^ and Phelan.

In the 1990s, Saito et al. reported a family of nitro-substituted L-Iysine-I,8- 

naphtbalimide derivatives that make use of the inherent excited state reactivity of the 1,8- 

naphthalimide core displaying efficient DNA photocleavage properties.After irradiation 

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 

poIy(dA)-poIy(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 

factors led to cleavage at GG sites.Laser spectroscopic experiments demonstrated 

production of an imide radical anion providing clear evidence for a photoinduced electron- 

transfer reaction. Subsequent ah 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.

O o o

NO,

32 33

In more recent work Qian et 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 tbe 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 III

34 35
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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.

('haptcr /IfilroJiidioi!
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In another study hctcrocyclic-fuscd 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 affmites with preference being observed for ^-enantiomers over both /^-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 N-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, /^/^-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.
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R’ = r:o
R - enantiomer S - enantiomer

Figure 1.19 Chemical structures of heterocyclic-fused rtaphthalimide 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 (A,abs= 580 nm, Xem = 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
116 and sulphur substituted naphthalimides'^^ are just two other examples.

Figure 1.20 Fluorescence microphotographs ofV79 cells incubated with 39 (20 pM). 

(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 stmctural 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 et ai, 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 1.21. 117,120
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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 

earners, ' imaging agents, ' and photoresponsive therapeutics ' 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 

photosensitiser for PDT.'^'’ ’^' The AuNP conjugates were shown to have an average diameter 

of 2^ 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 fonnation. 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-PEl), 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 envoimment. 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 Uv^B-positive cells with no damage to neighbouring
132ttyPs-negative cells by laser-induced microbubble-generation (Figure 1.22).
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Figure 1.22 Fluorescence micrographs of OyP3-positive cells (green labelled) before and 

after treatment with 118 nm RGD-Aii-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 

outer surface of AuNPs has already been employed in diverse areas such as catalysis'^^ and 

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 eleetrochemical 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 et al. 

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

rhenium complexes 41 and 42.'^^

O O

A
O

o

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 
devices.
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^ Au

Figure 1.23 Schematic representation of the formation of AuNP-DNA assemblies by 

using a DNA-intercalating RufI) 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(II) 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.

1

43

The 1,10-phenanthroline-terminated Ru(Il) 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(II) 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 Cl counter anion with PF6 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 

NP and the fluorophore or the nature of the fluorophore itself'"*^ The fluorescence spectra of 

the free and AuNP conjugated complex clearly showed a 33% quenching of emission from the 

grafted Ru(II) 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 et al. have 

already reported such an energy transfer for [Ru(bpy)3]^^ 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 et al. over the past number of years has spanned the 

various fields of chemistry described thus far. With extensive research undertaken in the field 

of naphthalimides as molecular sensors and reporters,work has also focused on DNA 

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 et 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 pM IC50 (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,'®^ Hussey'*^^ and Phelan'^^.

Chapter I: IntroJuctlo)i

O R., 0

Y OR4
^'3

Ri, R2 = H, NH2, N02,CI, Br
R3 = H, CH3, CH2CH(CH3)2, CH2Ph
R4 = H, CH3, (CH3)3. CH2Ph

Figure 1.24 Examples of some of the mono-and di-peptide based naphthalimide 

derivatives developed by the Gimnlaugsson group

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

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.'^^’'^^ 

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.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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45 46

Figure 1.25 The 1,8-naphthalimide based Troger’s base and images showing the 

fluorescence 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 

Ru(Il) polypyridyl-1,8-naphthalimide conjugates 47-50.'^'* '^^ In this work studies were 

conducted in order to understand the properties of bifunctional Ru(ll)-l,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.

48, = NHj 50, R2 = NH2
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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 et al. have exploited 

emissive Eu(IIl)-AuNP conjugates within displacement arrays allowing phosphate anion 

detection in water.'^^ '^^ A heptadendate macrocyclic Eu(IlI) 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 P-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 p-diketone antenna (Figure 1.26).
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Water coordinated Eu(lll) 
Luminescence switched off
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Figure 1.26 Schematic representation of self-assembly formation between the non- 

luminescent AiiNP- Eu(III) conjugate and a f-diketone antenna, to give luminescent AuNP- 

Eu(III) conjugates. The sensing of flavin monophosphate occurs by the displacement of the 

antenna and the formation of the non-luminescent AuNP-Eu(III)-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 P-diketone antenna from the luminescent ternary AuNP- 

Eu(lll) conjugate leading to almost complete quenching of the Eu(lll) emission. Phosphate 

containing molecules such as AMP, ADP, ATP, cyclic AMP, or NADP only quenched the 

Eu(lll) 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 Na2C03 and H2PO4 resulted in only 25% quenching. In a 

subsequent study. Bonnet et. al. studied the formation of the AuNP - Eu(lll) - P-diketone self- 

assembly as a function of pH in water. This study revealed that the emission arising for the 

Eu(ltl) 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 tbe 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 chemothcrapcutics.

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(II) polypyridyl complexes. Ru(ll) 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(ll) 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(II) species due to their ti- 

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(II)- 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(IIl) cyclen conjugate possessing an alkyl thiol group adsorbed 

onto the surface of AuNPs was given, forming water soluble AuNP conjugates. These AuNP 

conjugates were used in displacement assays allowing phosphate anion detection in water. 

This particular example emphasised the potential of metal based AuNP conjugates for the 

formation of functional species.

Building on work already carried out within the Gunnlaugsson group, the aim of the 

work discussed in this thesis will incorporate many different aspects of the research described 

in the previous sections. Agents based on combining photoactive Ru(II) complexes, the 1,8- 

naphthalimide structure and AuNPs may show potential as biomedical DNA probes, 

photoagents and eventually photoactivated therapeutics.

1.11 Work Described within this Thesis
This research project has been concerned with the development of a range of novel 

Ru(Il) conjugates as bimodal probes and photoreactive reagents for DNA. The overall aim of 

the work discussed will be to combine tbe advantageous properties of Rujll) polypyridyl 

complexes with those of various other functional species.
In Chapter 2, a series of Ru(II) complexes based on a new ligand, pyrazino[2,3- 

h]dipyrido[3,2-a:2',3'-c]phenazine, or pdppz, combining, in a single structure, two well-known 

polypyridyl ligands, dipyrido[3,2-a:2’,3’-c]phenazine (dppz) and 1,4,5,8-tetraazaphenathrene 

(TAP), are described. It was anticipated that further extension of the known, flat, planar dppz 

structure would increase DNA binding ability. Furtbermore, it was envisaged that 

incorporation of a ‘TAP like’ moiety on the ligand in tandem with variation of the ancilliary 

ligands would infer both increased DNA binding and pbotocleavage ability with possible 

formation of DNA - photoadducts as has been seen previously with Ru(II) complexes 

containing TAP ligands. The synthesis of each derivative is discussed, in addition to their 

photophysical and DNA binding properties.

In Chapter 3, the ability of an organic quaternerised derivative of pdppz to bind to 

DNA was investigated. Due to its extended aromatic surface, in concert with its cationic 

character, it was foreseen that it would be an ideal candidate as a DNA intercalator. 

Furtbermore, it was anticipated that this DNA targeting species should also possess rich 

photophysical properties that could be monitored to evaluate in vitro DNA binding

Chapter I: hifroJiicliaii
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interactions, using various spectroscopic techniques. The synthesis, photophysieal evaluation, 

DNA photocleavage ability as well as its cellular uptake and cytotoxicity are described.

In Chapter 4, Ru(ll)(TAP)2 - 1,8 naphthalimide conjugates with a rigid arrangement of 

the subunits will be discussed. The effect of inclusion of Ji-deficient TAP ancilliary ligands on 

the photophysical and DNA binding properties of these conjugates will be explored. In 

addition, their excited state reactivity with DNA and their preliminary cellular localistaion will 

be discussed.

In Chapter 5, a discussion of a Ru(II)(bpy)3-l,8 naphthalimide conjugate as a 

fluorescent anion sensor is given. The spectroscopic effects on the Ru(II) excited state as well 

as preliminary NMR binding data is detailed.

In Chapter 6, two bis-Ru(II)(bpy)2-bis-l,8-naphthalimide containing Troger’s base 

derivatives will be described. The effect the substitution pattern around the Ru(II) centre has 

on the synthesis and photophysical properties of these moieties will be explored, in addition to 

a preliminary description of their DNA binding ability and applicability to biological imaging.

In Chapter 7, a series of Ru(II) stabilised water-soluble, luminescent AuNPs are 

described. The synthesis, physical and photophysical evaluation of each conjugate will be 

discussed. In addition, preliminary DNA binding studies as well as cellular uptake studies will 
be detailed.

Finally, in Chapter 8, general experimental procedures are outlined and the synthesis 

of eaeh of the compounds discussed is given.

Chapter I: Introduction
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Chapter 2: A Family ofRii(II) Complexes Based on a Novel Extended Aromatic Polypyridyl Ligand

2.1 Introduction:
2+ 38Since the first synthesis of [Ru(bpy)2(dppz)] in 1985, dppz complexes have been 

the focus of more research than most other Ru(ll) complexes.'*^’'^^’'^* One of the main reasons 

contributing to this is that, in general, dppz complexes behave as light-switches for DNA^^ 

and therefore have been used in several studies with DNA and other polynucleotides.

These complexes emit extremely weakly in water resulting in their luminescence being 

undetectable under standard conditions. As discussed in Chapter 1, the light-switch effect 

with DNA has been attributed to the protection of the dppz ligand by insertion between the 

DNA base pairs, providing shelter from the aqueous solvent molecules.'^' 

[Ru(phen)2(dppz)]^^ is the classical example whereby it exhibits striking behaviour in aqueous 

solution; its luminescence lifetime is very short {ca. 250 ps) and its quantum yield of emission 

extremely low.'^^ '^^ Although the nature of the lowest excited states in [Ru(phen)2(dppz)]^^ 

and [Ru(bpy)2(dppz)]^'" is still unclear, interaction of the excited state by H-bonding with 

water molecules is generally accepted to cause the short-lived emitting state in water.The 

origin of the interaction with DNA of Ru(ll)(dppz) complexes stems from their extended 

aromatic heterocylic ligands which, due to their large, planar surface area allows them to 

intercalate between the bases. Moreover, this facilitates their use for recognition and sensing 

of DNA owing to their luminescent properties. Additionally, they offer several advantages 

over existing organic based luminescent DNA markers due to characteristic photostability, 

water solubility, large Stokes shifts, effective DNA binding as well as useful photophysics, all 

combining to make them excellent candidates as spectroscopic probes for biomolecules.

Simultaneously, research on Ru(II) complexes that combine the use of n - deficient, 

electron accepting ligands, such as tetraazaphenanthrene (TAP), 25 has shown that the 

presence of these ligands confers a strongly oxidising excited state on the complex.^” '^'' This 

state results in a photoinduced-electron transfer (PET) between guanine and the ^MLCT state 

of the complex, which can result in both single-strand breaks followed by double-strand 

cleavages, as observed with plasmid DNA. Additionally, the formation of covalent adducts 

between the complexes and guanine or trytophan residues have also been reported.^^’*'’*^ 

Thus, Ru(ll) complexes containing polyazaaromatic ligands are highly photoreactive species 

capable of causing selective damage to biomolecules under illumination, a highly desirable 

characteristic from the point of view of photoactivated therapeutics.

The objective of the research presented in this Chapter will be the development of a 

series of Ru(ll) polypyridyl complexes based on a novel extended, aromatic, polypyridyl 

ligand, pyrazino[2,3-h]dipyrido[3,2-a:2',3'-c]phenazine, or pdppz for short, 52. This new
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ligand is based on combining, in a single structure, both dppz and TAP and has not, to the best 

of our knowledge, been synthesised before.

+
N

dppz TAP

In the design of 52 it was anticipated that further extension of the flat, planar dppz 

structure would infer both increased DNA binding and photocleavage ability with possible 

formation of DNA photoadducts, as has been previously seen with Ru(II) complexes 

containing TAP.^^’^^ In order to establish the effect of variation of the ancilliary ligands 

around the Ru(II) centre, three species will be synthesised utilising bipyridine (bpy), 

phenanthroline (phen) and tetraazaphenanthrene (TAP) in order to provide a set of known 

photophysical properties that can be used to monitor the binding process. The nature of the 

binding interaction of each complex with DNA will be an important consideration in this 

context as the position of the photoactive species with respect to the DNA bases is likely to 

have a major effect on the efficiency of any photoreactions that occur.'^^ The preorganised 

position of the complex in the DNA helix may lead to photoadduct formation and/or a reaction 

with the sugar moiety causing efficient DNA photocleavage. In any case, reaction of 

compounds with DNA can produce dramatic effects on DNA functions in vivo, and can 

disturb gene expression, disrupting the binding of enzymes involved in the replication 

processes. This is indeed of great interest for the inhibition of gene expression in cancerous
29cells with huge potential in cancer chemotherapy.

The overall aim of the work presented in this Chapter is to identify the potential of 

these systems as spectroscopic probes for DNA and also as possible DNA photocleavage 

agents for use in PDT. Firstly, a description of the synthesis and characterisation of each of 

the systems 53 - 55 is given. This is followed by a discussion of the photophysical properties 

of each complex and their DNA binding behaviour was then established using a range of 

spectroscopic techniques. Finally, biological studies will be described detailing DNA 

photocleavage ability, cellular uptake and localisation as well as cellular phototoxicity studies
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n ^ _ n

53 54
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2.2 Synthesis
The target compounds 52 - 55 were prepared from commercially available starting 

materials. The same procedure was applied to the synthesis of all analogues and full 

experimental details are provided in Chapter 8.

2.2.1 Synthesis of TAP, 25 and pdppz, 52
The synthesis of pdppz was achieved using an intermediate in the synthetic pathway of 

TAP as outlined in Scheme 2.1. The synthesis of TAP firstly involved condensation of an 

aqueous solution of glyoxal with 4-nitrobenzene-1,2-diamine 56 by heating under reflux in 

Eton for 2 hrs. Removal of the solvent under reduced pressure, followed by recrystallisation 

from isopropanol, yielded the desired product 57 as golden needles in 83 ^ yield. Direct 

amination of 57, using the initial TAP procedure, which used hydroxylamine in the presence 

of NaOH, gave poor yields, in the range of 5-8%. An adapted method to that originally 

described was utilised involving direct amination using hydroxylamine in the presence of 

NaOMe.*^^
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(ii)

OoN

56 58

(iii)
HoN

(iv) .jgi)
59 25

Scheme 2.1: Synthetic pathway of TAP (i) glyoxal, EtOH, reflux; (ii) H2NOH, NaOMe 
in MeOH, reflux; (iii) N2H4, 10% Pd/C; (iv) glyoxal, EtOH. reflux.

After 90 mins reflux, the crude product was recrystallised from a mixture of acetic acid and 

water (3:1) to yield 58 as bright yellow crystalline needles in 43% yield. Subsequent reduction 

of the nitro group of 58 using hydrazine in the presence of 10% Pd/C, gave the pure diamine 

59 as a red solid in 98% yield. Condensation of an aqueous solution of glyoxal with 59 was 

achieved by heating under reflux in EtOH for 2 hrs. Removal of the solvent under reduced 

pressure, followed by recrystallisation from isopropanol, yielded the desired product 25 as 
golden needles in 72% yield. This compound was fully characterised by 'H NMR, '^C NMR, 

HRMS and IR spectroscopy which agreed with literature values.

(I)

Scheme 2.2: Synthetic pathway of 52 (i) glyoxal, EtOH, reflitx.

The synthesis of the pdppz ligand, 52 was then achieved by condensation of diamine 

59 with l,10-phenanthroline-5,6-dione 60 as outlined in Scheme 2.2. The dione 60 was 

synthesised by oxidation of 1,10-phenanthroline using H2SO4 and HNO3 in the presence of 

KBr, according to a literature procedure. Condensation of 59 with dione 61 by reflux in 

EtOH yielded pure pdppz 52 as a brown solid in 95% yield.
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This novel ligand was characterised by 'H NMR, elemental analysis, mass 

spectrometry, melting point analysis and IR spectroscopy. '^C NMR analysis could not be 

obtained due to the insoluble nature of the compound in [DeJ-DMSO. The 'H NMR spectrum 

is shown in Figure 2.1. Assignment of the peaks was achieved by H-H COSY and C-H COSY 

analysis. Successful formation of this compound was also evident from accurate mass 

spectrometry, where 52 displayed a peak at 335.1048, corresponding to the [M+H] ion.

3 + 3' and 6/7

6/7

1/1' 1/1'

Jd
4/5 4/5 2 + 2'

9.5

u 1.
8.5

~T~
8.0[ppm]

Figure 2.1: The 'H NMR spectrum of52 (600 MHz, DMSO-d^)

2.2.2 Microwave Assisted Synthesis of Complexes 53-55

Previous syntheses of mixed ligand Ru(ll) polypyridyl complexes have been 

undertaken using a procedure by Sullivan et This was typically carried out by refluxing 

cis-Ru(L-L)2Cl2 (where L-L is one bidentate polypyridyl ligand) with the desired third 

polypyridyl ligand in solvent systems such as ethylene glycol or ethanol/water mixtures. In the 

case of the systems described herein, these solvents were not appropriate due to poor 

solubility. Another approach that has been developed within the Gunnlaugsson group involves 

the use of a DMF/water mixture to exploit the increased solubility of the reactants in DMF 

and also the solubility of the products in water. Although successful for formation of 

previously synthesised complexes, this method required numerous purification steps and 

subsequently had an impact on the product yields.

These problems of purification may be due to the reaction of Ru(Il) with the 

degradation products of DMF. In general, the thermal degradation of DMF results in the 

formation of dimethylamine and carbon monoxide (CO). Since CO is an excellent ligand for 

Ru(II)-centres, carbonyl complexes may be formed as side products under these conditions.'™ 

With this in mind we set about to investigate more efficient methods for the synthesis of 

Ru(ll) complexes. A report by Rau el described a highly efficient preparation of Ru(II)
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polypyridyl complexes using a microwave activated reaction in more traditional solvent 

systems than those described above. However, this system has not yet been applied to 

complexes containing the TAP ligand or derivatives of TAP.

Microwave-enhanced chemistry is based on the efficient heating of materials by 

“microwave dielectric heating” effects. This phenomenon is dependent on the ability of a 

specific material (solvent or reagent) to absorb microwave energy and convert it into heat. An 

electromagnetic field causes heating hy two main mechanisms; dipolar polarisation and ionic 

conduction. Irradiation of the sample at microwave frequencies results in the dipoles or ions 

aligning in the applied electric field. As the applied field oscillates, the dipole or ion field 

attempts to realign itself with the alternating electric field and, in the process, energy is lost in 

the form of heat, through molecular friction and dielectric loss. The amount of heat generated 

by this process is directly related to the ability of the matrix to align itself with the frequency 

of the applied field. From a practical and synthetic point of view, microwave irradiation leads 

to direct activation of either solvent or reactant molecules in solution by localised 

superheating. The transfer of microwave energy is rapid and direct with any absorbing 

material and creates high instantaneous temperatures (Tj). It is these high Tj that activate a 

high proportion of reacting species above the required activation energy. In comparison, with 

traditional conductive heating, energy is transferred from a heat source to an oil bath, which 

subsequently heats the outside surface of the reaction flask. Energy transfers through the 

vessel and is then dissipated throughout the reaction mixture; all in all an extremely inefficient 

process leading to long reaction times and side reactions (Figure 2.2). Not only is direct 

microwave heating able to reduce chemical reaction times from hours to minutes, but it is also 

known to reduce side reactions, increase yields, and improve reproducibility.

Convection currents

Vessel wall transparent to microwave energy 

Microwave energy

Localised superheating

■Mb
Conduction heating Microwave heating

Figure 2.2: Schematic representation of the comparison between traditional conductive 
heating and microwave assisted heating
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Taking into consideration the solubility of both starting materials and products, a 

slightly modified procedure was undertaken for the synthesis of complexes 53, 54 and 55. 

Scheme 2.3 shows the general method of complexation taking the synthesis of 53 as an 

example.

N N

Cl
,Ru'

.Cl

"Cl DMF

n 2*

Scheme 2.3: Method of complexation of Ru(II) polypyridyl complexes using a 
microwave activated reaction.

The microwave-assisted synthesis of the Ru(L-L)2Cl2 derivatives in DMF, where L-L 

is bpy, phen and TAP respectively, was achieved by reaction with Ru(cod)Cl2. Ligand 52 was 

subsequently complexed with each bis Ru(L-L)2Cl2 precursor using degassed water as the sole 

solvent in the second complexation step. It was envisioned that the high solubility of the 

products in water would drive the reaction to completion even though the solubility of both 

starting materials was low. Upon 30 minutes irradiation in the microwave at 140°C the 
reaction mixtures were observed to change colour from dark purple to orange, evidence for the 

formation of the tris-polypyridyl Ru(II) complex. Subsequent precipitation of the tris 

complexes as their PF6 salts was achieved by addition of a concentrated ethanolic solution of 

NH4PF6. Isolation by suction filtration afforded the products 53, 54 and 55 as red/brown solids 

in 83%, 69% and 52% yield respectively after purification by column chromatography [flash

silica; 40:4:1 CH3CN/H20/NaN03 (sat)]. The main impurities present in each of the reaction
2+

mixtures were Ru(L-L)2Cl2, Ru(L-L)3 , and a highly coloured green/blue compound, possibly 

a Ru(lII) species formed by oxidation. The chloride salt of the complex was re-formed by 

dissolution in methanol followed by stirring with Amberlite IRA-400 ion exchange resin (CF 

form) for I hour.
These novel complexes were characterised by 'H NMR, '^C NMR, elemental analysis, 

HRMS, melting point analysis and IR spectroscopy. The 'H NMR spectra (600 MFIz, CD3CN) 

of 53 is shown in Figure 2.3 with that of 54 and 55 given in the appendix. Assignment of the 

peaks was achieved by 2-D H-Fl and C-H COSY analysis.
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Figure 2.3: ’H NMR spectra of53 (600 MHz, DMSO-d^)

Successful formation of the complexes was also evident from matrix assisted linear 

desorption ionisation (MALDl) mass spectrometry, where 53, 54 and 55 displayed peaks at 

893.0339, 941.1065 and 945.0837 respectively, corresponding to their [M + PF^]^ ions. A 

comparison between the estimated and actual isotopic distribution pattern is shown for 53 in 

Figure 2.4 with those for 54 and 55 shown in the Appendix. Synthesised as their chloride salts, 

all of the complexes were water-soluble, and their photophysical properties were investigated 

in 10 mM phosphate-buffered aqueous solutions at pH 7.4.

Figure 2.4: Comparison between the calculated (blue) and obtained (black) isotopic 
distribution pattern for 53 from high resolution mass spectrometry analysis
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2.3 Photophysical Characterisation

Characterisation of the photophysics of both ligand 52 and the respective complexes 

53, 54 and 55 was undertaken in order to fully understand their photophysical behaviour; 

necessary to monitor the interaction of such systems with DNA.

2.3.1 Photophysical Characterisation of Ligand 52

The UV/Vis absorption, emission and excitation spectra of ligand 52 in MeOH are 

shown in Figure 2.5.
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Figure 2.5: UV/Visihle, excitation and emission spectra of 52 (lOpM) in MeOH

Four different absorption maxima are shown in the UV/Vis absorption spectrum at 244 nm, 
310 nm, 365 nm and 385 nm. The band at 310 nm is attributed to n- n* transitions within the 

ligand with less intense bands at 365 nm and 385 nm being attributed to either n- n* 

transitions'^^ or to tt - n* transitions within the phenazine part of the ligand.Excitation of 52 

at 310 nm resulted in emission with a A.max centred at 400 nm assigned to n - n* transitions 

within the ligand. Furthermore, from examination of the excitation spectrum it was apparent 

that maximum emission was observed from 52 when excited at 310 nm, however, excitation 

into the other peaks resulted in a similar emission profile. Spectra were also measured in 

MeCN and MeOH/H20 solutions, however, no significant changes were observed.
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2.3.2 Photophysical Characterisation of Complexes 53, 54 and 55

The absorption, excitation and emission spectra of 54 and 55, recorded at pH 7.4 in 10 

mM phosphate buffer are shown in Figure 2.6a and 2.6b, respectively. The spectra of 53 are 

shown in Appendix 2.
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Figure 2.6: The UV/Visihle, excitation and emission spectra of (a) 54 and (h) 55 (lOpM) 
in 10 mM phosphate buffer at pH 7.4

The UV/Vis absorption spectrum of 53 shows "k maxima at ca. 290 nm, 310 nm, 365 

nm, 385 nm and 445nm. The band at 290 nm was characteristic of tt-tt* intra-ligand 

transitions of the ancilliary bpy ligands while the band at 310 nm was attributed to k-ti* 

transitions within ligand 52. Less intense bands at 365 nm and 385 nm were attributed to 

transitions within the phenazine part of the ligand as described above. The broad band centred 

at 445 nm can be assigned to the MLCT transitions within the Ru(ll) polypyridyl centre. 

Similarly, the absorption spectrum of 54 showed absorbance maxima at ca. 225 nm, 265 nm, 

310 nm, 365 nm, 385 nm and 445nm. The bands at 225 nm and 265 nm are, again.
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characteristic of n-n* intra-ligand transitions of the ancilliary phenanthroline ligands while the 

intense band at 310 nm is attributed to n-n* transitions within ligand 52 with less intense 

bands at 365 nm and 385 nm attributed to n-Ti* transitions within the phenazine part of the 

ligand. The broad band centred at 445 nm is characteristic of the MLCT transitions of the 

Ru(II) centre. The absorption spectra of 55 showed a less complex absorbance spectrum with 

three strong absorption bands at 275 nm, 310 nm and 415 nm. Again these bands correspond 

to n-7i* intra-ligand transitions, ti-ti* transitions within ligand 52 and an MLCT band 

corresponding to the Ru(ll) centre. A summary of the absorption properties of these systems 

as well as their respective molar absorptivities is given in Table 2.1.

Table 2.1: Absorption properties of53, 54 and 55 in 10 mMphosphate buffer, at pH 7.4

Complex Xn,ax(nm) (£(M ' cm"')] in phosphate buffer (±10%)

1 n-n IL 7r-;r pdppz MLCT

53 290 [66500] 310 [55700] 445 [14500]

54 265 [910001 310 [55200] 445 [17500]

55 275 [66600] 310 [68300] 415 [179001

Upon excitation into the MLCT bands of each complex, markedly different behaviour 

was observed. Both complexes 53 and 54 exhibited no detectable emission while complex 55 

gave rise to an intense MLCT based emission with Xmax at 630 nm. The emission exhibited by 

55 was similar to that observed for [Ru(TAP)2(dppz)]^^ where the lowest excited ^MLCT state 

of this complex is localised on one of the TAP ligands. Photophysically this causes one of 

the TAP ligands to act as an electronic ‘sink’ and relaxation to the ground state occurs solely 

via that TAP ligand. Thus, emission always takes place from the MLCT state of TAP while 

no inter ligand charge transfer to the pdppz ligand is observed.The emission of both 53 and 

54 was expected to originate from the respective MLCT Ru-pdppz transitions in which the 

excited state is localised on the pdppz ligand. Evidence points to hydrogen bonding and/or 

excited-state proton transfer to the phenazine nitrogens as the mechanism of deactivation of 

the complex’s excited state as discussed in Chapter l.'*^ This type of behaviour is responsible 

for the ‘light switch’ effect of such dppz complexes and has been observed in related systems 

leading to emission quenching by polar solvent molecules. Similarly, excitation of 53 and 54 

(Xem = 620 nm) did not give rise to a detectable excitation spectrum whereas excitation of 55 

gave rise to an excitation spectrum that was structurally identical to the recorded absorption 

spectrum.
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In a similar manner to Ru(II) complexes of dppz such as [Ru(bpy)2(dppz)]^^ 

and [Ru(phen)2(dppz)]^^ the excited state properties of 53 - 55 were expected to be very 
sensitive to their local environment.^^ In order to further characterise this the fluorescence 

quantum yield (Op) of each complex was determined in MeCN using the optically dilute 

methodand utilising [Ru(bpy)3]^^ as a reference compound.As both 53 and 54 were 

shown to be non - emissive in aqueous solution, the quantum yields were not obtained in H2O. 

Emission from each complex is observed at ca. 600 nm in MeCN, characteristic of radiative 

deactivation from the ^MLCT state as detailed in Chapter 1. The emission of 55 was found to 

be slightly blue shifted in MeCN compared to that in H2O which may be due to the more polar 

nature of H2O having a stabilising effect on the excited state of 55. As expected the emission 

intensity of each complex was increased upon degassing of the solution due to sensitivity of 

the ^MLCT to dissolved oxygen in solution. For these complexes Op values of 0.070, 0.073 

and 0.144 were obtained in MeCN for 53, 54 and 55 respectively and are all significantly

higher than those measured for the reference [Ru(bpy)3]^^ (0.059).'^^

Excited state lifetime measurements (tem) were also recorded in order to further 

characterise the excited state properties of 53 - 55 in MeCN using time correlated single 

photon counting (>.ex = 444 nm, with absorbance at 444 nm of 0.15). Taking the average of 

four measurements for each complex, in all cases the data was best fitted to a single 

exponential decay function, with R^ values in the range 0.98 - 0.99. Here, lem values of 165 ns 

and 170 ns were calculated for 53 and 54 respectively, which are of a similar magnitude to the 
related complex [Ru(phen)2(dppz)]^^, which has a tem value of 177 ns in aerated MeCN

solution.In contrast, 55 exhibited a much longer lifetime of lem values of 557 ns and 665 ns

in MeCN and H2O respectively. These values are slightly smaller than the corresponding 

values for [Ru(TAP)2(phen)]^^ and [Ru(TAP)2(dppz)]^^ determined by Kirsch-De Mesmaeker 

et al. as 690 ns and 820 ns respectively in H20'^** but indicate that the excited state character 

of 55 is similar to that of [Ru(TAP)2(phen)]^^ and [Ru(TAP)2(dppz)]^^. Similarly, argon 

saturated solutions of all three complexes resulted in an increase in excited state lifetime due 

to a reduction in excited state quenching caused by dissolved oxygen. A summary detailing 

the excited state properties of 53 - 55 is given in Table 2.2.
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Table 2.2: Emission properties of53 - 55 at 298K

In summary, 53 - 55 display varied and potentially useful photophysical properties in 

both aqueous solution and aprotic solvents. They possess multiple absorption bands which are 

expected to be sensitive to their environment and, thus, are expected to change upon 

interaction with DNA. Tight binding of the Ru(ll) polypyridyl centre will be observed as 

modulations in the MLCT band at ca. 450 nm and as changes in the n-K* transitions within 

ligand 52. Furthermore, the complexes 53 and 54 are non-emissive in aqueous solution and as 

such it is anticipated, that the interruption of the quenching process upon binding to nucleic 

acids may lead to the Tight switch’ effect being exhibited. Moreover, any changes in the 

observed emission from 55 will give important infonnation with regard to any photo-induced 

electron transfer (PET) behaviour between the DNA nucleobases and the n deficient Ru(ll) 

complex. The nature of their interaction with DNA will be discussed in the following sections 

and will form the basis of this study of a novel set of luminescent probes for targeting DNA.

2.4 DNA Binding Interactions
There are a number of literature reports documenting the use of Ru(II) complexes as 

luminescent probes for biomolecules, especially DNA. ’ ' Complexes 53-55 were designed 

to interact with DNA through a combination of electrostatic and 7i-stacking interactions, with 

the extended heteroaromatic structure of ligand 52 expected to bind through intercalation 

causing modulations in their photophysical properties. Behaviour such as this is especially 

pronounced for Ru(II) complexes with extended aromatic ligands, as in the case of dppz (see 

above discussion).Complexes of this type show little or no photoluminescence at ambient 

temperature, however, upon addition of double helical DNA intense photoluminescence is 

observed, ie. the Tight switch’ effect. This is comparable to introducing the complex into a 

local organic solvent that shields the ring nitrogens on the intercalating ligand from the bulk 

solvent. From these modulations information on the equilibrium binding constant, host-drug 

stoichiometry and binding site size can be determined by fitting the changes in the ground and 

excited state spectra.Hence, spectroscopic titrations were carried out 53 - 55 to investigate
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the nature and binding affinity of these eomplexes with DNA. The results are presented and 

discussed in the following sections.

2.4.1 Spectroscopic Titrations of 53-55 with DNA

2.4.1.1 UV/Vis Absorption Titrations of53-55 with DNA
The interaction of 53 - 55 with double stranded DNA was firstly examined using 

UV/Vis absorption spectroscopy. The titrations were carried out by addition of small aliquots 

of salmon testes DNA (stDNA) to a 10 mM phosphate buffer solution of each complex at pH 
7.4, until a plateau in the absorbance was reached. The changes in the ^MLCT band and the n- 

K* bands were monitored for each complex. The ratios of concentrations of stDNA to each of 

the complexes were calculated upon addition of stDNA and represented as ’P/D ratio’ 

(nucleotide Phosphate to Dye ratio). All titrations were repeated a number of times to ensure 

reproducibility. The overall changes in the ground state of 55 are shown in Figure 2.7 with 

those of 53 and 54 shown in the Appendix.

Figure 2.7: The changes in the UV/Visible absorption spectrum of 55 (6.3 pM) with 
increasing additions of stDNA (0-122pM) at pH 7.4 (I OmM phosphate buffer). Inset: Plot of 
(ea-ef/cb-Ef) vs. [DNA](M' , P) using data with a P/D between 0-12 and the best fit of the data 
(—) using the Bard Eqn.

The titration of 53 - 55 with stDNA resulted in significant changes to their absorption 

spectra. Complex 53 exhibited a 51% decrease in absorbance at 310 nm with a concomitant 

decrease of 18% in the MLCT band at 445 nm. In the case of 54, a 53% hypochromism was 

observed for the pdppz band at 310 nm, while the MLCT band also experienced a 30% 

hypochromism. Complex 55 exhibited a hypochromism of 43% in the pdppz band and a 

further hypochromism of 29% in the MLCT band.
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These results are similar to those obtained previously for the addition of DNA to 

[Ru(bpy)3]^^, the observed changes in the ^MLCT band having been attributed to electrostatic 

interactions between the complex and the phosphate backbone of DNA.'^° The defined 

hypochromicities at 310 nm would indicate intercalation of the pdppz ligand between the 

stacked bases (as expected with such an extended planar structure) and the magnitude of such 

changes reflects the high binding ability of each complex to DNA.
The data from the UV/Visible absorption titrations were next analysed in order to 

obtain a binding affinity for DNA. The intrinsic binding constant Kb, and binding site size n 

were determined by fitting the observed changes in the ground state absorption spectra using 

the model of Bard et a/.'*' (equations (1) and (2)), from a plot of (£a-£f)/(£b-£f) v.?. [DNA]. £a, 
f.f, £b correspond to the apparent extinction coefficient, the extinction coefficient for the free 

Ru(ll) complex, and the extinction coefficient for the Ru(ll) complex in the fully bound form 

respectively, while Ct is the total complex concentration, [DNA] is the DNA concentration, 

and n is the binding site size. The data was fit to this model using non-linear regression 

analysis with Sigmaplot 11.0.

{Sg-Ef) ^ [b-(b^-2f^b+Q[PAA]/n)V^] 

{Eb-Ef) (2KbCt)

b ^ 1 + KbCt + Kb[DNA]/2

(1)

(2)

As expected a range of binding constants and binding site sizes were determined for 

the various complexes. A representative plot of (£a-£f)/(£b-£f) vs. [DNA] and the corresponding 

best fit of the data to the Bard eqn. for 55 are shown as an inset in Figure 2.7 and a summary 

of the results obtained are detailed in Table 2.3.

Table 2.3: DNA binding parameters from fits to absorbance data

4.9 X 10*’ (± 0.7) 2.41 (± 0.05) 0.99

1.2 X 10^ (± 0.3) 1.45 (± 0.03) 0.99

5.4x 10'^(±0.5) 1.55 (±0.02) 0.99
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The results obtained confirmed that all of the complexes had high affinity for DNA. 53 

showed binding with Kb = 4.9 x 10^ (± 0.7) and « = 2.41 (± 0.05), while 54 was shown to have 
double the affinity for DNA compared to 53 with Kb= 1.2 x 10^ (± 0.3) and n= 1.45 (± 0.03) 

while 55 had an intermediate Kb = 5.4 x 10^ (± 0.5) and n = 1.55 (± 0.02). The strong, well 

defined hypochromism of the band at 310 nm coupled with the observed high binding 

affinities of 53 - 55 may point to an intercalative mode of interaction. Similarly, the observed 

higher binding ability of 54 can be attributed to the ancilliary phen ligands lying in the 
grooves of the DNA helix; an effect that has been observed in the parent [Ru(phen)3]^^ 

complex.^^ This enables the flat, planar pdppz ligand to intercalate further between the base 

pairs and also allows closer association of the positive complex with the negatively charged 

DNA backbone, causing a larger hypochromism of the ^MLCT absorption band. These results 

are, in general, readily compared to that of [Ru(bpy)2(dppz)]^^ which shows binding constants 

of ca 10^ in 50 mM NaCl buffer.^^

In conclusion, all systems 53 — 55 possess binding constants of the order of 10 — 10 

M'\ which are in keeping with those previously determined for [Ru(bpy)2(dppz)] and 
[Ru(phen)2(dppz)]^^.^^’'^^ In addition large changes in both the pdppz and the ^MLCT 

absorption bands indicate a strong association of each of the complexes with DNA. This 

strong association is most likely due to the bifunctional nature of the complexes; the Ru(ll) 

centre providing initial electrostatic attraction to the DNA helix which places the pdppz ligand 

in an ideal environment for high affinity interaction through intercalation as had been 

anticipated in our initial design. In agreement with the ground state studies, significant 

changes were also observed in the excited state properties of 53 - 55 and these results will be 

presented in the next section.

2.4.1.2 Fluorescence Emission Titrations of 53-55 with DNA
As discussed in Section 2.3.2 the ^MLCT emission of 53 and 54 was quenched in 

aqueous solution due to interaction of the excited state with dissolved oxygen and water 

molecules with the phenazine ring nitrogens of the pdppz ligand, 52. It was anticipated that 

addition of DNA would lead to sheltering of these ring nitrogens in the ‘organic’ duplex 

micro-environment causing the ^MLCT emission to be significantly enhanced. In contrast, 55 

was shown to exhibit fluorescence in aqueous solution and as a result perturbations of its 

emission would be more likely to be as a result of photo-electron transfer processes occurring 

in solution. The excited state titrations were carried out in parallel with the UVA^isible 

absorption titrations by addition of small volumes of stDNA to a solution of each complex ifl 

phosphate buffer at pH 7.4, until a plateau in emission was reached.
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Upon titration of 53 with stDNA large enhancements were observed with ^MLCT 

emission centred at 630 nm evolving, reaching a maximum at a phosphate to dye ratio (P/D) = 

4, and subsequently decreasing to a plateau value at P/D = 30 (See Appendix 2). Similarly 

intense luminescence was seen to evolve from a Ru(II) centred MLCT emission band at 625 

nm for 54 (Figure 2.8). The initial addition of stDNA (P/D 0 —^ 3.5) resulted in an immediate 

fluorescence enhancement, with further additions of stDNA (P/D 3.5 30) resulting in the

emission decreasing to a plateau in a similar manner to that seen for 53. This suggests a 

biphasic interaction of these complexes with different distributions of the complex on the 

polynucleotide, where the luminescence at the plateau value would correspond to that of the 

isolated complex bound to DNA. The extra enhancement of luminescence might originate 

from closely bound metal complexes which are initially efficiently packed along the DNA 

helix providing increased shelter from solvent quenching. This geometry would provide 

further protection of the complex from water as compared to the isolated species on the double 

helix. Similar behavior has also been reported by Norden et al for [Ru(phen)2(dppz)]^^ and by 

Kirsch de Mesmaeker et al for [Ru(phen)2(PHEHAT)]^^ and was attributed as described 
above in both cases."^^’"*^

increasing concentration of stDNA (0-122pM). Inset: Plot of the change in integrated 
^dLCT emission intensity at X = 625 as a function of P/D ratio.
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Conversely, 55, which exhibited ^MLCT based emission in aqueous solution was 

shown to have its excited state effectively quenched by 86% upon addition of stDNA (P/D 0 

^ 30) with the main changes occurring between P/D 0 3.5 (Figure 2.8). It has been shown
experimentally that this quenching is due to a PET between guanine residues and the ^MLCT 

state of the complex.^
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Figure 2.8: Changes in the emission spectrum of 55 (6.3 pM) (fx 415 nm) with increasing 
concentration of stDNA (0-J22pM). Inset: Plot of the change in integrated MLCT emission 

intensity at X = 635 nm as a function of P/D ratio.

Such a process occurs mainly with guanine moieties of polynucleotides and complexes 

containing at least two 7r-deficient ligands, as in the case of 55 which contains two TAP 

ligands. The quenching observed here supports this hypothesis, however, further studies in the 

presence of synthetic homopolymer polynucleotides will be necessary to confirm this 

observation and the results from these investigations will be presented in Section 2.4.3.2.
Compared to literature data, which demonstrates intercalation of [Ru(phen)2(dppz)J^^ 

in to DNA, the effects of stDNA on the absorption and emission properties of 53 - 55 also 

suggest that intercalation may occur for these complexes. For comparison, the emission 

profiles for 53 - 55 are shown n Figure 2.9. From examination of these overlaid changes, it is 

quite clear that the emission enhancements for 53 and 54 are of a similar order of magnitude. 

It is also apparent from Figure 2.9 that all three of the complexes display a similar maximum 

change culminating in a plateau occurring at a P/D = 4. Such low equivalents of DNA 

necessary to reach a plateau ir, the emission spectra further reflects the high affinity of these 

systems for DNA.
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15 20 25

Figure 2.9: Comparison curve showing the relative changes in the emission intensity of 
53 (m)(Xex 440 nm), 54 (k)(Xex 440 nm) and 55 (^)(Xex 415 nm) upon addition ofstDNA in 
10 mMphosphate buffer, at pH 7.4

2.4.2 Spectroscopic Titrations of 53-55 with DNA at High Ionic Strength

Many DNA targeting Ru(II) complexes show poor affinity for DNA at high ionic 

strengths, as binding of many of these systems is driven primarily by electrostatic 

interactions.In general, an increase in ionic strength causes the DNA helix to shrink due to 

a reduction in the phosphate-phosphate bond repulsion. Therefore, within a high ionic strength 

environment the strength at which cationic species bind to DNA is expected to decrease. The 

complexes studied in this Chapter most likely bind to DNA via electrostatic interactions, but 

also contain a flat, planar pdppz ligand, 52, and intercalative stacking interactions would also 

be expected to be quite prominent. To investigate this, 53 - 55 were titrated at varying 

concentrations of NaCl (50 mM and 100 mM), to investigate the effect of increasing ionic 

strength on the DNA binding process, and the relative contribution of electrostatic V5. non­
electrostatic modes of interaction.

2.4.2.1 UV/Vis Absorption Titrations of53-55 with DNA at High Ionic Strength

The interaction of 53 - 55 with DNA at varying ionic strengths was examined using 

UV/Vis absorption spectroscopy in a manner similar to that described in section 2.4.1.1 

involving the addition of small aliquots of stDNA to a 50 mM or 100 mM NaCl solution of 10 

mM phosphate buffer solution of each complex at pH 7.4, until a plateau in absorbance was 

reached.
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Figure 2.10: Changes in the UV/Visihle spectrum of 55 (6.5pM) with increasing 
concentration of stDNA (0-122pM) at (a) 50mM and (b)IOO mM NaCl concentration. 
Inset: Plots of (Ca-ef/eb-ef) vs. [DNA](M\ P) using data with a P/D between 0-12 and the 
best fit of the data (—) using the Bard Eqn.

The changes in the ground state of 55 at both 50 mM and 100 mM NaCl concentration 

are shown in Figure 2.10 (a) and Figure 2.10 (b) respectively, with those of 53 and 54 shown 

in the Appendix. The titration of 53 - 55 with stDNA at both 50 mM and 100 mM NaCl 

concentration, again, resulted in significant changes to their respective absorption spectra. At 

50 mM NaCl concentration, 53 exhibited a 49% decrease in absorbance at 310 nm with a 

concomitant decrease of 24% in the MLCT band at 445 nm. Similar changes were observed in 

100 mM NaCl solution with a 49% decrease at 310 nm and a further decrease of 25% in the
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MLCT band. In the case of 54, at 50 mM NaCl concentration, a 54% hypochromism was 

observed for the pdppz band at 310 nm, with the MLCT band showing a 29% hypochromism. 

Similarly at 100 mM NaCl concentration, a 54% hypochromism was obser\'ed at 310 nm, 

while the MLCT band also experienced a 31% hypochromism. At 50 mM NaCl concentration, 

55 exhibited a hypochromism of 42% in the pdppz band and a further decrease of 25% in the 

MLCT band with these changes being 40% and 25% for the band at 310 nm and the MLCT 

band, respectively, at 100 mM NaCl concentration.
The overall changes in these UV/Vis ground state titrations did not show a large 

dependence with increasing NaCl concentration showing only minor changes in the degree of 

hypochromism observed. However, the shapes of the binding profiles were significantly 

affected and, as such the values obtained for Kt, revealed a more obvious trend with regard to 

the effect of NaCl concentration. The data was, again, fit to the model of Bard et al. using 

non-linear regression analysis with Sigmaplot 11.0. A summary of the results obtained are 

presented in Table 2.4.

Table 2.4: DMA binding parameters from fits to absorbance data at varying NaCl 
concentrations

Complex Binding constant Binding site size 
n

(base pairs)
53 + stDNA 4.9 X 10®(± 0.7) 2.14 (±0.05) 0.99

53 + StDNA (50mM NaCl) 4.2 X 10* (±0.4) 2.35 (± 0.03) 0.99

53 + StDNA (lOOmM NaCl) 3.8 X 10*(± 0.4) 1.93 (± 0.03) 0.99

54 + StDNA 1.2 X 10^ (± 0.3) 1.45 (± 0.03) 0.99

54 + StDNA (50mM NaCl) 6.8 X 10* (±0.9) 1.97 (± 0.02) 0.99

54+ StDNA (lOOmM NaCl) 4.6 X 10* (± 0.5) 1.96 (± 0.03) 0.99

55 + StDNA 5.42 X 10* (±0.5) 1.55 (± 0.02) 0.99

55 + StDNA (50mM NaCl) 1.69 X 10* (± 0.1) 1.62 (± 0.03) 0.99

55 + StDNA (lOOmM NaCl) 8.35 X 10^(± 0.9) 1.93 (± 0.08) 0.99

The results obtained confirmed that all of the complexes retained their high affinity for 

DNA, even at very high NaCl concentrations and the study revealed an expected trend in 

binding affinities of these complexes for DNA with A:* at 10 mM phosphate buffer > 50mM 

NaCl > 100 mM NaCl showing an obvious effect of NaCl concentration on the binding 

process. Further confirmation of the effect of NaCl on binding was obtained by carrying out

66



Chapter 2: A Family of Rii(II) Complexes Based an a Move! Extended Aromatic Polvpyridvl Ligand

salt back titrations for 53 - 55, in which each complex bound to DNA was displaeed upon 

titration with NaCl. The titration profdes for 53 - 55 are shown in Figure 2.11 and elearly 

demonstrate that the interaetion of 53 - 55 with DNA is dependent on the ionic strength of the 

medium, however, as none of the complexes are fully displaced after the addition of 

approximately 400 mM concentration of NaCl solution it can be concluded that, although 

electrostatic interactions have a role to play in the binding process, it is the ability of the flat, 

planar pdppz ligand 52 to stack between the bases that governs the overall association of these
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Figure 2.11: UV/Vis absorption NaCl hack titration profiles of 53 - 55. Absorption of 
unbound complex (•T hound complex (0) and hound 53(K), 54 (0) and 55 (A) in the
presence of increasing concentration of Nad

complexes with DNA.

2.4.2.2 Fluorescence Emission Titrations of53-55 with DNA at High Ionic Strength

The results obtained in the UV/Vis absorption titrations were further confirmed by 

similar changes in the fluorescence emission spectra of complexes 53 - 55 at varying salt 

eoncentrations. The changes in the excited state of 53 at both 50 mM and 100 mM NaCl 

concentration are shown in Figure 2.12 (a) and Figure 2.12 (b), respectively. Upon titration 

with stDNA, 53 and 54 underwent significant changes, being ‘switched on’ on both occasions 

giving rise to a ^MLCT emission band eentred at ca. 630 nm. For 53 at 50 mM NaCl 

concentration the point of maximum emission occurred at P/D ca. 5, while at 100 mM NaCl 

the largest emission intensity inerease was found at P/D ca. 7. For 54 in 50 mM NaCl solution 

the the point of maximum emission oceurred at P/D ca. 5, while at 100 mM NaCl 

concentration, again, the maximum emission intensity was shifted to P/D ca. 6. Both 53 and 

54 showed a decreased emission enharcement in the presence of NaCl. Additionally, the rate
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at which the enhancement occurred lessened, resulting in larger equivalents of DNA being 

required to reach a situation in which the complexes were fully bound.

(a)

(b)

900

900

Figure 2.12: Changes in the fluorescence emission spectrum of 53 (6.5 pM) at 630 nm (Xex 
445 nm) with increasing concentration of stDNA (0-125pM) at (a) 50mMand (b)IOO mM 
NaCl concentration. Insets: Plots of the change in integrated MLCT emission intensity as 
a function of P/D ratio.

This further suggests that electrostatic binding of the metal centre to the DNA 

backbone does play a role in determining the overall affinity of 53 and 54 for DNA. An 

example of the effect that added NaCl has on the emission response is given in Figure 2.13, 

where the profiles for 53 under different ionic strength conditions are presented.
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Figure 2.13: Relative changes in the integrated emission intensity of 53 (6.5 pM) at 630 nm 
(Xex 445 nm) with increasing concentration of stDNA (0 - 125 pM), in 10 mM phosphate 
buffer /♦/, 10 mM phosphate buffer + 50 mM Nad and 10 mM phosphate buffer + 100 
mMNaCl (A).

The effect that added NaCl has on the emission response of 55 was not as pronounced 

(see Appendix) as that of 53 and 54. However, by carrying out salt back titrations for 53 - 55 

further confirmation that DNA binding strength is dependent on the ionic strength of the 

medium for all species was revealed, with none of the complexes being fully displaced (Figure 

2.14).
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Figure 2.14: Fluorescence emission NaCl back titration profiles for 53 - 55. Emission of 
unbound complex (fully bound complex (and bound 53(A), 54 (•) and 55 (A) in the 
presence of increasing concentration of Nad
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In summary, the above NaCl dependence studies have shown that each of the 

complexes 53 - 55 remain bound to DNA at high concentrations of NaCl. Furthermore, a shift 

in equilibrium from bound complex was evident from both the smaller emission enhancement, 

and the DNA pair equivalents needed the maximum emission enhancement. From these 

studies it may be concluded that electrostatic binding of the metal centre to DNA does play a 

role in determining the overall DNA binding affinity. However, the fact that 53 - 55 remain 

bound at high ionic strength, clearly indicates that electrostatic interactions are important but 

most likely are not the predominant mechanism of interaction between these complexes and 

DNA.

2.4.3 Spectroscopic Titrations of 53-55 with Synthetic Homopolymer 
Polynucleotides

In a manner similar to that described above, 53 - 55 were titrated with synthetic 

polynucleotides, [poly(dAdT)]2 and [poly(dGdC)]2, in order to investigate their photophysical 

properties to determine if any sequence specific effects were observed.

2.4.3.1 UV/Vis Absorption Titrations of 53-55 with Synthetic Homopolymer 
Polyn ucleotides

The interaction of 53 - 55 with both [poly(dAdT)]2 and [poly(dGdC)]2 was firstly 

examined using UV/Vis absorption spectroscopy. These titrations were also carried out in a 
manner similar to that described in section 2.4.1.1.

Tbe changes in the ground state of 54 in the presence of [poly(dAdT)]2 and 

[poly(dGdC)]2 are shown in Figure 2.15 (a) and Figure 2.15 (b) respectively, with those of 53 

and 55 shown in the Appendix. The titration of 53 - 55 with both [poly(dAdT)]2 and 

[poly(dGdC)]2 resulted in significant changes to their absorption spectra all of which are 

summarised in Table 2.5. With [poly(dAdT)]2, 53 exhibited a 55% decrease the A^max at 310 

nm with a concomitant decrease of 32% in the MLCT band at 445 nm. Similar changes were 

observed for [poly(dGdC)]2 with a 51% decrease at 310 nm and a further decrease of 32% in 

the MLCT band. In the case of 54 with [poly(dAdT)], a 51% hypochromism was observed for 

the pdppz band at 310 nm, with the MLCT band showing a 28% hypochromism. Similarly 

with [poly(dGdC)]2 a 55% hypochromism was observed at 310 nm, while the MLCT band 

also experienced a 24% decrease. In the presence of [poly(dAdT)]2, 55 exhibited a 

hypochromism of 40% in the pdppz band and a further decrease of 26% in the MLCT band 

with these changes being 43% and 24% for the band at 310 nm and the MLCT band, 

respectively, upon titration with [poly(dGdC)]2.
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(a)

(b)

Wavelength (nm)
Figure 2.15: Changes in the UV/Visihle spectrum of 54 (6.4pM) with increasing 
concentration of (a) [poly(dAdT)]2 (O-lOOpM) and (b) [poly(dGdC)]2 (0-90pM) at pH 7.4. 
Insets: Plots of (ea-€f)/Eb-Ef) vs. [DNA](M', P) using data with a P/D between 0-12 and the 
best fit of the data (—) using the Bard Eqn.

In general, the changes in the UVA^is ground state titrations observed above did not 

show a large degree of specificity for either [poly(dAdT)]2 or [poly(dGdC)]2. Minor 

differences were observed in the degree of hypochromism exhibited upon titration with the 

different polynucleotides. The comparison curve of 55 which exemplifies the changes in the n 

-71* absorption at 310 nm (Figure 2.16) demonstrates a slight preference for [poly(dGdC)]2.
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* *Figure 2.16: Changes in n - it pdppz absorption of 55 (6.5 pM) in 10 mM phosphate 
buffer, at pH 7.4 upon addition ofstDNA(M)Jpoly(dAdT)j2 (^) and [poly(dGdC)]2 (^).

These minor differences were reflected in the shapes of the binding profiles and as 

such the values obtained for Kh, from fits to the absorbance data using the model of Bard et 

ai, were in agreement with differences in the binding of 53 - 55 for [poly(dAdT)]2 and 

[poly(dGdC)]2. A summary of the results obtained are presented in Table 2.5.

Table 2.5: DNA binding parameters from fits to absorbance data in the presence of 
[poly(dAdT)]2 and[poly(dGdC)]2

Complex Mpdppz)
Hypo-

chroism

HMLCT)
Hypo-

chroism

Binding constant Binding site 
size

n
(base pairs)

53 + stDNA 51% 18% 4.9 X 10^(± 0.7) 2.14 (±0.05) 0.99

53 + [Poly(dAdT)l2 55% 32% 1.1 X 10’(±0.2) 1.45 (± 0.02) 0.99

53 + (Poly(dGdC)]2 51% 32% 6.9 X lO^* (±0.9) 1.24 (± 0.02) 0.99

54 + StDNA 53% 30% 1.2 X 10’(±0.3) 1.45 (± 0.03) 0.99

54 + [Poly(dAdT)|2 51% 28% 1.8 X 10^ (± 0.4) 1.71 (± 0.02) 0.99

54 + [Poly(dGdC)|2 55% 24% 8.0 xl0^(± 0.4) 1.54 (± 0.08) 0.99

55 + StDNA 43% 29% 5.4 X lO** (±0.5) 1.55 (± 0.02) 0.99

55 + |Poly(dAdT)|2 40% 26% 1.1 X 10’(±0.2) 1.85 (±0.02) 0.99

55 + |Poly(dGdC)|2 43% 24% 3.8 X 10^ (±0.2) 1.33 (± 0.01) 0.99
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The results obtained confirmed that all of the complexes retained high affinity for both 

[poly(dAdT)]2 and [poly(dGdC)]2 and revealed slight variations in binding affinities of these 

complexes with each of the homopolymers. For all complexes in the presence of 

[poly(dAdT)]2 and [poly(dGdC)]2 a trend was seen with Kb in the presence of [poly(dAdT)]2 

> stDNA > [poly(dGdC)]2 (Table 2.5), for example in the presence of [poly(dAdT)]2 53 
exhibited a Kb= 1.1 ^ 10^ (± 0.2) and n= 1.45 (± 0.02) while with [poly(dGdC)]2 53 had Kb = 

6.9 xl0*’(± 0.9) and n = 1.24 (± 0.02), showing a slight preference for [poly(dAdT)]2 tracks. 

Although the changes observed are minor, a possible explanation may be derived from the 

structural differences between [poly(dAdT)]2 and [poly(dGdC)]2, where for instance the 

grooves in AT rich regions are narrower than those of GC rich regions. This may give rise 

to the Ru(II) centre not fitting into the groove in the same manner, which can result in 

differing binding affinities for the differing homopolymers. In addition, eleetrostatic 

calculations on nucleic acids suggest that the minor groove in .A.T-rich segments of nucleic 

acids have the highest negative electrostatic potential leading to highly cationic molecules 

showing a degree of AT specificity irrespective of their DNA binding capabilities. 

However, it must be noted, that these are tentative explanations and further structural and I 
photophysical studies are necessary in order to gain a more complete insight into the processes 

occurring upon binding to [poly(dAdT)]2 and [poly(dGdC)]2. In agreement with the ground 

state studies, changes in the excited state properties of 53 - 55 were also examined and these 

results will be presented in the next section.

59 78 85quenched by the nucleobases. ’ ’ As a result, fluorescence emission studies have been

2.4.3.2 Fluorescence Titrations of 53-55 with Synthetic Honwpolymer 
Polyn ucleo tides

As has been seen above, in general, the binding of a luminescent compound to 

polynucleotides leads to an increase in both the emission intensity and excited state lifetimes 

due to the rigidity of the DNA microenvironment and protection from solvent quenching. 

Moreover, two behaviours are observed for Ru(II) complexes: if the complex contains less 

than two oxidising ligands (eg. TAP or HAT), the emission increases with increasing DNA 

concentration, whereas if the complex contains two or three oxidising ligands, the emission is 

quenched. In the case of luminescence enhancement, the complexes are protected by the DNA 

double helix, thus, oxygen and solvent dependent deactivation processes are less efficient. In

contrast, for complexes containing at least two n deficient ligands, the ^MLCT states are

performed with synthetic polynucleotides, [poIy(dAdT)]2 and [poly(dGdC)]2, to investigate 

the excited state properties of 53 - 55 in the hope of revealing similar sequence specific 

effects.
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The changes in the excited state of 54 upon titration with [poly(dAdT)]2 and 

[poly(dGdC)]2 are shown in Figure 2.17 (a) and Figure 2.17 (b) respectively with those of 53 

shown in the Appendix. The results obtained in the fluorescence emission titrations correlated 

well with the changes observed above in the UV/Visible absorption spectra of complexes 53 

and 54 in the presence of [poly(dAdT)]2 and [poly(dGdC)]2.
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Figure 2.17: Changes in the fluorescence emission spectrum of 54 (6.4pM) (Xex 445 nm) 
with increasing concentration (a) [poly(dAdT)]2 (O-lOOpM) and (b) [poly(dGdC)]2 (0- 
90pM) at pH 7.4 Insets: Plots of the change in integrated MLCT emission intensity at 
625 nm as a function of P/D ratio.
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Both 53 and 54 showed the same trend as observed in the UV/Vis absorption titrations 

with a slight preference seen for AT rich tracks resulting in fewer eq. needed to reach a 

maximum emission intensity for [poly(dAdT)]2. Furthermore, the relative emission increase 

was largest in the presence of [poly(dAdT)]2 and that of stDNA was shown to be close to that 

of [poly(dGdC)]2. The changes observed upon addition of [poly(dAdT)]2 and [poly(dGdC)]2 

to 53 and 54 culminated in the ^MLCT emission being ‘switched on’ as a function of 

increased polynucleotide concentration resulting in an emission band centred at 630 nm. For 

53 in the presence of [poly(dAdT)]2 a sharp maximum emission was seen to occur at a P/D = 

2.5, while upon titration with [poly(dGdC)]2 the maximum emission was shifted further to P/D 

= 6. This reflects the higher binding affinity of 53 for AT rich sequences as observed in the 

UV/Vis ground state titrations. Similarly, for 54 in the presence of [poly(dAdT)]2 the 

maximum emission was slightly shifted to a P/D = 4, while with [poly(dGdC)]2, the 

maximum emission was shifted further to (P/D) = 5.5. An example of the effect that stDNA, 

[poly(dAdT)]2 and [poly(dGdC)]2 have on the emission response is given in Figure 2.18, 

where the profiles for 54 in the presence of the different polynucleotides are presented.

1200

1000

800

<600

400

200

■

■ *c
A

▼ A.

f

♦ A 
■ a A

1-!

10 P/D 15 20 25

Figure 2.18: Relative changes in ihe integrated emission intensity of 54 (6.4gM) (Xex 445 
nm) with increasing concentration )f stDNA(^), [poIy(dAdT)]2 (^) and [poly(dGdC)]2 (A) 
in 10 mMphosphate buffer at pH 7A.
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In the case of 55 (Figure 2.19 (a) and 2.19 (b)), which ordinarily shows ^MLCT based 

emission in aqueous solution, the emission was seen to increase by 57% in the presence of 

[poly(dAdT)]2 with main changes occurring between P/D 0 —+ 3.5. Conversely, upon addition 

of [poly(dGdC)]2, the emission of 55 was effectively ‘ switched off being quenched by ca. 

98% between P/D 0^3.
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Figure 2.19: Changes in the fluorescence emission spectrum of 55 (6.5juM) (Xex 415 nm) 
with increasing concentration (a) [poly(dAdT)]2 (0-75pM) and (b) [poly(dGdC)]2 (0- 
118pM) at pH 7.4 Insets: Plots of the change in integrated MLCT emission intensity at 
635 nm as a function of P/D ratio.

This phenomenon can be explained as above, whereby the luminescence 

enhancements observed in the presence of [poly(d/dT)]2 result from a decrease of the 

efficiency of the non-radiative deactivation processes of the ^MLCT excited state of these
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complexes induced by the double helix microenvironment. Similarly, the large decrease in 

emission in the presence of [poly(dGdC)]2 is consistent with a PET process occurring from the 

guanine nucleobases to the Ru(ll) polypyridyl centre. For comparison, the emission profiles 

for 55 in the presence of stDNA, [poly(dAdT)]2 and [poly(dGdC)]2 are shown in Figure 2.20.

P/D
10 12 14

Figure 2.20: Relative changes in the integrated emission intensity of 54 (6.4fiM) (Xex 445 
nm) with increasing concentration of stDNA(^), [poly(dAdT)]2 (^) and [poIy(dGdC)]2 (h.) 
in 10 mMnhosnhate buffer at off 7.4.

In summary, the above study has revealed modest sequence specific recognition with 

53 - 55 all showing preferential binding to [poly(dAdT)]2 in the ground state. This has been 

tentatively attributed to structural differences between the helices of [poly(dAdT)]2 and 

[poly(dGdC)]2. Furthermore, the general trend observed in the UV/Vis absorption titrations 

correlated well with the findings of the fluorescence emission titrations, where, 53 and 54 

‘switched on’ their emission in the presence of both polynucleotides, due to shelter by the 

DNA duplex affording a decrease of the efficiency of deactivation processes of the excited 

state. These changes occurred to a greater extent in the presence of [poly(dAdT)]2. 

Simultaneously 55 showed more complex behaviour whereby its emission was ‘switched on’ 

in the presence of [poly(dAdT)]2 but ‘switched off in the presence of [poly(dGdC)]2. This 

behaviour is consistent with the photo-electron transfer process from guanine nucleobases, 

observed for complexes containing at least two k deficient ligands. Subsequent sections will 

attempt to further quantify the binding affinity and mode of binding of 53 - 55 for DNA.
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2.4.4 Ethidium Bromide Displacement Assays of 53 - 55
Ethidium bromide (EtBr) binds avidly to DNA and, as a result, can be used as a fluorescent 

probe to investigate the binding interaction of small molecules with DNA. The method of 

EtBr displacement assays has thus been used to evaluate the DNA binding efficiency of both 

intercalative and non-intercalative.'*^ When bound to DNA, EtBr is strongly emissive, 

however, upon displacement by a competitive DNA binding molecule, the relative decrease in 

fluorescence can be directly related to the extent of binding of the particular species under 

investigation.

As exemplified in Figure 2.21, EtBr is weakly emissive when free in solution and 

strongly emissive when bound to stDNA. The addition of complexes 53 - 55 caused the 

emission intensity to decrease dramatically, indicating their ability to displace EtBr at molar 

ratios of one or less than one, i.e. they displayed equal or greater affinity for DNA than EtBr. 

This confirms the high affinity of these complexes for DNA, which correlates well with the 

results obtained from UV/Visible absorption titrations discussed in Section 2.4.1.1.

EtBr Bound to DNA

50% fluorescence decrease

Free EtBr

560 620 680 740 800 860
Wavelength(nm)

Figure 2.21: Emission changes observed for DNA bound EtBr (Xex=545 nm) with increasing 
concentration of 53 at pH 7 in 10 mM phosphate buffer solution

The apparent binding constants K derived from the titration, data were calculated
app

according to the competitive binding model described by Boger et a/. using equation (3):

(3)

where K , is the binding constant for EtBr (1 x 10^ [EBj is the concentration of EtBr
kB

and fagentj is the complex concentration at 50% of the fluorescence. It is clear from the
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displacement profiles shown in Figure 2.22 that each complex 53 - 55 displace EtBr very 

effectively. A summary of binding constants calculated from eqn. (3) is listed as an inset in 

Figure 2.22. These results clearly show that 53 - 55 effectively displace EtBr when bound to 

stDNA, which gives rise to quenching of the EtBr emission. The displacement capability is in 

the order of 54 > 55 > 53 and this is reflected in the values obtained for the binding constants. 

The values obtained indicate a binding affinity almost 10 times that of EtBr.

Figure 2.22: Change in fluorescence of DNA hound EtBr at 595 nm upon addition of 53 
(^A), 54 (m) and 55 (^) in 10 mM phosphate buffer, pH 7.4. Inset: Table of binding affinities
ni r-nh frnryi F'fRr /'H5:nlnr‘4>ni^nf /7cc/73;c

2.4.5 Thermal Denaturation Studies of 53 - 55
DNA denaturation, also called DNA melting, is the process by which double-stranded 

DNA unwinds and separates into single-stranded DNA through the breaking of hydrogen 

bonding between the bases.When duplex DNA molecules are subjected to conditions of 

pH, temperature, or ionic strength that disrupt hydrogen bonds, the strands are no longer held 

together, i.e. the double helical strands separate. The course of this dissociation can be 

followed spectrophotometrically due to the relative absorbance of the DNA solution at 260 nm 

which increases as the bases unstack. The melting temperature (or Tm) marks the midpoint of 

the melting process where half of the nucleic acid exists in the helical state and the other half 

exists in the single-stranded state. When a molecule binds to DNA, it generally stabilises the 

helical structure resulting in more energy being required to separate the strands and hence 

modulates the Tm. DNA denaturation measurements in the presence of DNA binders provide 

valuable information on the degree of stabilisation of the double stranded form and are a rapid 

method of identifying whether a molecule is binding to the DNA helix.
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The thermal denaturation studies of stDNA (150 |iM) alone and in the presence of 53 

- 55 were conducted at pH 7.4 in 10 mM phosphate buffer at a P/D ratio of 10, using 

degassed solutions. The absorbance at A.max = 260 nm was then monitored as the temperature 

was gradually increased from 30 ^ 90 °C (1 °C per minute).

Figure 2.23: Thermal denaturation curves of stDNA (150 pM) in 10 mM phosphate buffer, 
pH 7.4, in the absence (^) and presence of S3 (m) and 55(k.) at P/D = 10. Inset: The T,„ 
values from first derivative plots of the melting curve.

In the absence of metal complex, the Tm value for stDNA was determined to be 69 °C 

with significant modulations being measured in the presence of 53 and 55. The resulting 

melting curves are shown in Figure 2.23 and demonstrate that the melting transition had not 

gone to completion at 90 °C and, consequently, an accurate Tm value could be not obtained. 

The value from the mid-point of the Tm curve, however, indicates approximate values of 75 

°C and 79 °C for 53 and 55 respectively. It was not possible to obtain a true melting curve of 

54 due to the strong absorption of this compound at 260 nm.

A Tm measurement was thus undertaken with [poly(dAdT)]2 in the presence of 53 and 

55, again at a P/D ratio of 10. [poly(dAdT)]2 has a lower Tm value due to A:T pairs being held 

together by two H-bonds whereas G:C pairs are held by three H-bonds; this results in a less 

stable helix and thus a lower Tm value. In the absence of metal complex, the Tm value for 

[poly(dAdT)]2 was found to be 45.9 “C. A substantial increase in Tm was again observed in 

the presence of 53 - 55 (Figure 2.24). The values determined from the first derivative plots of 

the absorbance are 58.2 °C and 53.2 °C for 53 and 55 respectively. This would suggest a 

significant stabilisation of the [poly(dAdT)]2 structure upon binding.
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In summary, 53 and 55 were both found to stabilise stDNA and [poly(dA-dT)]2 using 

thermal denaturation studies. Unfortunately an accurate Tm could not be calculated for stDNA 

due to the melting process not being fully completed at 90 °C but could be estimated as being 

greater than 75 °C indicating large stabilisation of the helix. Overall, these results support the 

results observed thus far from photophysical studies, however, it must be noted that these 

thermal denaturation studies do not provide evidence for a particular binding mode, as 

changes may arise from both groove binding and intercalative interactions. The 

preceding two sections will attempt to elucidate the particular binding mode of this family of 

complexes to DNA using spectroscopic techniques.

Complex

(polv(dAdT))2 45.9 “C

53 53.2 "C

....... ............... - 58.2 “C

-0.2 4-~ 

30 40 50 60 70
Temperature (° C)

80 90

Figure 2.24: Thermal denaturation curves of [poIy(dAdT)]2 (150 pM) in 10 mMphosphate 
buffer, pH 7.4, in the absence (^) and presence of 53 (m) and 55(k). Inset: The T,„ values 
from first derivative plots of the melting curve.

2.4.6 Circular Dichroisni Studies of 53 - 55 in the Presence of DNA
Circular dichroism (CD) is a spectroscopic technique that can be used to study the 

structure and interactions of small molecules with DNA in solution.CD probes the 

asymmetry of a system, by measuring the absorption of incident left and right circularly 

polarised light, and is defined as the difference between the two.'*^' As DNA is a chiral 

molecule the characteristic spectrum of B-DNA gives rise to two bands: a positive band at 275 

nm, due to interaction between the ti-ti transitions of the stacked bases, and a negative band at 

248 nm, due to right handed helicity. When ligands bind to DNA, the ligand will alter the 

chirality of DNA and conversely the DNA may change the characteristic absorbance of the 

ligand, hence an induced CD (ICD) signal of the ligand can be acquired. Although an 

assignment of the binding mode of a ligand cannot be assigned definitively using CD, the
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presence of an ICD signal is an immediate indication of ligand-DNA interaction. Small 

changes in the CD spectrum outside of the DNA absorption region are, generally, an 

indication of intercalation while larger changes are usually due to groove binding.'^'Xhe CD 

studies were carried out by keeping the concentration of stDNA constant at 150 pM (OD = 1, 

at 260 nm) while varying the concentration of 53 - 55. To avoid dilution affects, a range of 

solutions containing stDNA and each complex in 10 mM phosphate buffer were prepared at 

P/D ratios of 50, 20, 10 and 5.

The CD spectra resulting from the addition of 54 to stDNA are shown in Figure 2.25 with 

those of 53 and 55 shown in Appendix 2. The data obtained for 53 shows CD spectra with 

significant changes in the DNA absorption region. Evolution of a strong negative band at 285 nm 

corresponds to n-n* intra-ligand transitions of the ancilliary bpy ligands and immediately implies 

strong association of 53 with the DNA helix. At high loading (P/D = 5) there was also the 

appearance of a small ICD signal at 320 nm corresponding to the main absorption band of the 

pdppz ligand. For 54 (Figure 2.25), a strong negative band was also observed evolving at 270 nm 

and shifting to 285 nm at P/D = 5 also implying strong association of 54 with DNA. Similarly, at 

high loading (P/D = 5) there is a stronger evolution of a postive ICD signal at 330 nm and a further 

weak, positive ICD signal at 470 nm. In the case of 55, a similar trend was observed as for 53 and 

54, with another strong negative band evolving to 290 nm, however, with the ICD signal of the n- 

K* intra-ligand pdppz transitions being less obvious.

Figure 2.25: The circular dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, 
at pH 7.4, in the absence and presence of 54 at varying P/D

From the observed changes it can be concluded that each of the Ru(II) complexes bind 

DNA and, in doing so, experience the helicity of the DNA duplex. The small positive signal.
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observed in each case at ca. 310 nm, is indicative of an intercalator with a transition moment 

oriented along its long axis sitting parallel to the pseudo-dyad axis with the red-shift observed 

each time being typical for stacking interactions with the base pairs.Furthermore, the 

strong negative signal at ca. 285 nm may be attributed to groove binding of the ancilliary 

ligands. The intensity and sign of the ICD signal for a ligand bound in the grooves is more 

variable due to the greater number of possible orientations permitted by the width of the 

grooves. The orientation of the long wing of the pdppz ligand between the base pairs would 

put the ancilliary ligands in such a position to make it favourable for them to lie in the grooves 

and this behaviour has also been observed for complexes such as [Ru(phen)2(dppz)]^^.‘^"' The 

overall results point to a binding mode in which the metal centre is tightly associated with the 

helix, thus experiencing its chirality. Considered with the other spectroscopic studies 

presented so far, it is likely that the DNA binding involves insertion of the pdppz ligand into 

the helix, with tight association of the metal centre, through external binding or partial 

insertion into the grooves. The proceeding section will attempt to further characterise the 

orientation of the complexes 53 - 55 within the helix by carrying out linear dichroism (LD) 

studies.

2.4.7 Linear Dichroism Studies of 53 - 55 in the Presence of DNA
Linear dichroism (LD) spectroscopy is a technique that uses linear polarised light in 

one dimension and can be defined as the difference in absorption of light polarised parallel 

and perpendicular to an orientation axis. The polarised light produces an oscillation in the 

parallel and perpendicular planes resulting in it being possible to derive how much energy is 

absorbed in one dimension relative to the other. DNA itself is ideally suited to linear 

dichroism as DNA molecules tend to be long and very thin, making them easy to align in 

flow.''^” Once aligned the direction of polarisation in the molecule can be assigned relative to 

the orientation of the molecule (Figure 2.26 (a)).

(a) (b)

Figure 2.26: (a) Schematic representation of DNA molecules orientated in flow, (h) The 
characteristic negative LD signal ofB DNA aligned in solution
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DNA itself shows a strong negative signal at 260 nm due to the absorbance of the 

DNA bases giving rise to the electronic transitions being polarised perpendicular to the DNA 

helix axis as expected for B-DNA (Figure 2.26 (b)). Should the aligned DNA be treated with a 

DNA binding species that species should also become orientated in space and as a result the 

electronic transitions within the molecule itself can be observed to absorb more strongly in 

either one plane or another. LD provides important information regarding the binding event 

very quickly. For instance, existence of LD in the region outside of the DNA base absorption 

immediately tells us that the drug interacts with DNA and becomes orientated and similarly 

absence of an LD signal tells us that no binding is occurring. In addition, more precise 

structural information can be provided by the sign and magnitude of the signal. In general, if 

LD > 0, the transitions can be said to be absorbing more light parallel to the DNA helix axis 

and are bound in the grooves of DNA. Alternatively, if LD < 0, the transitions can be said to 

be absorbing light perpendicular to the DNA helix axis and are thus stacked between the 

bases, i.e. intercalated.

Figure 2.27: The changes in the linear dichroism spectra of stDNA (150 pM) in 10 mM 
phosphate buffer, at pH 7.4, in the presence of 55 at varying P/D

The LD studies were carried out in a manner similar to the CD titrations by keeping 

the concentration of stDNA constant at 150 pM (OD = 1, at 260 nm) while varying the 

concentration of 53 - 55. The LD spectra resulting from the addition of 55 to stDNA are 

shown in Figure 2.27 with those of 53 and 54 shown in Appendix 2. It is clear from these 

large changes that each of these complexes interact with DNA and have become orientated, 

confirming the results from the previous sections. For 53, a strong negative band at 320 nm 

and two weaker negative bands at 370 nm and 390 nm were seen which correspond to the n -
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K* transitions and n - ti* transitions within the phenazine part of the pdppz ligand, respectively. 

Moreover, large changes were observed in the MLCT absorption region with a positive band 

at ca. 440 nm and a negative band at ca. 480 nm. In the case of 54, a strong negative band at 

ca. 320 nm was also observed (tt - jr transitions). As seen for 53, large changes were 

exhibited in the MLCT absorption region with a large positive band seen at ca. 420 nm and a 

smaller negative band seen at ca. 490 nm. Similarly, 55 showed strong negative absorption 

with maximal peaks found at ca. 320 nm and 345 nm and a very pronounced positive band at 

370 nm (see Appendix 2).

From this investigation it can be concluded that the existence of an LD signal in the 

region outside of the DNA base absorption tells us that these complexes associate with DNA. 

Moreover, the strong negative band at ca. 310 nm is an indication that the tt - 7t transitions of 

pdppz are lying perpendicular to the DNA helix, strongly supporting an intercalative mode of 

DNA interaction. Furthermore, large changes in the MLCT based absorption also provide 

evidence for strong DNA binding with the complexes being tightly associated with the DNA 

backbone. Firm conclusions, however, cannot be drawn in this region due to the presence of a 

racemic mixture (A and A) of the complexes. It has been demonstrated by Hiort et al. that 

different enantiomers demonstrate specific changes in this region which vary in magnitude 
depending on which enantiomer is binding."^^ This behaviour has been attributed to binding 

geometry varying somewhat between different enantiomers, which can be related to the fact 

that the dissymmetric pair of non-intercalated ancilliary ligands interact differently with the 

helical DNA strands surrounding the groove in which the complex sits."*^

2.4.8 Summary of DNA Binding Studies
In this Chapter the DNA-binding affinities of 53 - 55 in aqueous solution have been 

explored, using stDNA, [poly(dA-dT)]2 and [poly(dG-dC)]2. The ground state interactions of 

53 - 55 with stDNA were firstly evaluated and showed distinct spectral changes that enabled 

the determination of binding constantsof 4.9 X 10^ M'', 1.2 x 10^ M"'and 5.4 x 10^ M"'for
I o 1

53, 54 and 55 respectively derived from the Bard equation. Such binding constant 

determinations are common for complexes of this type and, as result, give a method of 

comparison between the complexes reported here and others in the literature. For example, the 

equilibrium binding constant of [Ru(bpy)2(dppz)]^^ to calf thymus DNA in 50 mM NaCl/5 

mM Tris, pH 7.0, at ambient temperatures is > 10^ M"' based upon absorption titrations and 

equilibrium dialysis experiments.^^ It must be noted, however, that despite the excellent fits 

obtained for the titrations of 53 - 55 such values should be taken just as an estimate of the 

effective binding constant, as the concentrations used are high compared to the binding

85



Chapter 2: A Family of RutH) Complexes Based on a Novel Extended Aromatic Polypyridyl Ligand 

constant and that the interaction of these complexes with DNA is quite complex and may 

involve varying modes of interaction. As such, caution must be exercised when taking such 

values into consideration. In addition to the ground state studies excited state studies for 53 

and 54 were shown to exhibit the ‘light switch effect’ showing striking emission 

enhancements upon interaction with DNA. Conversely, the emission of 55 was shown to 

decrease in the presence of DNA and was attributed to the occurrence of a photoinduced 

electron transfer process between the TAP containing complex and guanine nucleobases. 

Studies in the presence of DNA at high ionic strength were shown to affect the binding 

strength of 53 - 55; but the complexes were seen to remain bound even at high ionic strength 

([NaCl] > 400 mM). Studies in the presence of the homopolymers [poly(dA-dT)]2 and 

[poly(dG-dC)]2 revealed modest specificity with 53 - 55 all showing preferential binding to 

[poly(dAdT)]2 in the ground state. Evidence for the photoinduced electron transfer process 

occurring with 55 was supported by the fact that the fluorescence emission was quenched by 

98% in the presence of [poly(dG-dC)]2 while a 57% emission enhancement was observed in 

the presence of [poiy(dA-dT)]2.

EtBr displaeement assays were also utilised to show that 53 - 55 were capable of 

displacing EtBr effectively when bound to stDNA. By comparison with the binding ability of 
EtBr, binding constants of 7.4 x 10^ M"', 9.5 x 10^ M ' and 9.1 x iQ** M'' were calculated for 

53 - 55; in general, a one order of magnitude increase over those derived from the Bard 

model. It is difficult to account for such variation, however, it must be noted that these 

titrations merely give an indication of binding to DNA and a large variation in quoted binding

constants of EtBr make comparisons using this method difficult 185,186 Moreover, the apparent

existence of more than one mode of interaction of 53 - 55 with DNA further complicates the 

calculation of such values; a point that is largely ignored in the literature. Tm experiments 

found that all complexes were capable of stabilising the helical structures of stDNA and 

[poly(dA-dT)]2; both methods confirming the strong association of each complex with DNA. 

CD studies were employed to further investigate the mode of binding of 53 - 55 to DNA with 

these studies recognising that each of the Ru(II) complexes bind to DNA and, in doing so, 

experience the chirality of the DNA structure. Finally, ED studies confirmed that the long axis 

of the pdppz ligand was lying perpendicular to the DNA helix axis and was, thus, most likely 

intercalated between the base pairs. Without the use of NMR spectroscopy or X- ray crystal 

diffraction methods this method is as close to definitive evidence as possible.

The main aims of this Chapter were to identify the potential of a family Ru(II) 

complexes as spectroscopic probes for DNA and also as possible DNA photocleavage agents 

for use in PDT. With this in mind we have designed and synthesised three compounds, 53 -

86



Chapter 2: A Family ofRu(II) Complexes Based on a Novel Extended Aromatic Polvpyridyl Ligand 

55, which show promise as in vitro molecular probes for DNA. Moreover, 55 has the added 

advantage of both binding to DNA as well as having pronounced photoreactivity. The 

remainder of this Chapter will now deal with preliminary biological studies. These sections 

will detail singlet oxygen production efficiency, DNA photocleavage ability, cellular uptake 

and localisation as well as cellular phototoxicity studies.

2.5 Singlet Oxygen Sensitisation Ability of 53 -55
As discussed briefly in Chapter 1, singlet oxygen ('O2) sensitisation is one of the main 

causes of DNA photocleavage and also the mechanism by which many PDT agents exert their 

activity. Electronically excited compounds with long lived triplet states and sufficiently high 
triplet energy can generate 'O2 by energy transfer to molecular O2. 'O2 is a highly reactive 

species that preferentially adds to guanine with the resulting oxidised guanine inducing a

strand break.It is known that both [Ru(bpy)3]'''" and [Ru(phen)3]^^ cause photocleavage of2+ i2+

DNA, with 'O2 sensitisation thought to be one of the main processes by which it occurs 27.69,71

This section will deal with the evaluation of the 'O2 production ability of 53 - 55, and their 

ability to cause DNA photocleavage via 'O2.

.A photo-oxidation study using 53 - 55 was undertaken by monitoring the light induced 

degradation of 1,3-diphenylisobenzofuran (DPBF) with generated 'O2. The mechanism by 

which the light induced degradation of DPBF occurs is outlined in Chapter 8.''^^

This was achieved following a modified procedure of Frimansson et al. by irradiating 
solutions containing 53 - 55 (1 x 10"* M) and DPBF (initial concentration 5 x 10'^ M) and i 

following the disappearance of its absorbance band at 415 nm over a time period of 180 
min.'^^ Filtered light of wavelength 470 nm was ch^en for excitation of 53 - 55 as well as 

[Ru(bpy)3]^^ in order to irradiate the complexes selectively over the DPBF. [Ru(bpy)3]^^ 

(1x10'* M) was chosen as a comparative referenGj» from which relative rates of reactive 

oxygen species (ROS) production could be determined because of its known singlet oxygen 
quantum yield (Oa) (0.86 in oxygen-saturated MeOFl at 1 atm).'^"* As shown in Figure 2.28,

53 and 54 showed very little observable 'O2 generation during these experiments. This is not 

so unexpected as neither of these compounds exhibit strong fluorescence and as such excited 

state mediated 'O2 production should not be detected. In contrast, 55 was shown to be a 
producer of 'O2 with a comparable DPBF degradation profile to that of [Ru(bpy)3]^'^ (Figure 

2.28). The relative rates of DPBF degradation under these conditions were determined by 
linear regression and were found to be in a ratio of 1:1.07 for [Ru(bpy)3]^'^: 55 (Appendix 2).
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Considering the established ability of Ru(ll) eoinplexes to photodamage DNA and the 

observed 'O2 sensitisation ability of 55, it was subsequently deeided to undertake a study of 

the potential of 53 - 55 as DNA photocleavage agents.

Radiation Time (mins)

Figure 2.28: Comparative reactive oxygen species generation rates plot for [Ru(bpy)3]^^ 
(A). 53 (^), 54 (■), 55 imj and no photosensitizer (^). Inset: Observed absorbance 
decrease ofDPBF in the presence of 55 over 180 minutes. Concentration of [Ru(hpy)}]^^, 53, 
54 and 55 at I >^10'^ M and DPBF initially at 5x10' ’ M in MeOH.

2.6 DNA Photocleavage efficiency of 53 - 55
Photocleavage of nucleic acids typically involves an initial oxidative reaction with 

either a nucleobase or sugar residue. The damaged nucleotide then degrades yielding shorter 

DNA strands as well as small molecule by-products, such as sugar fragments or nucleobases. 

The nucleic acid fragments are generally separated using electrophoresis through agarose or 

polyacrylamide gels. The information obtained from such gels can be useful in determining 

the mechanism by which the photocleavage agent reacts with the nucleic acid.'^^ 

Electrophoresis itself involves separation of the products of cleavage according to their ability 

to migrate through the various types of gel. The simplest of these techniques and the one 

described here involves circular segments of DNA from bacteria known as plasmids.

In its normal undamaged state, plasmid DNA is supercoiled and referred to as Form I. 

Single strand (ss) cleavage {i.e. “nicking”) converts the supercoiled DNA to a relaxed, circular 

form (Form II) while double-strand (ds) cleavage produces linear DNA (Form III). The three 

forms are readily separated on an agarose gel and detected by fluorescent staining. This assay 

is highly sensitive since a single ss or ds cleavage event is sufficient to cause the change to
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circular or linear forms. Moreover, analysis and comparison of the relative amounts of each 

form gives an indication of the efficiency of DNA cleavage, and whether single or double 

strand breaks have occurred. The cleavage processes involved and the differences in 

migration of the different forms on an agarose gel are shown schematically in Figure 2.29.

(a) (b)

V ^
\ Nicked Strand

At two Sitesc
Form I

Untreated Nicked

Nicked Strand J
It - - - - - ► I

Form II Form III Form

Form II 

Form III

Form I

Figure 2.29: (a) Single ami double strand cleavage of plasmid DNA (Form I) yielding

circular (Form II) and linear (Form III) forms, (h) The differences in migration of the

different forms of plasmid DNA as analysed hv asarose pel electrophoresis.
The DNA photocleavage studies of 53 - 55 were carried out by treating pBR322

plasmid DNA (1 mg/ml) with each of the complexes at varying P/D ratios in 10 mM
phosphate buffer solution. The samples were then subjected to light irradiation of 2 J/cm^

using a Hg-Xe lamp, equipped with a > 390 nm NaN02 filter, before being separated using

horizontal agarose gel electrophoresis in TBE buffer.

Figure 2.30: Agarose gel electrophoresis of pBR322 DNA (1 mg/ml) after irradiation (2 J 
cm'^) at X > 390 nm in 10 mM phosphate buffer, pH 7. 4; Lane 1: Plasmid DNA control 
;Lane 2: fRu(bpy)if^ (P/D 100); Lanes 3-4: 55 (P/D 100, 50); Lane 5 : 55 in the dark 
(P/D 100); Lanes 6-7: 55 + lOmM NaN^ (P/D 100, 50); Lanes 8-9: 54 (P/D 100, 50) ; 
Lanes 10-11: 53 (P/D 100, 50).

Shown in Figure 2.30 are the results obtained from the DNA photocleavage study of

53 - 55. The complete Figures and corresponding tables for 53 and 54 are contained in 

Appendix 2. When incubated in the dark 53 - 55 showed no DNA cleavage. Similarly, 53 and

54 showed negligible photocleavage even at high P/D loading of the complexes. However, as 

can be seen in Figure 2.30 (Lanes 9 and 11) irradiation and subsequent electrophoresis of 

pBR322 DNA in the presence 53 and 54 at a P/D ratio = 50 showed clear evidence of a low 

mobility ‘dragging’ of the DNA. In contrast, 55 showed efficient photocleavage after 

irradiation under aerobic conditions at a P/D ratio of 100, with 38% cleavage of the plasmid
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DNA being observed (Lane 3). Furthermore at P/D = 50, 55 showed complete conversion of 

the supercoiled DNA into both nicked and linear forms (Lane 4). This compares to just 14% 

cleavage in the presence of the known DNA photocleaver [Ru(bpy)3]^'^ (Lane 2). Moreover, 

the presence of ‘dragging’ was also observed after the main cleavage band. When irradiated in 

the presence of NaN3, a known singlet oxygen scavenger, it was observed that the 

photocleavage efficiency of 55 remained the same with 41% cleavage at P/D = 100 and with 

complete cleavage seen at P/D = 50 (Lanes 6 and 7). The relative amounts of supercoiled v.?. 

open form DNA are summarised in Table 2.6 and a representative graph is shown in Figure 

2.31.

I Open Form 

I Supercoiled Form

Figure 2.31: Relative percentages of supercoiled vs. open form pBR322 plasmid DNA from 
the photocleavage study of 53 - 55

Table 2.6: Summary of percentages of supercoiled vs. open form pBR322

Lane % Open % Supercoiled Lane % Open % Supercoiled
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From these studies it is clear that complexes 53 and 54 display DNA photocleavage 

with efficiencies that are less than that of [Ru(bpy)3]^^; most likely due to their inefficiency to 

produce 'O2 in solution. Furthermore, when bound to DNA, emission of these complexes is 

localised on the pdppz ligand which is intercalated between the DNA bases. This tight 

association with the nucleic acid (where access to molecular oxygen is restricted), may limit 

the amount of 'O2 generated, thereby also contributing to their inefficiency in causing DNA 

cleavage. The appearance of ‘dragging’ on the gel may further indicate the binding of 54 to 

DNA as its accumulation on the DNA molecules increases the overall positive charge of the 

species resulting in the mobility of the DNA through the gel being inhibited. Another 

explanation may be due to the formation of adducts with DNA but this was not investigated

here.*'’ In comparison, 55 showed greater photocleavage efficiency than [Ru(bpy)3]^^, even

though their O2 quantum yields are comparable (Section 2.5). It is expected that this is due to 

the high binding affinity of 55 for DNA in addition to its ability to photoreact with guanine 

nucleobases.'’*’ The damage to DNA caused by 55 does not seem to involve 'O2 formation due 

to its efficiency not being affected in the presence of NaN3. Photo adduct formation is also a 

likely occurrence as ‘dragging’ of the DNA is again observed and this is a phenomenon well 

documented for complexes containing at least two TAP ligands.

Taking into account the observed DNA binding of 53 and 54 and, especially, the DNA 

binding ability and DNA photoreactivity of 55 the next logical step is to establish the cellular 

uptake properties of these systems. Knowledge of the uptake of these complexes into 

biological systems will give an initial insight into their potential application as diagnostic or 

therapeutic agents.

2.7 Cellular Uptake and Localisation Studies of 54 and 55
Sub-cellular uptake and localisation studies of 54 and 55 in HeLa cells (cervical cancer 

cell line) were undertaken using a variety of experimental techniques such as confocal 

microscopy, transmission electron microscopy (TEM) and subcellular fractionation i 
experiments. Discussion here will focus on the preliminary data obtained through 

collaboration between the Gunnlaugsson Lab and the Williams research group in the School 

of Biochemistry and Immunology at Trinity College Dublin. The work discussed here has 

been undertaken jointly with Marialuisa Erby and Suzanne M. Cloonan from the Williams 

research group. The results of detailed studies undertaken hereafter will be reported in the 

thesis of Ms. Erby.
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2.7.1 Confocal Microscopy Studies of 54 and 55

Confocal microscopy experiments were carried out in order to provide visual evidence 

of the localisation of 54 and 55 in live cells. Populations of live HeLa cells (0.5 x 10^) were 

incubated with either 54 or 55 (100 pM) at 37 °C for 4 hrs, 8 hrs and 24 hrs, respectively 

before being treated with the fluorescent nuclear stain DAPI and viewed using an Olympus 

FVIOOO point scanning microscope with a 60x oil immersion lens.

4h 8h 24h

Figure 2.32: Confocal microscopy study showing the sub-cellular localisation of 55 (red) 
CO stained with DAPI (blue) after 4h, 8h, 24h in HeLa cells.

The results obtained from these experiments provided evidence that both 54 and 55 

show time dependant cellular uptake where discrete ‘packets’ of fluorescence were initially 

observed in the cytoplasm of the HeLa cells at 4 hr time points (Figure 2.32). Incubation of 8 

hrs led to localisation of both complexes around the nuclear envelope, with some cells 

exhibiting a large single intense fluorescent spot associated around the nucleus. Concomitant 

with this location was the observation of a concave or ‘bean-shaped’ nucleus; an effect that 

v/as more pronounced after 24 hrs (Figure 2.32).

The tight association of the fluorescence emitted by these complexes around the 

nucleus and the appearance of co-localisation with the nuclear stain DAPI imply that these 

compounds eventually target nuclear DNA. Quantitative analysis illustrating the percentage of 

complex in the cytoplasm, at the nucleus edge and inside the nucleus using 55 as a 

representative showed that these complexes appear to move from the outside of the cell 

towards the nucleus in a time-dependent manner over 24 hrs (Figure 2.33 and Appendix 2). 

Such results were repeated numerous times and were fully reproducible.
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Figure 2.33: Confocal microscopy study of 55 in HeLa cells. (A), (B) and (C) represent cell 
populations after 4hrs, 8 hrs and 24 hrs respectively. Shown are the images obtained with 55 
(red), 55 + DAPI nuclear co-stain (blue) and an enlarged optical image of the cells (grey) 
overlaid with 55 (red) and DAPI (blue).

In order to shed more light upon the results obtained with confocal microscopy, 

several purified fractions of the cellular material were isolated by differential centrifugation of 

homogenised HeLa cells (5 x 10^). This resulted in mitochondrial, nuclear and cytosolic 

enriched fractions from which the fluorescence of each was measured. Fluorescence emitted at 

635 nm (indicative of the presence 55) of the mitochondrial, cytosolic and nuclear enriched 

fractions treated with 100 pM of 55 (24 hrs) revealed that approximately 54% of the 

fluorescence was found to be localised to the mitochondrial fraction, 5% to the cytosolic ; 

fraction and 34% to the nuclear fraction compared to untreated HeLa cells. Repeated three 

times this experiment gave fully reproducible results and further supports the observation that 

55 may localise to the mitochondria and nucleus of HeLa cells, both of which contain DNA 

(Figure 2.34 (a)).
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Furthermore, temperature dependent confocal microscopy studies with HeLa cells (1 x 

10^) incubated with 55 (100 pM) were carried out for 4 hrs at 37 °C or 4 °C in order to 

ascertain the mechanism of cellular uptake of these complexes. The percentage of cells 

exhibiting fluorescence between 600 nm - 700 nm in the cytoplasm was expressed over the 

total amount of cells in a field of view (approximately 200 cells). It was found that cellular 

uptake was temperature-dependent with less than 10% of cells showing localisation of 55 at 4 

°C compared to almost 80% uptake at 37 °C after the same amount of time. This result implies 

that these compounds are not membrane-permeable through passive diffusion and require 

active or facilitated uptake in order to be localised within these cells (Figure 2.34 (b)).

□ Control
■ 55

(b)

Mitochondria

Wholo Ctll

% Flourescence 600-700nm

Emission at 635nm/mg protein

Figure 2.34: (a) Relative emission intensity measured at 635 nm from mitochondrial, 
nuclear and cytoplasmic enriched fractions of HeLa cells treated with 55 (lOOpM) for 
24hrs. (b) Fluorescence intensity measured between 600 nm-700 nm in HeLa cells 
expressed over the total amount of cells (approximately 200) per field of view after 
incubation with 55 (100 pM) for 4 hrs at 37 °C or 4 °C.
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2.7.2 Transmission Electron Microscopy Studies of 55

Studies were also undertaken by using transmission electron microscopy (TEM) of 

HeLa cells. Cells were fixed, dehydrated, embedded in epoxy resin, ultra-sliced, mounted on a 

copper grid and stained with uranyl acetate and lead citrate before examination on a JEM- 

2100 transmission electron microscope. These experiments were conducted with the aim of 

further determining the sub cellular localisation of 55 and the phenomenon of ‘bean shaped’ 

nuclei by observing any structural differences between treated and untreated cells. Cells 

treated with 55 (100 pM for 24 hrs) revealed the apparent clustering of mitochondria to one 

side of the nuclear envelope co-localised with the development of nuclear invaginations 

(Figure 2.35). This type of behaviour has been associated with a phenomenon termed 

‘perinuclear mitochondrial clustering’ and has been linked to the initiation of a cell-death 

response.'^’ Although an interesting result, firm conclusions cannot be made at this stage and 

the utilisation of more detailed confocal co-localisations studies as well as cell death 

mechanistic studies are necessary to investigate this phenomenon further.

Nuclear
membrane

Evenly 
distributed 
mitochondria

Nuclear
invaginations

Mitochondria 
localised to 
one side of the 
cell, intensely 
stained

Invagination

Densely 
stained 
mitochondria

Figure 2.35: Transmission electron microscopy images of (A) untreated HeLa celts and (B) 
cells treated with 55 (lOOpM). (C) is a close up image of a section of(B).
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Although the sub cellular location of 54 and 55 is still under question it is clear from 

all of the above studies that localisation of both complexes inside the cytoplasm is occurring 

with a time dependant movement towards nuclear DNA. With access to the nucleus the 

photoactivity of 54 and 55 becomes particularly important from the point of view of novel 

PDT agents. The next section will attempt to investigate the phototoxicity profile of both 54 

and 55 cancer cell lines.

2.8 Cellular Phototoxicity Studies of 54 and 55
As described in Chapter 1, the development of non-porphyrin based PDT agents is 

desirable to overcome many of the side effects associated with porphyrin based species. Based 

on the results presented in this Chapter we anticipated that while 54 did not show desirable 

characteristics, 55 may show potential as an ideal Ru(Il) based PDT candidate due to its 

ability to target DNA with high binding affinity, be internalised inside cancer cells and its 

inherent excited state reactivity with biomolecule substrates.

Figure 2.36: The cytotoxic effects of 54 and 55 on HeLa cells with or without light 
activation. Cells were seeded in a 96-well plate and treated with the respective complex for 
24 hrs followed by irradiation with a light dose of 4 J cm'^.

For comparison purposes the cytotoxic potential of both 54 and 55 was evaluated by 

conducting cytotoxicity assays in HeLa cells, in collaboration with Ms. Erby, using an alamar 

blue cytotoxicity assay. Such assays rely on the non-fluorescent resazurin dye, which is 

reduced to the pink coloured and highly red fluorescent resomfin dye; a process that can be 

directly related to cell viability. Both complexes were also ‘photoactivated’ (k > 400 nm), 

using a Hg-Xe lamp (4 J/cm ) after incubation for 24 hrs and the cytotoxicity was again 

assessed. The 4 J/cm^ light dose was employed in order to reduce the amount of time that the 

cells were exposed to room temperature. In comparison to clinically available compounds 

such doses are especially low with light doses of between 100 and 200 J/cm^ being utilised for 

tumor control in clinical settings.^' As shown in Figure 2.36 the use of 54 under these
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conditions did not result in any significant light dependent cytotoxicity at high concentrations. 

In contrast, 55 was shown to display a strong degree of light-dependent cytotoxicity in a 

concentration dependent manner (Figure 2.36 (b)). The EC50 value (half maximal inhibitory 

concentration) for 55 was found to be 24 pM while an EC50 value of 273 pM was determined 

in the absence of light irradiation.

The ability of 55 to induce light-dependant cytotoxicity may be due to its ability to 

photoreact with biomolecules (Section 2.6). Such cytotoxic effect may be mediated by DNA 

strand cleavage or through photoreaction with tryptophan containing protein residues due to
81 1its 71 deficient nature. Alternatively, as shown in Section 2.5, 55 causes O2 sensitisation

which may provide an alternative mechanism for cell cytotoxicity.'*^* These results suggest 

that complex 54 may be more suited for use as an in vitro fluorescent DNA probe whereas 

complex 55 may have more applications as a dual therapeutic/diagnostic probe. More detailed 

biochemical data relating to 54 and 55 will be presented in the Thesis of Ms. Erby

In order to further confirm the ability of 55 to photoinduce cell death, photoactivation 

experiments were conducted using confocal fluorescence microscopy imaging. Irradiation of 

55 (100 pM) in vitro was achieved using a 488 nm Argon laser diode attached to a real-time 

confocal microscope. After 30 minutes light exposure, images were taken every 10 mins over 

a 12 hr period and changes in the cell population morphology were observed. Representative 

video files of all three experiments are included as a CD attached to this Thesis. Control 

experiments were performed where the HeLa cells were irradiated in the absence of 55 (Video 

1) and similarly where HeLa cells treated with 55 were not irradiated (Video 2) and observed 

over a 12 hr period. The resultant control cell populations were seen to behave normally, i 
whereby cells were seen to continue to divide and multiply with a negligible amount of 

‘background apoptosis’ (commonly associated with such rapidly dividing cancer cell lines). 

Conversely, the cells treated with 55 and irradiated exhibited an apoptotic phenotype and 

membrane ‘blebbing’ after approximately 4 hrs with continuing damage occurring until the 12 

hr experiment had concluded (Video 3 and Figure 2.37).

Figure 2.37: The cytotoxic effect of 55 on HeLa cells, observed through time resolved 
confocal fluorescence microscopy. (A) A healthy population of cells treated with 55 (100 
pM) prior to irradiation with an Argon 488 nm laser. (B) The same population pictured 12 
hours post irradiation.
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Figure 2.38: A comparison graph of induced apoptosis by 55 alone (A), irradiation alone 
(A) and 55 + irradiation (A).

It is thus, clear from these investigations that even though 53 - 55 display 

spectroscopic responses signifying their binding to DNA, it is only 55 that possesses an 

efficient ability to photocleave DNA; a process occurring with an efficiency greater than that 

of [Ru(bpy)3]^'^ Both 54 and 55 were found to be taken up by cervical cancer HeLa cells and 

localise (in a time dependent manner) towards the nucleus structure. Data ascribed from cell 

fractionation experiments, TEM analysis and confocal microscopy experiments all supported 

this observation. In a manner similar to its DNA photocleavage efficiency, 55 was also shown 

to display a strong light dependent phototoxic effect towards cancer cells with an EC50 value 

of 24 pM being measured after a 4 J/cm^ light dose. These findings were visually confirmed 

by time resolved confocal microscopy analysis of HeLa cell populations where cells incubated 

with 55, following 30 mins irradiation, were observed to undergo cell death over a 12 hr 

period. Observed collectively, such results have been a further step towards the development 

of Ru(Il) based complexes for use in light activated cancer therapies.

2,9 Conclusions and Future Perspectives

The initial rationale behind the study discussed in this Chapter was to develop novel 

Ru(II) based complexes that would intercalate into DNA and provide species with potential as 

phototherapeutic agents. Herein, the design, synthesis and characterisation of three novel 

Ru(ll) polypyridyl complexes, 53 - 55, and their various photophysical properties have been 

presented. Their DNA-binding affinities in aqueous solution have also been explored through 

a variety of techniques such as UV/Vis absorption and fluorescence titrations as well as EtBr 

displacement assays, Tm experiments and CD and ED studies all of which have helped in our
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understanding of the nature of their DNA-binding interactions. Analysis of the ground state 

data allowed for the calculation of DNA binding constants (/f/,) of the order of 10^ - 10^ M"', 

with fluorescence studies showing striking emission modulation upon interaction with stDNA 

and the homopolymers [poly(dA-dT)]2 and [poly(dG-dC)]2. Both EtBr displacement assays 

and Tm experiments, in addition to LD and CD studies confirmed that 53 - 55 are capable of 

binding with high affinity to DNA, with strong evidence for an intercalatory mode of 

interaction.

We were subsequently able to identify that both 53 and 54 were unable to sensitise 'O2 

where 55 was capable of 'O2 production with a comparable profile to that seen for 

[Ru(bpy)3]^^. DNA photocleavage experiments were also undertaken using 53 - 55 with a 

similar trend seen in which 53 and 54 showed negligible photocleavage while 55 showed 

highly efficient cleavage. Interestingly this process was unaffected by NaN3, implying a non­

oxygen dependent pathway was possibly involved in this process. Both 54 and 55 were 

subsequently chosen as candidates for preliminary biological testing where it was 

demonstrated that these complexes were readily taken up by HeLa cells and, over a period of 

24 hrs, accumulate at the nucleus. As 55 also combines the use of Ti-deficient TAP ligands, its 

photoreactive nature was thought to offer potential as a novel PDT agent. An assessment of 

the antiproliferative abilities of both 54 and 55 in the presence and absence of light activation 

in malignant HeLa cells was undertaken and revealed that 55 showed potent light-dependent 

toxicity (EC50 = 24 pM) whereas 54 did not. Consequently, 55 was shown to induce dose and 

time dependent apoptosis in HeLa cells. We speculate that subcellular location of 55 before 

activation results in accumulation in mitochondria before it is shuttled to the nucleus where it 

binds to DNA. Indeed, as mitochondria also contain DNA, mitochondria may perform this 

shuttling function for 55. However, more detailed studies are ongoing in order to fully 

determine and understand this process. Subcellular fractionation studies revealed that the 

Ru(II) based fluorescence, attributed to 55, was found mainly in mitochondrial and nuclear 

enriched fractions after 24 hrs of treatment. TEM studies of HeLa cells treated with 55 show 

densely stained mitochondria which appear to cluster around the nucleus.

Euture perspectives of this work will focus on the development of a series of analogues 

of 55 such as 61a which may possibly be photoactivated by light absorption above 600 nm 

due to the dpq ligand, 61b having a delocalized 7r-system which may allow for better tissue 

penetration.'^^ In addition, further studies with 55 will provide a more detailed view of the suh 

cellular localisation of this species. Studies examining the co-localisation of 55 with 

mitochondrial, endoplasmic reticulum, golgi apparatus and lysosomal markers will shed light 

on its precise localisation. Furthermore, from the point of view of cytotoxic effect, 55 will be
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subjected to further investigations into the mechanism by which its cytotoxicity occurs. 

Analysis of this mechanism will be revealed by propidium iodide (PI) fluorescent activated 

cell sorter (FACS) analysis which should detect the formation of apoptotic bodies in a dose-, 

time- and light- dependent manner. Moreover, using the antioxidant N-acetyl cysteine (NAC) 

the involvement of reactive oxygen species in the photo-induced cell death mechanism will 

give rise to valuable information on the involvement of reactive oxygen species towards cell 

death.

2+

61a
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3.1 Introduction
As mentioned in Chapter 2, dppz complexes of ruthenium have been the focus of much 

research due to their fascinating photophysical properties. Excellent affinity for DNA has been 

observed for many of these systems, signalled by significant changes in their spectroscopic 

properties, particularly the Ru(Il) based MLCT emission.'^^’"*^’'^* Recently, Thomas et al. 

reported on the photophysical and DNA binding properties of a cationic water-soluble organic 

derivative of dppz, ethylene-bipyridyldiylium-phenazine, 62a.Previous studies have 

revealed that, despite structural resemblance to the well-known weed killer, diquat, 63, 62a is 

surprisingly non-toxic; at least to plants. Moreover, it was observed that 62a showed good 

water solubility and distinctive photophysical properties that allowed the nature of the 

interaction of 62a with DNA to be probed as an isolated dppz unit, at relatively long 

wavelengths, without the need for the Ru(ll) centre. It was found that the DNA binding 

affinity of 62a, while comparable to that of many metal complexes of dppz,^^ was slightly

Chapter J: Ati Organic pJpp: Derivative as a DNA Probe and Photocleavage Agent

lower than that of [Ru(phen)2(dppz)]^^ and it was thought that this may be explained by a

consideration of the additional contribution of groove binding by the [Ru(phen)2)]^^ moiety

for the metal complex. 200

63

A subsequent synthetic, biophysical and photophysical study revealed that cationic 

derivative 62b, exhibited an enhanced affinity for DNA with a binding constant calculated to 

be comparable to that of mononuclear [Ru(II)(dppz)] complexes. Furthermore, 62b showed 

a two orders of magnitude preference for GC sequences over AT tracks, at the same time as 

showing mixed luminescence responses; a luminescence increase in the presence of 

[poly(dAdT)]2 and a luminescence decrease in the presence of [poly(dGdC)]2. This behaviour 

was rationalised by luminescence quenching due to redox processes occurring between the 

internal charge transfer (ICT) excited state of 62a and guanine sites with the ICT state of 62a 

deemed to be insufficiently oxidising to be quenched by adenine sites. This was confirmed by 

cyclic voltammetry results which revealed that the reduction potential of 62a was indeed

lower than that of adenine. 202
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NO,

64 65 66

Within the Gunnlaugsson research group a family of rigid 1,8 naphthalimide-diquat 

conjugates 64 - 66 have recently been synthesised and studied in the presence of DNA.'^"^ 

Using various techniques such as UV/Vis absorption and fluorescence titrations, Tm 

measurements as well as CD and isothermal calorimeter these compounds have all been 

shown to bind DNA with high affinity with binding constants, K ~ 10^ - 10^ M"'. These 

systems also had their emission efficiently quenched in the presence of DNA with the meta 

substituted amino species 66 showing the most efficient interaction with the duplex. This was 

proposed to be most likely due to a more cooperative mode of binding between the diquat and 

the 4-amino or 4-nitro-l,8 naphthalimide components. The study of these conjugates 

demonstrated that a charged organic unit can perform the same function as a Ru(ll) complex 

in terms of DNA binding, in providing both electrostatic attraction to the helix and associating 

in the grooves.

Taking into consideration the promising results obtained for the family of complexes 

53 - 55 described in Chapter 2 it was decided to undertake a similar study utilising a cationic 

derivative of pdppz, 67. This Chapter will deal with the synthesis and characterisation of 67 in 

addition to an evaluation of its photophysical properties and interaction with DNA, 

[poly(dAdT)]2 and [poly(dGdC)]2 under various experimental conditions. These interactions 

will, again, be evaluated using a range of spectroscopic and biophysical techniques before the

excited state reactivity of 67 with DNA will be considered using agarose gel electrophoresis.
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The final section of this Chapter will detail some preliminary biological data obtained in order 

to evaluate the potential of 67 to initiate light dependent cellular toxicity.

3.2 Synthesis and Characterisation of 67
The synthesis of 67 was achieved by quatemerisation of pdppz as outlined in Scheme 

3.1. This involved refluxing 52, in dibromoethane, in which it was sparingly soluble at room 

temperature, but dissolved fully as the reaction reached reflux temperature. A precipitate 

formed as the reaction progressed which was isolated by suction filtration after 48 hours. This 

precipitate was redissolved in MeOH and reprecipitated by slow diffusion of Et20 before 

isolation by suction filtration to give the product as a brown solid in 78% yield. The chloride 

salt of the cationic derivative was formed by dissolution in methanol followed by stirring with 

Amberlite ion exchange resin (Cf form) for 1 hr.

Br' -Br

Scheme 3.1: The synthesis of cationic pdppz derivative 67

Compound 67 was characterised by 'h NMR, '^C NMR, elemental analysis, HRMS, 

melting point analysis and IR spectroscopy. The 'H NMR spectrum (600 MHz, MeOD) of 67 

is shown in Figure 3.1, with the assignment of the peaks being achieved by H-H and C-H 

COSY analysis. Product formation was clear from the appearance of a single resonance in the 

'H NMR spectrum at approximately 5.85 ppm, integrating for 4 protons, corresponding to the 

two CH2’s of the bridge. Successful formation of 67 was also evident from accurate mass 

spectrometry, where it displayed a peak at 393.1446, corresponding to its mass having lost a 

Cr ion and gained an MeO" ion. Synthesised as its chloride salt, 67 was water-soluble, and its 

photophysical properties were investigated in 10 mM phosphate-buffered aqueous solutions at 

pH 7.4.
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6 + 7

Figure 3.1: The ‘H NMR spectrum of 67 (600 MHz, MeOD)

3.3 Photophysical Characterisation of 67
T he photophysical behaviour of 67 was evaluated in aqueous solution to make it possible to 

better understand its spectroscopic interaction with DNA. The UV/Vis absorption, emission 

and excitation spectra of 67 in 10 mM phosphate-buffer solution are shown in Figure 3.2. The 

absorption spectrum of 67 shows absorbance maxima at ca. 285 nm, 310 nm, 370 nm, 390 nm 

along with a broad shoulder centred at 460 nm. The band at 285 nm is characteristic of n- n* 

transitions of the phen portion of the compound while the band at 310 nm is attributed to rt - 7t 

* transitions within the phenazine portion. The bands at 370 nm and 390 nm are attributed to 

n-TT* transitions within the phenazine part of the ligand and are similar to those seen for the 

ligand 52.
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Figure 3.2: The UV/Visihle, excitation and emission spectra of 67 (10 pM) in 10 mM 
phosphate buffer solution at pH 7.4
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A summary of the absorption properties of 67 as well as the respective molar 

absortivities of each band are given in Table 3.1.

Table 3.1: Absorption properties of 67 in 10 mMphosphate buffer, at pH 7.4

Compound

67

;(nm) [£(M ‘ cm ')j in phosphate buffer (±10%)

7i-;r phen 

285 131400]

n-n phenazine 

310 144100]

n- n phenazine 

390 ]6900]

Upon excitation into each band, 67 gave rise to intense emission with 3,max at 515 nm 

exhibiting a red shift of 115 nm from the parent pdppz ligand which showed emission with 

Ainax at 400 nm. This observation is consistent with previous density functional theory (DFT) 

calculations on the structurally related compound 62a, that attribute the emission to an ICT 

state.These calculations reveal that the ICT involves a HOMO isolated on the phenazine 

unit and a LUMO centred on the diquat region of the cation. A Op value of 0.053 was 

calculated using quinine sulphate in 0.1 N H2SO4 with a quantum yield of 0.542 as a 

reference.Similarly, measurement of the emission of 67 at 515 nm yielded a fluorescence 

excitation spectrum structurally identical to its absorption spectrum.

Due to its extended aromatic surface, in concert with its cationic character, it was 

expected that that 67 would be an ideal candidate as a DNA intercalator. Moreover, with its 

cationic nature furnishing 67 with good aqueous solubility and having demonstrated its 

advantageous photophysical properties, 67 shows potential for use as a spectroscopic probe 

for DNA without the need for a Ru(Il) centre. As seen in Chapter 2, modulations of these 

photophysical properties are expected upon interaction with DNA and as a result 

spectroscopic titrations were carried out to investigate the nature and binding affinity of 67 

with DNA. The obtained results are presented and discussed in the following sections.

3,4 DNA Binding Interactions

3.4.1 UV/Vis Absorption Titrations of 67 with DNA
The interaction of 67 with DNA was firstly examined using UV/Vis absorption 

spectroscopy. The titrations were carried out in a manner similar to that described in Chapter 2 

by addition of small aliquots of stDNA to a 10 mM phosphate buffer solution of 67 at pH 7.4, 

until a plateau in absorbance was reached. Changes in the ti-ti* band at 310 nm were 

monitored spectroscopically and all titrations were repeated a number of times to ensure 

reproducibility.

105



Chapter 3: An Organic pc/ppz Derivative as a DNA Probe and Photodeavage Agent

The changes in the ground state of 67 are shown in Figure 3.3. The titration of 67 with 

stDNA resulted in significant changes over the entire absorbance wavelength range with a 

51% decrease in absorbance at 310 nm being observed. Concomitantly, decreases were also 

seen at 370 nm, 390 nm and in the long wavelength shoulder at 460 nm.

Wavelength (nm)
Figure 3.3: Changes in the UV/Visihle absorption spectrum of 67 (10 pM) with increasing 
additions of stDNA (0-I70pM) in lOmM phosphate buffer, pH 7.4. Inset: Plot of (Ea-r.f)/eh-F.f) 
V5. [DNA](M‘, P) using data with a P/D between 0-20 and the best fit of the data (—) using 
the Bard Eqn.

These results are similar to those obtained previously for the addition of DNA to 56, 

the observed changes being attributed to strong interactions between the cation and the helical 

structure of DNA in the ground state.The large degree of hypochromicity seen at 310 nm 

could indicate intercalation of 67 between the stacked bases, as expected with such an 

extended aromatic structure. In order to quantify the interaction of 67 with DNA, the data 

from the UV/Visible absorption titration was analysed to obtain a binding affinity for DNA. 

The intrinsic binding constant, Kh, and binding site size, n, were determined using the model 

of Bard et al. as described in Chapter 2. The results obtained confirmed that 67 had high 

affinity for DNA, showing strong binding with Kt, = 6.5 x 10^ (± 0.5) with a binding site size, n 

- 2.60 (± 0.03). This value is comparable to that seen for many transition metal based 

intercalators, and is of similar magnitude to that reported by Thomas et al. for 62a and

62b. 200,202 This strong association of 67 is most likely due to the bifunctional nature of this

structure; the positively charged diquat portion providing initial electrostatic attraction to the 

DNA helix which places the extended aromatic surface in an ideal environment for high 

affinity interaction through intercalation. In order to further confirm this interaction, changes
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were also monitored in the excited state properties of 67 and these results will be presented in 

the following section.

3.4,2 Fluorescence Emission Titrations of 67 with DNA
Given the excited state character of 67 it was anticipated that addition of DNA would 

lead to a modulation of the emission response, thus providing more information on the 

processes occurring upon binding to DNA. The subsequent titrations were carried out in 

parallel with the UV/Visible titrations as described in Chapter 2.

Figure 3.4: Changes in the fluorescence emission spectrum of 67 (lOpM) (fx 310 nm) with 
increasing concentration ofstDNA (O-170pM). Inset: Plot of r/CfVs. r and the best fit of the 
data (-—) using the McGhee Von Hippel equation.

The ICT based emission of 67 in aqueous solution was shown to have its excited state 

effectively quenched by ca. 90% upon addition of stDNA (P/D 0 ^ 30) with the main 

changes occurring between P/D 0 ^ 15 (Figure 3.4). Compounds containing diquat 

functionality are very well known oxidizing agents, and therefore the observed emission 

quenching is likely due to electron transfer from the DNA bases.This quenching has also 

been observed for both 62a and 62b above and was also attributed to redox processes in both 

cases.Furthermore, quenching of this magnitude implies close association of 67 with the 

nucleotides, in a manner that allows for electron transfer from the bases to 67 to take place. 

The observation of 90% fluorescence quenching may indicate that 67 is sufficiently reactive to 

oxidise both adenine and guanine sites; behaviour previously seen for 62a, but not for 62b 

which was only sufficiently oxidising to react with guanine sites. Studies in the presence of
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homopolymer polynucleotides [poly(dAdT)]2 and [poly(dGdC)]2 described in Section 3.4.3 

will attempt to further support this hypothesis.

In order to further confirm the association of 67 with DNA, binding parameters were 

also estimated by fitting the changes in the excited state titrations to the McGhee-von Hippel 

model, equation (6).^*^^ The concentration of the bound compound C*, and free compound Q 

at a given concentration were firstly determined from equations (4) and (5):

 h-i

If-Ib
(4)

Cf^C-Ct (5)

Here If and /* are the fluorescence intensities of the free and bound compound, I is the 

fluorescence response and C is the dye concentration. Data analysis was then carried out as 

described in equation (6), where, r = Ci/IDNAI, {fDNAI is the concentration of DNA 

expressed in base pairs). Analysis was achieved using the plot of r/Q versus r and the curve 

was fit to equation (6) using Sigmaplot 11.0.

— = Kf,(l — nr) (—\ ) (6)

The results obtained confirmed that 67 retained high affinity for DNA as calculated from the 

excited state titrations. In the presence of stDNA 67 exhibited a Kh = 3.55 x 10^ (± 0.2) and n 

= 4.05 (± 0.05) showing good agreement with the values obtained from the ground state 

titrations. Moreover, the results are also in agreement with the values obtained for 62a and 

62b which were calculated as being 1.8 x 10^ with n = 3.10 and 1.33 x 10^ with n = 3.15 

respectively.

For 67, electrostatic binding to DNA was expected to play a significant role in the 

binding process due to its cationic nature. To investigate this hypothesis and provide further 

information on the binding mode, a salt back titration was carried out, in which 67 bound to 

DNA was displaced upon titration with NaCl. The profile resulting from this titration is shown 

in Figure 3.5.
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Figure 3.5: Fluorescence emission NaCl back titration of 67. Inset: Emission of unbound 
compound (^), fully bound compound (^) and bound compound at 515 nm in the presence 
of increasing concentration of NaCl(A)

For 67 the fluorescence emission is seen to be only marginally affected by increasing 

NaCl concentration, gradually increasing towards that of the free compound, before reaching a 

plateau at ca. 180 mM NaCl, with about a 20% increase towards that of the free species. No 

further changes occurred with the addition of up to 300 mM NaCl, indicating that the majority 

of the dication remains bound to DNA at high ionic strength. This study indicates that non­

electrostatic modes of interaction are contributing to the binding of 67 to DNA, however, it is 

likely that the ability of 67 to stack between bases governs its overall association with DNA.

In summary, from the spectroscopic titrations of 67 performed thus far, it is clear that 

significant changes have been seen in both the ground and excited state titrations. Such large 

and well defined hypochromicities are indicative of a strong association with the DNA helix 

and are likely to be as a result of intercalation. Binding constants calculated from these 

titrations were also in agreement, giving Kh ~ 10^ M'' from both UV/Vis and fluorescence 

data. The large fluorescence decrease observed upon titration with DNA has been attributed to 

redox processes occurring between the excited state of 67 and the nucleobases; a phenomenon 

observed for structurally related species. ’ Moreover, from the NaCl dependence studies, it 

is clear that 67 remains bound to DNA even at high concentrations of NaCl. This evidence 

points to the conclusion that electrostatic binding of the cationic portion does play a role in 

determining the overall binding affinity, however, given the fact that 67 remains bound at high 

ionic strength, electrostatic interactions are not likely to be the predominant contributor to its 

overall affinity. Subsequent studies in the presence of homopolymer polynucleotides 

[poly(dAdT)]2 and [poly(dGdC)]2 will attempt to reveal any sequence specific effects for 67.
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3.4.3 UV/Vis Absorption Titrations of 67 with Synthetic Honiopolymer 
Polynucleotides

Studies in the presence of both [poly(dAdT)j2 and [poly(dGdC)]2 were also carried out 

with 67, with the aim of establishing any sequence selectivity in its binding. This was initially 

examined using UV/Vis absorption spectroscopy in a manner similar to that employed in 

Chapter 2. The changes in the ground state of 67 in the presence of [poly(dAdT)]2 are shown 

in Figure 3.6 with that of 67 in the presence of [poly(dGdC)]2 shown in Appendix 3.

0.5 10
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Figure 3.6: Changes in the UV/Visihle spectrum of 67 (10 pM) with increasing 
additions of [poly(dAdT)2 (0-200pM) in lOmM phosphate buffer, pH 7.4. Inset: Plot of 

VS. [DNA] (M’, P) using data with a P/D between 0-20 and the best jit of the 
data (—) using the Bard Equation.

The titration of 67 with [poly(dAdT)]2 and [poly(dGdC)]2 resulted in significant 

changes to its absorption spectrum. With [poly(dAdT)]2, 67 exhibited a 51% decrease in its 

absorbance at 310 nm with concomitant decreases in all of its other absorbance bands. Similar 

changes were observed for [poly(dGdC)]2 with a 54% decrease at 310 nm. The changes in the 

UV/Vis ground state titrations show some degree of specificity for [poly(dGdC)]2 over 

[poly(dAdT)]2. The differences are exhibited in the degree of hypochromism resulting from 

titration with the different polynucleotides. The comparison curve of 67, which exemplifies 

the changes in the n-n absorption at 310 nm demonstrates this preference for [poly(dGdC)]2 

(Figure 3.7). Furthermore, the values of Kb obtained from the ground state titrations of both 

polynucleotides confirm that 67 shows a preference for [poly(dGdC)]2 with Kb = 1.35 xl0^(± 

0.6) and n= 1.67 (± 0.05) in comparison to Kb = 4.85 xl0^(± 0.33) and n = 3.91 (± 0.01) for

no
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[poly(dAdT)]2. The values obtained for [poly(dAdT)]2 and [poly(dGdC)]2 with 67 are 

presented and compared with those calculated for stDNA in Table 3.2.
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Figure 3,7: Relative changes in the absorbance of 67 (10 pM) with increasing 
concentration of stDNA (0-172juM) [Poly(dAdT)]2 (0-175pM) (H/, and
[Poly(dGdC)]2 (0-63pM) (A)in 10 mMphosphate buffer.

Table 3.2: DNA binding parameters for 67 from fits to absorbance data in the presence of 
.StDNA, [poly(dAdT)]2 and [poly(dGdC)]2

Complex >,(pdppz)
Hypo-

chroism

Binding constant Binding site size 
n

(base pairs)
67 + StDNA 52% 6.5 X 10^(± 0.5) 2.6 (±0.03) 0.99

67 + |Poly(dAdT))2 51% 4.85 X 10^ (± 0.3) 3.91 (± 0.01) 0.99

67 + |Poly(dGdC)|2 54% 1.35 X 10’ (±0.6) 1.67 (± 0.05) 0.99

It has previously been claimed that the dppz ligand is structurally similar to the well- 

known minor groove intercalator actinomycin d. Given this structural similarity and the low 

steric demand of 67, coupled with the proposed intercalative nature of binding, it seems highly 

likely that this compund could also bind to DNA from the narrower minor groove. 

Furthermore, the higher affinity of 67 for [poly(dGdC)]2 is also consistent with this theory as it 

is known that actinomycin d binds preferentially to specific GC sequences.These results are 

also in agreement with the studies of Thomas et aJ. who saw a preference for [poly(dGdC)]2

over [poly(dAdT)]2 for both 62a and 62b. 200,202
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3.4.4 Fluorescence Emission Titrations of 67 with Synthetic Homopolymer 
Polynucleotides

Similar to its UV/Visible behaviour discussed above, 67 displayed marked differences 

in its fluorescence spectra upon binding to AT and GC rich DNA sequences. The changes in 

the excited state of 67 in the presence of [poly(dAdT)]2 are shown in Figure 3.8 with that of 

67 in the presence of [poly(dGdC)]2 shown in Appendix 3. With [poly(dAdT)]2, 67 exhibited 

a 71% quenching of its excited state over the entire range of the titration (PD 0 ^ 30). More 

dramatic changes were observed for [poly(dGdC)]2 with a 95% decrease at 515 nm, primarily 

occurring between PD 0 —> 5.

Figure 3.8: Changes in the fluorescence emission spectrum of 67 (10 pM) (Xgx 310 nm) with 
increasing additions of [poly(dAdT)]2 (0-200pM) in lOmMphosphate buffer, pH 7.4. Inset: 
Plot ofr/CfVS. r and the best fit of the data f ) using the McGhee Von Hippel equation.

It is clear from the above changes in luminescence that addition of [poly(dGdC)]2 to 

aqueous buffer solutions of 67 resulted in changes that mirror those observed in analogous 

experiments with 56, with ICT emission being fully quenched.^”” This supports the 

observation that the excited ICT state of 67 is sufficiently oxidising to be quenched by redox 

processes involving gwamfre sites. Similarly, experiments involving [poly(dAdT)]2 also result 

in ICT emission quenching, however, this process seemed to occur with less efficiency with 

the quenching process achieving just a 71% decrease at a P/D ratio of 30. These results 

suggest that, although occurring with reduced efficiency, cation 67 is also sufficiently 

oxidising to be quenched by adenine sites. The differences between the quenching efficiencies 

are exhibited in the comparison curve of 67 which summarises the changes observed at 515 

nm and demonstrates the increase in quenching efficiency observed for [poly(dGdC)]2 (Figure 

3.9).
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Figure 3.9; Relative changes in the jiuorescence emission of 67 (10 pM) at 515 nm with 
increasing concentration of stDNA (0-l72pM) (^), [Poly(dAdT)]2 (0-I75pM) (M), and 
[Poly(dGdC)]2 (0-63pM) (A)in 10 mMphosphate buffer.

Using these DNA indueed changes in the luminescence of 67, it was possible estimate 

the binding variations between the interaction of 67 with [poly(dAdT)]2 and [poly(dGdC)]2 

compared them with those calculated for stDNA. From Table 3.3 it can be seen that 

[poly(dGdC)]2 exhibited a Kh= 1.84 xlO^(± 0.1) and n = 1.35 (± 0.01) in comparison to Kb = 

5.60 xlO^ (± 0.27) and n = 3.3 (± 0.05) for [poly(dAdT)]2. This comparison of binding 

affinities revealed pronounced sequence selectivity as had been observed in the ground state 

titrations previously described. In contrast to 62a, which shows only a slight preference for 

GC sites,^**** 67 displays an almost two orders of magnitude preference for GC regions over 

AT steps. Many classical intercalators, such as EtBr and actinomycin can show

selectivity for GC sites, although this preference is only around a single order of magnitude

for EtBr, 23

Table 3.3: DNA binding parameters for 67 from fits to emission data in the presence of 
StDNA, [poly(dAdT)]2 and [poly(dGdC)]2

Complex MICT)
Hypo-

chroism

Binding constant Binding site size 
n

(base pairs)
67 + StDNA 90% 3.55 X 10®(± 0.2) 4.05 (±0.05) 0.97

67 + [Poly(dAdT)l2 71% 5.60 X 10*(± 0.3) 3.3 (± 0.05) 0.99

67+ [Poly(dGdC)|2 95% 1.84 X 10’ (±0.1) 1.35 (± 0.01) 0.99
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It is clear from the above studies that compound 67 displays significant emission 

responses upon binding to DNA, with 90% quenching being observed. The binding affinity 

determined for this system from UV/Visible absorption and emission titrations, suggest that 

67 is closely associated with the DNA structure, in a manner that does not rely solely on 

electrostatic association. This is proposed to be due to binding of the planar extended structure 

of pdppz via intercalation, while the diquat portion remains externally bound to the phosphate 

backbone. This results in high DNA binding affinity, in addition to pronounced excited state 

quenching; most likely as a result of redox processes occurring between the excited state of 67 

and the DNA nucleobases. Furthermore, studies in the presence of [poly(dAdT)]2 and 

[poly(dGdC)]2 revealed that 62 binds more strongly to [poly(dGdC)]2, with a two orders of 

magnitude preference over [poly(dAdT)]2. Binding constants derived from both UV/Vis 

absorption and fluorescence emission data confirmed this. The following sections of this 

Chapter will attempt to further quantify the binding affinity and mode of binding of 67 for 

DNA by utilising various other spectroscopic and biophysical techniques.

3.4.5 Ethidium Bromide Displacement Assays of 67
As discussed in Chapter 2 the method of EtBr displacement assays can be used to 

evaluate the binding efficiency of DNA targeting molecules by its displacement by more 

competitive DNA binders. The addition of 67 to a mixture of EtBr and DNA was found to 

displace 50% EtBr at molar ratios less than one, showing that it displayed equal or greater 

affinity for DNA than EtBr. This confirms the high affinity of 67 for DNA, which correlates 

well with the results obtained from the UV/Visible absorption and emission titrations 

discussed in previous sections. As can be seen in Figure 3.10, the addition of 67 caused the 

emission intensity of intercalated EtBr to decrease dramatically exemplifying the ability of 67 

to displace it from the DNA structure.

FurtheiTnore, a binding constant derived from the displacement profile of 67 with 

DNA gave an apparent constant Kapp = K.eb[EB]/[67]sovoFt = 1-26 xlO^. The value obtained is 

considerably removed from that determined by UV/Visible and fluorescence data, being over 

an order of magnitude higher. It has already been indicated that the UV/Visible and 

fluorescence changes displayed by 67 are due primarily to interaction of the planar pdppz 

moiety which most likely involves an intercalative interaction with DNA. However, at high 

binding ratios a considerable degree of groove association of the diquat portion of the 

molecule may be occurring. In this way the varying modes of interaction may effectively 

displace DNA bound EtBr and thus the apparent affinity from the displacement assay is
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higher. In any case, the results presented here represent further confirmation of the high 

degree of binding of 67 to DNA.

Figure 3.10: Emission changes at 610 nm. for DNA hound EtBr (Xex = 545 nm) with 
increasing concentration of 67 in JO inM phosphate buffer at pH 7.4. Inset. Relative 
decrease in fluorescence of DNA hound EtBr upon addition of 67.

3.4.6 Thermal Denaturation Studies with 67
Thermal denaturation studies were also carried out to further investigate the interaction 

of 67 with stDNA (150 pM) in 10 mM phosphate buffer (pH 7.4) as described in Chapter 2. 

The melting curves observed in the presence of 67 are shown in Figure 3.11.

Figure 3.11: Thermal denaturation curves of stDNA (150 pM) in 10 mM phosphate buffer, 
pH 7.4, in the absence (^) and presence of 67 at P/D = 25 (7f) P/D = 10 (k. ) and P/D = 5 
(■/ Inset: The T,„ values from first derivative plots of the melting curve.
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In the absence of any DNA binding species, the Tm value determined for stDNA was 

69 “C. This temperature was found to be modulated significantly in the presence of varying 

ratios of 67; reflecting the stabilisation of the helix structure by 67. At P/D = 25 the Tm value 

was shifted by 3 °C to 72 °C, while at P/D = 10 and 5 the melting transition had not gone to 

completion at 90 °C and consequently an accurate Tm value could be not obtained. The 

increase in Tm at P/D = 5 was especially large, again, demonstrating the high affinity of 67 for 

DNA.

3.4,7 Linear and Circular Dichroism Studies with 67

Circular and Linear dichroism titrations were also carried out on 67, where the 

concentration of DNA was kept constant, and that of the compound was varied. Very minor 

changes were seen upon addition of 67 to DNA at longer wavelengths of the CD spectra (P/D 

= 20 ^ 2.5) (see Appendix 3), with more obvious changes occurring in the DNA absorption 

region. These observations imply some sort of association of 67 with the DNA helix, however 

such results are unambiguous.

In contrast, LD studies revealed a similar behaviour to that seen for complexes 53 - 55 

described in Chapter 2. Due to the existence of an LD signal in the region outside of the DNA 

base absorption it can be concluded immediately that 67 interacts with DNA and becomes 

orientated (Figure 3.12). Moreover, the formation of a strong negative band at 318 nm, 
resulting from the n-n* transition of the phenazine part of the ligand, strongly supports an 

intercalative mode of DNA interaction for 67. Furthermore the red-shift from 310 nm to 318 

nm is typical for stacking interactions between the base pairs.'’^ '*^” '^' Similarly, a large 

negative change in the DNA absorption band at 260 nm suggests that the alignment of DNA 

in flow is enhanced due to an increase in the flexibility of the helix. This behaviour is likely to 

be brought about by ‘kinks’ caused by an intercalating species, in this case 67.
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Figure 3.12: The linear dichroism spectra of stDNA (150 pM) in 10 mMphosphate buffer, at 
pH 7.4, in the absence and presence of 67 (P/D = 2.5).

The cationic species 67 described in this Chapter has not displayed significant CD 

changes, however, the changes in the LD spectra have been dramatic and have provided 

strong evidence to assign the nature of its interaction with DNA as intercalative. Moreover, 

coupled to the evidence already described in the previous sections where the strong binding 

affinity of 67 with DNA has been demonstrated, a strong body of data now exists which 
supports the potential of 67 as a DNA probe.

3.4.8 Summary of DNA Binding Studies of 67
The DNA binding studies of 67 in aqueous solution have been explored in this Chapter 

thus far. The evaluations have been carried out using stDNA and the homopolymers, 

[poly(dA-dT)]2 and [poly(dG-dC)]2, using UV/Vis and fluorescence spectroscopy. EtBr 

displacement assays, Tm experiments, CD studies and LD studies were also undertaken to 

further aid in elucidating the specific mode of binding of 67 to DNA.

The ground state and the excited state interactions of 67 with stDNA revealed distinct 

spectral changes giving binding constants calculated from the Bard model ranging from 10^ - 
10^ M"' for the various DNA sequences. Furthermore, 67 exhibited an emission decrease in 

the presence of the different types of DNA and this we attributed to a PET process occurring 

between 67 and the nucleobases. An NaCl back titration in the presence of DNA showed that 

high salt concentration was seen to only marginally affeet the binding strength of 67 with the 

cationic species seen to remain bound even at high ionic strength (NaCl cone. > 300 mM).

in
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Studies in the presence of the homopolymers [poly(dA-dT)]2 and [poIy(dG-dC)]2 revealed 

sequence specific recognition of 67 for [poly(dG-dC)]2 in both the ground and excited state 

data. This type of behaviour was attributed to 67 intercalating into DNA from the minor 

groove; a type of behaviour associated with other classical intercalating species such as 

actinomycin d.

An EtBr displacement assay also showed that 67 was capable of displacing EtBr 

effectively when bound to stDNA but showed a large variation from that calculated from the 

Bard model. As described in Chapter 2, such variation is common when using different 

techniques and such values should be treated with a certain degree of caution. experiments 

found that it was capable of stabilising the DNA double helical structure to a large degree. 

While CD studies did not provide definitive evidence for a particular mode of DNA 

interaction, ED studies confirmed the perpendicular orientation of the pdppz portion of the 

compound relative to the DNA helix axis and is, thus, most likely intercalated between the 

base pairs. The remainder of this chapter will now deal with preliminary biological studies 

carried out in order to evaluate the DNA photocleavage ability, cellular uptake and 

localisation of 67, as well as looking for a preliminary insight into its cellular phototoxic 
ability.

3.5 DNA Photocleavage Efficiency Studies of 67
The efficiency of light sensitised DNA cleavage by 67 was investigated with a view to 

determining the extent of its excited state reactivity. It was anticipated that the tight binding of 

67, in addition to the observed photoredox processes occurring between its excited state and 

the DNA nucleobases, would be reflected in its photocleavage efficiency. Although studies of 

this type are well documented for Ru(ll) complexes, photocleavage studies have not been 

reported for the related cationie organic derivatives 62a and 62b. In order to provide a 

reference point, the cleavage efficiency of 67 was compared to the known DNA 

photocleavage agent [Ru(bpy)3]^^. DNA photocleavage studies were carried out by treating 

pBR322 plasmid DNA (1 mg/ml) with 67 at varying ratios in 10 mM phosphate buffer 

solution. The samples were then subjected to 2 J/cm'^ using a Hg-Xe lamp equipped with 

either a > 320 nm or a > 390 nm cut off filter before being separated using horizontal agarose 

gel electrophoresis in TBE buffer. Shown in Figure 3.13 are the results of the DNA 

photocleavage studies.
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Figure 3.13: Agarose gel electrophoresis of pBR322 DNA (Img/ml) after 30 min irradiation 
(2 J/cm'^) in 10 mM phosphate buffer, pH 7. 4; Lane 1: Plasmid DNA control ;Lane 2: 
Rii(hpy)s^^ (P/D 20); Lane 3:NaN3 Control; Lane 4 : 67 in the dark (P/D 10); Lanes 5-6: 67 
(P/D 20, 10) (/ > 400 nm ); Lanes 7-8: 67 (P/D 20, 10) (X > 320 nm ); Lanes 9-10: 67 + 
lOmMNaN} (P/D 20, 10).

The relative intensity of the bands showed that the plasmid DNA was somewhat 

damaged to begin with, being eomprised of 81% supercoiled and 19% open form DNA. The 

presenee of Ru(bpy)3 (P/D = 20) resulted in an increase to 55% open form after irradiation 

confirming its effectiveness as a DNA photocleaver. When incubated in the dark 67 showed a 

slight increase in DNA cleavage with 33% open form being observed. Moreover, as can be 

seen in Figure 3.13, lanes 5 and 6, irradiation and subsequent electrophoresis of pBR322 DNA 

in the presence 67 at P/D ratios = 20 and 10 showed clear evidence of DNA photocleavage, 

with an increase in open form to 46% and 74% respectively. Furthermore, when a lower 

wavelength cut off filter (k > 320 nm) was utilised the cleavage efficiency was increased 

further giving effectively quantitative cleavage with 90% and 96% open form observed for 

P/D = 20 and 10, respectively. When irradiated in the presence of the known singlet oxygen 

scavenger, NaN3 (Lanes 9 and 10), it was observed that the photocleavage efficiency of 67 

was reduced with only 36% cleavage seen at P/D = 20 and and 46% cleavage seen at P/D = 

10. The relative amounts of supercoiled vs. open form DNA are summarised in Table 3.4 and 

a representative graph is shown in Figure 3.14.

Table 3.4: Summary of percentages of supercoiled v.v. open form pBR322

Lane % Open % Supercoiled Lane % Open % Supercoiled
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Figure 3.14: Relative percentages of supercoiled v^. open form pBR322 plasmid DNA from 
the photocleavage study of 67

From the above results it is clear that cationic derivative 67 displays DNA 

photocleavage with efficiencies that are greater than that of [Ru(bpy)3]^^. It is expected that 

this is due to the high binding affinity of 67 for DNA, which places the excited system in close 

proximity to the DNA helix, whereby it may effectively induce damage. In addition, it was 

observed that utilising different wavelength cut off filters had a dramatic effect on 

photocleavage efficiency. This observation can be rationalised in terms of the amount of light 

that 67 has the opportunity to absorb. Utilisation of a > 390 nm cut off filter allows light to be 

absorbed solely through its minor absorption shoulder at 460 nm; a band with a low extinction 

coefficient. Conversely, a > 320 nm cut off filter allows absorption through the bands at 370 

nm and 390 nm as well as the shoulder at 460 nm resulting in more energy being absorbed; a 

process essential for DNA photocleavage to occur. Furthennore, the damage to DNA caused 

by 67 was also shown to involve 'O2 formation whereby the presence of NaNa was shown to 

significantly inhibit the yield of open form DNA.

Having established the efficient excited state reactivity of 67 the next step will be to 

establish the cellular uptake properties of this system within target cells. The preceding 

section will attempt to reveal its cellular localisation.

3.6 Confocal Microscopy Cellular Localisation Study of 67
Although previous cellular localisation studies had not been undertaken with 

analogues of 67 it was anticipated that 67 would be a likely candidate to enter cells due to its 

cationic nature. This would be a particularly important characteristic for 67, as it was intended 

to investigate its ability to act as an in vitro biological probe and, in light of its observed 

excited state reactivity, to selectively kill cells upon light irradiation. Populations of live HeLa 

cells (0.5 X 10^) were incubated with 67 (10 pM) at 37 °C for 24 hrs before being treated with
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the fluorescent nuclear stain DAPI and viewed using an Olympus FVIOOO point scanning 

microscope as described in Chapter 2.

Figure 3.15 shows the fluorescence confocal laser scanning microscopy picture of the 

live HeLa cells after incubation with 67. The image clearly demonstrates the localisation of 67 

in all cells, with apparent localisation within the cytoplasm. Visualisation within the nucleus is 

detected to a lesser extent, as demonstrated in Figure 3.15C, a bright field image showing co­

localisation of 67 (green) with the nucleic acid stain DAPI (blue). The observation of higher 

intensity fluorescence within the cytoplasm compared to the nucleus may be due to two 

reasons. Firstly, the compound may simply not localise to the same extent within the nucleus 

leading to reduced fluorescence in these areas. Alternatively, as seen in the fluorescence 

emission titrations, the excited state of 67 is quenched upon interaction with the nucleobases 

of DNA. It is possible, therefore, that 67 is indeed located in the nucleus but is no longer 

fluorescent due to the oecurrence of redox quenching, resulting in the compound not being 

visible. Further studies are underway to further ascertain the exact localisation of 67 within 

cells and these results will be reported in the thesis of Ms. Luisa Erby in the School of 

Biochemistry and Immunology at Trinity College Dublin. In light of the observed cellular 

localisation of 67 in HeLa cells, its antiproliferative effects were assessed in a number of 

malignant cell lines by Ms. Erby. These results will be briefly summarised in the following 

section to highlight the biological application of 67.

Figure 3.15: Confocal Laser Scanning Microscopy live cell images of 67 (lOpM) with 
HeLa cells. Shown is the image obtained with cells (A) stained with 67 (green), (B) 
overlay of 67 (green) and nuclear co-stain DAPI (blue) and (C) overlay of 67 (green) , 
nuclear co-stain DAPI (blue) and the bright field view after 24 hrs of incubation.
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3.7 Preliminary Cellular Toxicity Studies with 67
To assess the anticancer potential of 67, its antiproliferative effects were assessed 

using the alamar blue cytotoxicity assay, as described in Chapter 2, on a number of malignant 

cell lines, including HeLa cells, the mesothelioma cell lines ONE58 and CRL5915 and the 

Burkitt’s lymphoma cell lines, DG-75 and MUTU-1. Figure 3.16A illustrates the results 

obtained showing that 67 (shown as 1 in Figure 3.16A) was found to reduce the viability of 

these malignant cells by approximately 50-60% in the dark and by 80-90% after light 

irradiation, indicating both a dark and a light-dependent cytotoxic death effect. This 

cytotoxicity occurs at a similar potency to the well-known platinum-based chemotherapeutic 

cis-platin (shown as C in Figure 3.16A). Further studies carried out by Ms. Frby using 

propidium iodide FACS (fluorescent activated cell sorter) analysis, which detects the 

proportion of apoptotic bodies in the pre-Gl phase of the cell cycle, also suggest that 67 

induces light-dependent apoptosis in HeLa cells (Figure 3.16B). This indicates that 

cytotoxicity may involve a programmed cell death mechanism; a favourable outcome in 

cancer chemotherapies. Further studies with 67 are ongoing and will be reported by Ms. Frby.
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Figure 3.16: (A) The antiproliferative effects of 67 (100 pM) on the malignant cell lines 
CRL5915, HeLa, ONE58, MUTU-1 and DG-75. (B) Percentage of light induced 
apoptosis by 67 (100 pM) as measured by FACS analysis.

From the above biological results, 67 has been identified as having an efficient ability 

to photocleave DNA in addition to being able to localise within cancer cells. Furthermore it 

has been demonstrated that 67, upon cellular uptake in a number of cancer cell lines, is 

capable of inducing cell death, which is further enhanced upon photoactivation. The results 

presented, therefore, clearly demonstrate that this small molecular weight agent has the 

potential to be used as a novel analogue to classical photodynamic therapeutic (PDT) drugs.
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3.8 Conclusions and Future Perspectives
In this Chapter we have demonstrated that 67 shows good water solubility and a 

distinctive set of photophysical properties. This has allowed us to probe the nature of the 

interaction of a virtually isolated pdppz unit with duplex DNA, without the need for the Ru(Il) 

centre. We have derived DNA binding affinities of 67 with stDNA, [poly(dA-dT)]2 and 

[poly(dG-dC)]2 where binding constants ranging from 10^ - 10^ M"' were calculated; a 

particular preference was seen for [poly(dG-dC)]2 tracks from both ground and excited state 

titrations. Furthermore, we have seen that 67 is highly oxidising in its excited state whereby it 

undergoes a PET processes in the presence of both adenine and guanine sites on DNA. EtBr 

displacement assays, Tm experiments as well as CD and LD studies all provided further 

confirmation of the strong interaction of 67 with DNA. In particular, LD studies confirmed the 

perpendicular orientation of the pdppz portion of the compound relative to the DNA helix axis 

and pointed towards intercalation as the most likely mode of interaction of 67 with DNA.

In addition to its DNA binding parameters, we have demonstrated that 67 is an 

efficient photocleavage agent for DNA, and coupled to the observed high degree of 

selectivity, this becomes a highly desirable property. Confocal microscopy studies revealed 

the rapid cellular localisation of 67 within cancer cells where intense emission was observed 

in the cytoplasm. Finally, we have demonstrated the ability of 67 to induce cellular apoptosis 

in a range of cancer cells, with enhanced effectiveness after light irradiation. The work 

presented here, thus, represents an alternative strategy to Ru(II) complexes as DNA 

photocleavage agents and is a step towards the use of non-classical PDT agents.

Future investigations will look to evaluate a role for reactive oxygen species in the 

mechanism of cell death induced by 67, and to determine its cellular localisation more 

precisely. Furthermore, synthetic studies will concentrate on the construction of systems with 

targeted photophysical properties and further enhancements in binding selectivity through 

variation of the chromophore. This will allow for modulation of the structure of the 

intercalative system allowing facile tuning of the luminescent and photoredox properties with 

a view to increasing DNA photocleavage efficiency at the same time as increasing the window 

between light and dark toxicity. Similarly, compounds such as 68, with an increased cationic 

character may allow for a high degree of DNA binding affinity.
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4.1 Introduction
One of the main aims of the work carried out within the Gunnlaugsson group over the 

past number of years has been the conjugation of Ru(ll) polypyridyl complexes to other 

functional species for use as bimodal probes and photoreactive reagents for DNA. One of the 

major bodies of research conducted towards this end has been the work of Dr. Gary Ryan who 

systematically designed, synthesised and photophysically evaluated various families of Ru(ll)

complexes containing the 1,8-naphthalimide chromophore 154,155 These systems were designed

in the hope that the attached naphthalimide structure would serve to increase the DNA binding 

affinity while simultaneously displaying characteristic photophysical properties. Variation of 

the distance and flexibility of the linker connecting the naphthalimide to the Ru(II) centre, in 

addition to varying the substitution pattern on the chromophore allowed the establishment of 

important structural features for efficient DNA interaction and spectral response of these 

systems. The findings of this study revealed that those systems with a flexible chromophore- 

quencher arrangement such as, 69 should be regarded as the best strategy for DNA probe 

candidates, as large spectroscopic responses to DNA were observed. Conversely, for use as a 

DNA photoreagent, a more rigid arrangement is required, in which a non-quenching amino 

substituted 1,8-naphthalimide, such as 50, is incorporated. Systems of this type result in 

tighter helix affinity coupled to the most advantageous excited state reactivity and, 

consequently, the most efficient DNA photocleavage ability.

69 50

Subsequent work in the group carried out by Dr. Daniel Frimansson set out to establish 

the biological utility of the Ru(ll)-1,8-naphthalimide compounds synthesised by Dr. Ryan and
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their potential as PDT agents.'*’^ Importantly, complex 50 and its nitro analogue were shown 

to selectively localise within the nucleus of cancerous HeLa cells giving them direct access to 

the cellular DNA. Consequently, the phototoxicity of the family of Ru(Il) conjugates under 

investigation was shown to correlate well with DNA photocleavage studies carried out by Dr. 

Ryan whereby it was shown that the 4-amino derivative 50 was the most phototoxic and the 

most efficient DNA photocleaver.

In light of this work and the work described in Chapter 2, we set out to modify the 

structure of 50 in order to incorporate the Ti-deficient ligand TAP, to yield Ti-deficient rigid 

Ru(II)-mono-l,8-naphthalimide conjugates, 70 and 71.

It was expected that the inclusion of two TAP ligands in their design would serve to 

increase the DNA cleavage efficiency of these systems. In the context of DNA binding the 

1,8-naphthalimide was expected to contribute to high affinity binding through intercalation, 

while the Ru(II) centre should contribute to the interaction through electrostatic association 

with the double helix or insertion into the grooves of DNA. Similarly, the attached 1,8- 

naphthalimide structure should serve to further increase the excited state reactivity, while 

simultaneously providing a known set of photophysical properties that could be used to 

monitor the binding process. This design would make use of a rigid aromatic group as the 

linking moiety, allowing for control of the orientation of the components of the complex with 

respect to each other. It was also decided to prepare both the 4-nitro- and 4-amino-substituted 

species due to the amino analogue being easily prepared and having distinct photophysical 

properties from the nitro analogue. This was also seen to be an efficient method to investigate 

the effect of substitution on their DNA binding affinity. Finally, a meta arrangement around 

the connecting ring with respect to the Ru(ll) centre was chosen as it had been shown by Dr. 

Ryan to result in greater affinity for DNA, and greater changes in the spectroscopic properties, 

due to complementarity between the shape of the complex and that of the DNA.
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The work described in this Chapter aims to build upon the research already carried out 

by Dr. Ryan and Dr. Frimannsson by identifying systems with enhanced DNA photocleavage 

ability and, consequently, enhanced phototoxicity. By retaining direct access to cellular DNA 

it is hoped that these systems will be able to directly photoreact with DNA nucleobases, 

disrupting the gene regulation processes and having potential for use in cancer phototherapy. 

Firstly, a description of the synthesis and characterisation of both of the systems 70 and 71 is 

given. This is followed by a discussion of the photophysical properties of each complex and 

the DNA binding behaviour of each complex was then be established using a range of 

spectroscopic techniques. Finally, preliminary biological studies will be described detailing 

DNA photocleavage ability and cellular uptake and localisation.

4.2 Synthesis
The target compounds 70 and 71 were prepared from commercially available starting 

materials. The same procedure was applied to the synthesis of both analogues and full 

experimental details are provided in Chapter 8.

4.2.1 Synthesis of nitro-l,8-naphthalimide substituted bipyridine 72
The conformationally restricted system 72 was synthesised as outlined in Scheme 4.1 

according to a procedure initially reported by Johansson et al. and developed further by Dr.

Ryan. 154,208

0,N (i) O^N

73 74

A

(iv) (iii)

Scheme 4.1: (i) EtOH, sodium pyruvate, NaOH; (ii) ammonium acetate, HjO; 
(iii) EtOH, N2H2, lOVoPd; (iv) EtOH, 4-nitro-naphthalic anhydride.
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The first step of the synthesis involved the condensation of 73 with sodium pyruvate 

under basic conditions at 0 °C. Acidification of the reaction mixture with 0.1 M HCl yielded 

chalcone 74 as a yellow solid in 54% yield. Pyridacyl pyridinium iodide was refluxed in water 

with 74 to give intermediate 75, incorporating the first pyridine moiety. NH4OAC which was 

also present in the reaction mixture subsequently reacted at the two carbonyl groups to initiate 

the second ring closure and installed the second pyridine ring. This resulted in the carboxyl 

intermediate 76 which was heated strongly under high vacuum to cause decarboxylation and 

afford the desired nitro derivative, 77 in 51% yield. Subsequent reduction of the nitro group 

using hydrazine in the presence of 10% Pd/C catalyst gave the aniline functionalised 

bipyridine 78 as an off white solid in 94% yield. Following condensation of 78 with 4-nitro- 

1,8-naphthalic anhydride by heating under reflux for 24 hrs, a brown solid formed which was 

isolated by suction filtration affording 72 in 84% yield.

The ligand was fully characterised using 'H NMR, '^C NMR, 1R and MALDI-ToF 

FIRMS analysis. 'H NMR peaks were assigned using 2-D C-H and FI-H COSY analysis, the 

results of which correlated with those reported by Dr. Ryan.'^”^ The 'H NMR spectrum (400 

MHz, CDCI3) of 72 is shown in Figure 4.1.

2
1 3

N

Figure 4.1: ^H NMR spectrum of 72 (400 MHz, CDCI3)

Resonances corresponding to both the 1,8-naphthalimide and bipyridine moieties are 

evident, in addition to those for the bridging aromatic ring. Assignment of the peaks was 

achieved by H-H COSY, C-H COSY and selective TOCSY analysis. Successful formation of 

the compound was also confirmed from accurate mass spectrometry, where 72 displayed a 

peak at 473.1233, corresponding to the [M+H] ion.
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4.2.2 Coniplexation of 72 with Ru{TAP)2Cl2

Initial attempts to complex 72 to Ru(TAP)2Cl2 were undertaken using the procedure of 

Sullivan et al. in the same manner as described in Chapter 2 using a DMF/water mixture. 

Although effective for many Ru(II) systems, this approach proved to be extremely inefficient 

for the preparation of the [Ru(TAP)2(72)]^'^ systems described herein.

The complexation reaction mixture was observed to change colour from purple to 

orange, upon 24 hrs reflux in DMF/H2O, evidence of the formation of the tris-polypyridyl 

Ru(II) complex. However, upon isolation of the product by precipitation of the PFe salt, the 

crude yields obtained were extremely poor, ranging from 5-15%. In addition, upon 'H NMR 

analysis it was discovered that the product obtained was a complex mixture of many different 

products. Numerous purification methods were attempted, however, these were unsuccessful, 

fhe methods investigated are summarised in Table 4.1.

Table 4.1: Methods attempted for purification of Ru-1,8-naphthalimide conjugate 70

Attempt

; 2 

13
I
' 4

5

6

Method of purification Result

Precipitation from diethyl ether Impure

Sephadex LH-20 column (MeCN) Impure

Silica column (CH3CN/H20/Sat.NaN03- 40:4:1) Impure

Alumina column (CH3CN/H20/Sat.NaN03- 40:4:1) Impure

Cation exchange CM Sephadex C-25 (0. IM aq NaCI) Impure

Cation exchange SP Sephadex C-25 (0. IM aq NaCl) Impure

In a manner similar to that described in Chapter 2, highly efficient microwave-assisted 

synthesis of Ru(TAP)2Cl2 in DMF was subsequently undertaken by reaction with 

Ru(COD)Cl2. Reaction at 140 °C, of the resultant Ru(TAP)2Cl2 in the presence of 72 using a 

DMF/H2O mixture yielded a similar colour change from dark purple to orange, signifying the 

formation of a tris-Ru(II) complex. The mixture was brought to dryness under reduced 

pressure, redissolved in H2O and filtered before precipitation of the crude complex as the PF6 

by addition of a concentrated ethanolic solution of sodium hexafluorophosphate. Analysis of 

the crude product by 'H NMR immediately showed increased purity in comparison to the 

purification attempts outlined in Table 4.1 (Figure 4.2). Small impurities which remained were 

thought to be of Ru(TAP)2Cl2, [Ru(TAP)3]^^ or various oxidation products. These impurities 

were ultimately removed by slow crystallisation from a saturated CH3CN solution placed in an 

ether-saturated closed vessel as reported by Rickling et giving 70 in 52% yield.
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Figure 4.2: (A) 'H NMR spectrum (400 MHz, CD3CN) of crude 70 after 40 mins 
microwave irradiation at 140 °C in DMF:H20 (B) 'H NMR spectrum (400 MHz, CDjCN) 
of crude 70 after 24 hrs refux at 100 °C in DMF:H20

The 4-nitro-l,8-naphthalimide based 70 was then reduced to its corresponding i 

4-amino-1,8-naphthalimide analogue 71, in MeOH using 10% Pd/C, at 1 atm of H2, for 24 

hours (Figure 4.3). Filtration of the reaction mixture through celite afforded the desired 

product 71 in high purity in 95% yield. These novel compounds were characterised using the 

full range of techniques described in Chapter 2, see Chapter 8 for further details. Due to the 

highly aromatic nature of both 70 and 71 the 'H NMR spectra (recorded in CD3CN) were 

observed to be extremely complicated exhibiting a large degree of overlap in the spectra of 

both complexes. Nonetheless, through the use of H-H COSY, C-H COSY and selective 
TOCSY analysis an assignment of all resonances was possible. '

72 70 71

Figure 4.3: Complexation of ligand 72 with Ru(TAP)2Cl2 and reduction of the resulting 
complex. Reagents and conditions: (i) Ru(TAP)2Cl2, DMF/H2O, argon, (ii) MeOH, 
Pd/C, 1 atm H2.
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The ’H NMR spectra (600 MHz, CD3CN) of 71 is shown in Figure 4.4 with that of 70 

given in Appendix 4. '^C NMR spectra (recorded in CD3CN) were also obtained, in which all 

of the expected resonances were visible.
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Figure 4.4: ‘h NMR spectra of 71 (600 MHz, CD3CN)

The successful formation of the complexes was also clearly evident from accurate 

mass spectrometry, where 70 displayed a peak at 1083.1088, corresponding to its M^^ ion + 

PF6. Similarly, 71 displayed a peak at 1053.1266, also corresponding to its M^^ ion + PFe. A 

comparison between the calculated and observed isotopic distribution patterns are shown for 

70 and 71 in Figure 4.5. Synthesised as their chloride salts, both complexes were water- 

soluble, and their photophysical properties were investigated in 10 mM phosphate-buffered 

aqueous solutions at pH 7.4.

(a) (b)

L i

Figure 4.5: Comparison between the calculated (blue) and obtained (black) isotopic 
distribution pattern for (a) 70 and (b) 71 from high resolution mass spectrometry 
analysis
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4.3 Photophysical Characterisation
Characterisation of the photophysics of both complexes 70 and 71 in solution was 

necessary as these compounds have been designed as binders of DNA. It was anticipated that 

both the substituents on the 1,8-naphthalimide ring and the incorporation of two TAP ligands 

would have a major effect on the photophysical properties of both of these systems. The 

absorption spectra with the fluorescence excitation and emission spectra of 70 and 71, 
recorded in 10 mM phosphate buffer solution (pH 7.4) are shown in Figure 4.6 (a) and 4.6 (b), 

respectively.
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Figure 4.6: UV/Visihle absorption and fluorescence excitation and emission spectra of 
(a) 70 and (h) 71 (lOpM) in 10 mM phosphate buffer at pH 7.4
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Examination of the UV/Vis absorption spectrum of 70 reveals bands characteristic of 

both the Ru(II) polypyridyl and 4-nitro-l,8-naphthalimide chromophores, where the intense 

band centred around 275 nm was attributed mainly to n-n* intraligand transitions, the band at 

358 nm to the 1,8-naphthalimide tt-tt* transitions, and the band centred at 415 nm to the 

MLCT transitions of the Ru(Il) polypyridyl centre. Importantly, bands characteristic of the 

t,8-naphthalimide and the Ru (11) MLCT may be resolved, which will be useful when 

examining the interaction of both components upon binding of the complexes with DNA. The 

absorption properties of 71 were somewhat different. The band at 275 nm was still present, 

although its molar absorptivity was slightly increased compared to that of 70. A single band 

was observed at 425 nm corresponding to both the 4-amino-1,8-naphthalimide and the Ru(II) 

MLCT transitions. A summary of these absorption properties is given in Table 4.2.

Table 4.2: Absorption properties of 70 and 71 in 10 mMphosphate buffer, at pH 7.4

Complex

70

71

(nm) [£(M ' cm ')] in phosphate buffer (±10%)

n-n IL 

275 [61250]

275 [657001

n-n Naph 

358 [15300[

MLCT 

415 [15000]

425 [22900]

Excitation of all absorption bands of the the 4-nitro-1,8-naphthalimide containing 

complex 70 resulted in essentially no emission from the 1,8-naphthalimide moiety, and MLCT 

based emission at around 645 nm. The absence of 1,8-naphthalimide associated emission 

suggested that the sensitisation of the MLCT excited state occurred through an energy transfer 

process, in a similar manner to the complexes discussed in the thesis of Dr. Ryan.'^^' 

Excitation of an aqueous solution of 71 at 425 nm resulted in similar behaviour, in that no 

emission was observed from the 1,8-naphthalimide, but a band centred at 645 nm 

corresponding to MLCT emission was observed. The ^max, tem and Of values for 70 and 71 

are summarised in Table 4.3.

Table 4.3: Emission properties of 70 and 71 in phosphate buffer solution at pH 7.4 at 298K

Complex

70

71

(nm)

645

645

Of (± 10%)

0.022

0.004

(ns) (air)

437

166
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The (t>F value for 70 was found to be 0.022 (± 10%), which is approximately half the 

value of that reported for [Ru(TAP)2(bpy)]^^ but higher than that reported for the Ru(bpy)2 

analogue, 49 described by Ryan which was reported as 0.001.'^’'^'^ Conversely, the (bp value 

for 71 was found to be 0.004 (± 10%), a value lower than that described for its Ru(bpy)2 

analogue, 50 which was reported as 0.018. The reduction in the quantum yields, and the 

resulting weak emission displayed by these complexes, is attributed to an interaction between 

the 1,8-naphthalimide and the MLCT triplet state. As discussed in Chapter 1, similar 

phenomena have been observed for Ru(TAP)2-aminoquinoline conjugates and were attributed 

to electron transfer processes between the Ru(TAP)2 centre (chromophore) and the organic
* 210moiety (quencher). We anticipate that a similar process is likely to be occurring here.

where the excited state of the metal complex is efficiently quenched by electron transfer to the 

1,8-naphthalimide moiety. Interestingly, the quantum yield of amino substituted 71 is greatly 

reduced in comparison to the nitro derivative 70 suggesting that the amino naphthalimide is a 

more efficient quencher than its nitro counterpart. Excited state lifetime measurements (lem) 

followed the same trend where 70 and 71 showed tem values of 437 ns and 166 ns, 

respectively; the lower lem value being exhibited by 71 due to its ability to efficiently quench 
the MLCT based emission.

The photophysical properties described above clearly demonstrate the advantageous 

nature of the bifunctional approach employed in the design of 70 and 71 with bands 

characteristic of the 1,8-naphthalimide and the Ru (11) MLCT centre being observed. By 

changing the nature of the substituents at the 4-position of the appended 1,8-naphthalimide |

chromophore it has been possible to yield systems with varying photophysical properties. In ^ 

addition, incorporation of n deficient TAP ligands has equipped these species with a highly | 
oxidising excited state that is expected to have a profound effect on the nature of their j 

interaction with DNA. Their ability to recognise DNA will be discussed in the following 

sections and the potential use of 70 and 71 as photoresponsive and photoreactive DNA 

targeting agents will be examined.

4.4 DNA Binding Interactions of 70 and 71

As was the case in the previous two Chapters complexes 70 and 71 were expected to 

interact strongly with DNA resulting in significant modulations of their photophysical 

properties. Due to their bifunctional nature, it was expected that 70 and 71 would interact with 

DNA through a combination of electrostatic and rr-stacking interactions, where the metal 

complex would he expected to bind externally to the phosphate backbone, while the 

1,8-naphthalimide moieties would bind through intercalative or groove binding interactions.
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To detennine the nature of their binding affinity for DNA a number of spectroscopic titrations 

were carried out and these results are presented in the following sections.

4.4.1 Spectroscopic Titrations of 70 and 71 with DNA

4.4.1.1 UV/Vis Absorption Titrations of 70 and 71 with DNA
UV/Vis absorption spectroscopy was firstly utilised to probe the interaction of 70 and 

71 with DNA. The titrations were carried out in a similar fashion to that described in previous 

chapters by addition of small aliquots of stDNA to a 10 mM phosphate buffer solution of each 

complex at pH 7.4, until a plateau in absorbance was reached. Changes in the Ru(ll) complex 

^MLCT band and in the 1,8-naphthalimide n-n* band at 358 nm were monitored for 70 while 

those changes at the broad band centred at 425 nm was monitored in the case of 71. All 

titrations were repeated a number of times to ensure reproducibility. The changes in the 

ground state of 70 are shown in Figure 4.7 with those of 71 shown in Appendix 4.

Figure 4.7: Changes in the UV/Visihle spectrum of 70 (8 pM) with increasing additions of 
StDNA (0-21 OpM) in lOmM phosphate buffer, pH 7.4). Inset: Plot of (sa-ef)/Eb-Rf) vs. 
[DNA](M~ , P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.

The titration of 70 and 71 with stDNA resulted in significant changes to their 

absorption spectra. Complex 70 exhibited a 37% decrease in absorbance at 358 nm with a 

concomitant decrease of 6% in the MLCT band at 415 nm. The absorbance changes displayed 

by 71 were somewhat different but, nonetheless, culminated in a 22% hypochromism in the 

band centred at 425 nm.
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The defined hypochromicities observed in the ground state spectra of both complexes

immediately indicates strong interactions occurring with DNA. In the case of 70, the large

degree of hypochromicity seen at 358 nm would indicate intercalation of the 1,8-

naphthalimide moiety between the stacked bases, as expected with such a planar structure.

Similarly, the changes in the MLCT region confirm that the metal centre of 70 is tightly bound

to DNA. Due to the overlap of the MLCT and naphthalimide bands of 71 it is more difficult

to draw firm conclusions regarding the separate portions of this system. However, the large

absorbance decrease observed at 425 nm was also coupled with a slight red shift of the

absorbance maximum of ca. 4 nm; behaviour which is generally associated with classical 
21 1intercalation.

Analysis of the ground state titration data using the Bard equation, as described in the 

previous Chapters, confirmed that both 70 and 71 showed strong affinity for DNA (Table 4.4). 

Complex 70 showed strong binding with K/, = 1.3 xio^ (± 0.1) and n= 1.3 (± 0.03), while 71 

gave Kh = 5.8 x 10* (± 1.2) and n = 1.5 (± 0.03). The lower affinity observed for complex 70 

may be due to steric repulsion caused by the nitro group which may be twisted slightly out of 

plane due to steric repulsion from the neighbouring H-atom in the 5-position of the ring 

system, as represented schematically in Figure 4.8.^'^ The resultant diminished planarity 

makes intercalation or insertion into the DNA helix less favourable for the nitro-substituted 

species while the amino-substituted complex 71 does not experience this type of twisting, and 

as such its presence may allow for more complete insertion into the helix resulting in a 
stronger binding affinity.

Table 4.4: DNA binding parameters from fits to absorbance data

Complex

j

k(Naph)
Hypochromism

HMLCT)
Hypochromism

Binding constant Binding
site size n

(base pairs)

70 37% 6% 1.3 X 10* (± 0.1) 1.3 (±0.03) 0.99

71 — 22% 5.8 X 10*(± 1.2) 1.5 (±0.03) 0.99
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(a) (b)

•W

Steric repulsion between 
nitro and H5

Figure 4.8 (a) Steric repulsion experienced by the nitro group when in the 4-position of the 
1,8-naphthalimide chromophore. (b) Schematic representation of the 3D structure of 4- 
nitro-1,8-naphthalimide with nitro group twisted out of plane decreasing planarity and 
increasing steric bulk.

It is clear from the ground state titrations that both 70 and 71 show large spectroscopic 

changes in response to DNA. In addition, both species have been found to possess binding 

constants of the order of 10^ M '; values that are in keeping with those previously determined 

for complexes 49 and 50 reported by Dr. Ryan.'^"' In order to further confirm this interaction 

and monitor any excited state redox processes, the excited state properties of 70 and 71 were 

also monitored as a function of added DNA concentration and these results will be presented 

in the following section.

4.4.1.2 Fluorescence Emission Titrations of 70 and 71 with DNA

Due to the incorporation of two n deficient TAP ligands in the structures of both 70 

and 71 it was anticipated that perturbations of their emission would be likely as a result of 

photo-electron transfer processes occurring with DNA in solution as seen in Chapter 2. At the 

same time, the amino substituted derivative 71 was weakly emissive in solution, compared to 

emission from its nitro analogue 70 and it was expected that significant differences in spectral 

response to added DNA would be observed between both systems. The subsequent titrations 

were carried out in parallel with the UV/Visible titrations as described in previous Chapters.

The MLCT based emission of 70 in aqueous solution was shown to undergo excited 

state quenching with a ca. 30% decrease being observed upon addition of stDNA (P/D 0 —> 

30) with the main changes occurring between P/D 0 —> 3 (Figure 4.9). Similarly, 71 was also 

shown to have its MLCT based emission quenched, but to a larger degree showing quenching 

of ca. 43% upon addition of stDNA (P/D 0 ^ 30) with the main changes occurring between a 

shorter P/D range of 0 2 (Appendix 4).
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300
1 •

Wavelength (nm)
Figure 4.9: Changes in the fluorescence emission spectrum of 70 (8pM) (Aex - 415 nm) 
with increasing concentration of stDNA (0-2I0pM). Inset: Plot of the change in 
integrated MLCT emission intensity as a function of P/D ratio.

The observed quenching of the excited state is most likely due to due to a photo­

electron transfer between guanine residues and the ^MLCT state of the complexes as 

described in detail in Chapter 2 for systems containing two or more TAP ligands.’’'^ A biphasic 

binding profile, with an immediate fluorescence decrease followed by a more gradual increase 

to a plateau over a P/D range 3 30 was observed for both complexes. This suggests that

these complexes distribute themselves differently on the polynucleotide depending on the 

availability of binding sites. As previously described in Chapter 2 the extra enhancement of 

luminescence quenching might originate from DNA induced stacking of the complexes.For 

comparison, the emission profiles for each of the systems, 70 and 71 are shown in Figure 4.10. 

It is clear from these overlaid profiles that 71 experiences a larger initial emission decrease, 

reflecting the higher binding affinity of this system for DNA. This observation correlates well 

with the results seen with the UV/Vis absorption studies. It is also apparent from Figure 4.10 

that 71 reaches a plateau in emission at lower P/D ratios compared to the nitro analogue 70. 

Such low equivalents of DNA necessary to reach a plateau in emission further reflect the high 

DNA binding affinity of this system.

For determination of binding constants, such fluorescence data is often represented as 

a Scatchard plot and fitted to the model of McGhee and Von Hippel^*’^, however, in this case 

the biphasic shape of the titration curves did not allow the accurate determination of binding 

data. Moreover, such data analysis often necessitates omission of points from the beginning 

and end of the titration and for this reason binding constants. A"*, were solely calculated from 

the Bard Model allowing a direct comparison with complexes 49 and 50 described by Ryan.'^"*
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Figure 4.10: Relative changes in the emission intensity of 70 (m) and 71 (^)(Xex = 415 nm) 
upon addition of stDNA in 10 mMphosphate buffer, at pH 7.4

4.4.2 Spectroscopic Titrations of 70 and 71 with DNA at High Ionic Strength
The susceptibility of the binding affinity of 70 and 71 to ionic strength was next 

investigated by a series of titrations at varying concentrations of NaCl (50 mM and 100 mM) 

in the presence of DNA. As both species are cationic, electrostatic binding to DNA was 

expected to play a significant role in the binding process and it was expected that these 

titrations would reveal the relative contribution of electrostatic V5. non-electrostatic modes of 

interaction. The spectroscopic changes were monitored for both UV/Vis absorption and 

fluorescence emission titrations and these results are presented in the following sections.

4.4.2.1 UV/Vis Absorption Titrations of 70 and 71 with DNA at High Ionic Strength
The interaction of 70 and 71 with DNA at varying ionic strengths was examined using 

UV/Vis absorption spectroscopy in a manner similar to that described previously involving 

the addition of small aliquots of stDNA to a 50 mM or 100 mM NaCl solution of 10 mM 

phosphate buffer solution of each complex at pH 7.4, until a plateau in absorbance was 

reached.

The changes in the ground state of 70 at both 50 mM and 100 mM NaCl concentration 

are shown in Figure 4.11 (a) and Figure 4.11 (b) respectively, with those of 71 shown in 

Appendix 4. The titration of 70 and 71 with stDNA at both 50 mM and 100 mM NaCl 

concentration, again, resulted in significant changes to their absorption spectra. At 50 mM 

NaCl, 70 exhibited a 32% decrease in its absorbance at 358 nm with a concomitant decrease 

of 10% in the MLCT band at 415 nm. Similar changes were observed at 100 mM NaCl with a
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34% decrease in the 1,8-napthalimide band at 358 nm and a further decrease of 10% in the 

MLCT band. In the case of 71, at 50 mM NaCl concentration, an 18% hypochromism was 

observed at 425 nm with a slight red shift of ca. 4 nm again being exhibited. Similarly at 100 

mM NaCl an 18% hypochromism was observed with a slight red shift of ca. 4 nm.

(a)

(b)

Figure 4.11: Changes in the UV/Visihle spectrum of 70 (8pM) with increasing 
concentration of stDNA (0-21 OpM) at (a) 50mM and (b)lOO mM NaCl concentration. 
Insets: Plots of (ea-ef)/eb-£f) vs. [DNA](M', P) using data with a P/D between 0-12 and the 
best fit of the data (—) using the Bard Eqn.

The overall changes in the UV/Vis ground state titrations observed above showed 

slight variations with increasing NaCl concentration where only minor changes in the degrees 

of hypochromism were observed. However, the shapes of the resultant binding profiles were 

different and as such the values obtained for Kh revealed a more obvious trend with regard to
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the effect of NaCl concentration. The data was again fit to the model of Bard et. al. using non­

linear regression analysis with Sigmaplot 11.0. A summary of the results obtained are 

presented in Table 4.5.

Table 4.5: DNA binding parameters from jits to absorbance data at varying NaCl 
concentrations

Complex Binding constant Binding site size 
n

(base pairs)
70 ± stDNA 1.3 X 10® (± 0.1) 1.3 (±0.03) 0.99

70 ± StDNA (50mM NaCl) 7.4 X 10®(± 0.9) 3.1 (± 0.03) 0.99

70 ± StDNA (lOOmM NaCl) 4.3 X 10® (± 1.8) 4.45 (± 0.3) 0.99

71 ± StDNA 5.8 X 10® (± 1.2) 1.50 (±0.03) 0.99

71 ± StDNA (50mM NaCl) 5.2 X 10® (±0.9) 0.97 (± 0.07) 0.99

71 ± StDNA (lOOmM NaCl) 1.2 X 10® (± 0.3) 1.3 (± 0.2) 0.99

The results obtained confirmed that both of the complexes retained their high affinity 

for DNA, even at very high NaCl concentrations. For example, at 50 mM NaCl 70 exhibited a 
Kh = 7.4 X10^ (± 0.9) and A? = 3.1 (± 0.03) while at 100 mM NaCl 70 had Kh = 4.3x10^ (±1.8) 

and n = 4.45 (± 0.3). The overall study revealed an expected trend in binding affinities of 

these complexes for DNA with AT* at 10 mM phosphate buffer > 50mM NaCl > 100 mM NaCl 

showing an obvious effect of NaCl concentration on the binding process.

It is clear from these results that the interaction of 70 and 71 with DNA is dependent 

on the ionic strength of the medium as the magnitude of the changes were decreased relative 

to that in 10 mM phosphate buffer alone. Nevertheless, as both complexes retain high affinity 

for DNA at 100 mM NaCl solution it can be concluded that, although electrostatic interactions 

have a role to play in the binding process, it is the bifunctional nature of these systems 

comprising an intercalating 1,8-naphthlimide and a cationic Ru(ll) centre that governs the 

overall association of these complexes with DNA.

4.4.2.2 Fluorescence Emission Titrations of 70 and 71 with DNA at High Ionic Strength

The results obtained in the UV/Vis absorption titrations were further confirmed by 

similar changes in the fluorescence emission spectra of complexes 70 and 71 at varying salt 

concentrations. The changes in the excited state of 71 at both 50 mM and 100 mM NaCl 

concentration are shown in Figure 4.12 (a) and Figure 4.12 (b), respectively.
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(a)

(b)
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Wavelength (nm)
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Figure 4.12: Changes in the fluorescence emission spectrum of 71 (8 pM) (X^x = 425 
nm) with increasing concentration of stDNA (0-2 WpM) at (a) 50mM and (b)IOO mM 
NaCl concentration. Insets: Plots of the change in integrated MLCT emission intensity 
as a function of P/D ratio.

Upon addition of stDNA to complexes 70 and 71 the MLCT emission band centred at 

645 nm was seen to decrease with increasing amounts of stDNA. For 70 at 50 mM NaCl the 

MLCT was quenched by 26% with the quenching process occurring over the entire P/D range 

from 0-30. Similarly, at 100 mM NaCl the MLCT was quenched by 24%. For 71 at 50 mM 

NaCl the band at 645 nm was seen to be quenched by 31% while at 100 mM NaCl, the MLCT
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was seen to be quenched by 24% with the quenching process again occurring over the entire 

P/D range from 0 —> 30 in both cases.

Both 70 and 71 showed a decreased degree of emission quenching in the presence of 

NaCl suggesting that neither complex is bound to DNA with the same affinity as was seen in 

10 mM phosphate buffer alone. In addition, the biphasic binding profile that had been 

observed upon titration in 10 mM phosphate buffer was no longer evident. It is likely that the 

increase in ionic strength causes the DNA helix to shrink due to a reduction in the phosphate- 

phosphate bond repulsion. As a result, intramolecular luminescence quenching may not be as 

significant due to DNA induced stacking of the complexes being less favourable. These 

results further suggest that electrostatic binding of the metal centre to the DNA backbone does 

play a significant role in determining the overall affinity of 70 and 71 for DNA. An example 

of the effect that added NaCl has on the emission response is given in Figure 4.13, where the 

profiles for 71 under different ionic strength conditions are presented.
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Figure 4.13: Relative changes in the integrated emission intensity of 71 (8 juM) = 425 
nm) With increasing concentration ofst-DNA (0-210 fiM), in 10 mM phosphate buffer 
10 mM phosphate buffer + 50 mM NaCl (A) and 10 mM phosphate buffer +100 mM NaCl

Further confirmation of the effect of ionic strength was obtained from the emission 

response observed by carrying out salt back titrations for 70 and 71 as described in previous 

Chapters. The fluorescence emission was seen to be affected by increasing NaCl 

concentration, gradually increasing towards that of the free compound, but reaching a plateau 

at ca. 140 mM NaCl, with about a 40% increase towards that of the free species. No further 

changes occurred with the addition of up to 250 mM concentration of NaCl, indicating that the
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majority of compound remains bound at high ionic strength. The results presented above have 

revealed further confirmation that DNA binding strength is dependent on the ionic strength of 

the medium for both species, but with neither of the complexes being fully displaced (Figure 

4.14).

From the above results it is clear that both 70 and 71 remain bound to DNA at high 

concentrations of NaCl. As a result, it can be concluded that electrostatic binding of the metal 

centre to DNA does play a significant role in determining the overall affinity but due to the 

fact that 70 and 71 remain bound at high ionic strength it is likely that non-electrostatic 

interactions are not the most prominent in the binding of these complexes. This was 

anticipated in the initial design of these complexes; the 1,8-naphthalimide providing high 

affinity binding through intercalation into DNA, with the metal centre remaining externally 

bound through electrostatic attraction to the phosphate backbone.
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Figure 4.14: Fluorescense emission NaCI hack titration profiles of 70 and 71(Xex = 415 nm)5 
Emission of unbound complex (9), fully hound complex (^) and hound 70(A) and 71 (9) in 
the presence of increasing concentration of NaCI

i
4.4.3 Spectroscopic Titrations of 70 and 71 with Synthetic Homopolymer 
Polynucleotides

In a manner similar to that described in Chapter 2, studies were also performed with 

synthetic polynucleotides, [poly(dAdT)]2 and [poly(dGdC)]2, in order to investigate their 

effect on the photophysical properties of 70 and 71.
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4.4.3.1 UV/Vis Absorption Titrations of 70 and 71 with Synthetic Homopolymer 
Polynucleotides

The interaction of 70 and 71 with both [poly{dAdT)]2 and [poly(dGdC)]2 was 

measured firstly using UV/Vis absorption spectroscopy and was carried out in a manner 

similar to that described in Chapter 2 involving the addition of small aliquots of the 

polynucleotide solution to a 10 mM phosphate buffer solution of each complex at pH 7.4, until 

a plateau in absorbance was reached.

(a)

(b)
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Figure 4.15: Changes in the UV/Visihle spectrum of 70 (7.5 pM) with increasing 
concentration of (a) [poly(dAdT)]2 (0-83pM) and (b) [poly(dGdC)]2 (0-76pM) at pH 
7.4. Insets: Plots of (ea-£/)/£h-Cf) v.s’. [DNA](M\ P) using data with a P/D between 0-12 
and the best fit of the data (—) using the Bard Eqn.
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The changes in the ground state of 70 in the presence of [poly(dAdT)]2 and 

[poly(dGdC)]2 are shown in Figure 4.15 (a) and Figure 4.15 (b) respectively, with those of 71 

shown in Appendix 4. Upon binding to [poly(dAdT)]2, 70 exhibited a 33% decrease in 

absorbance at 358 nm with a concomitant decrease of 12% in the MLCT band at 415 nm. 

Similar changes were observed for [poly(dGdC)]2 with a 43% hypochromism at 358 nm and a 

further decrease of 14% in the MLCT band. In the case of 71, upon binding to [poly(dAdT)] a 

19% hypochromism was observed for the MLCT band while in the presence of [poly(dGdC)]2 

a 23% hypochromism was observed at 415 nm.

These results did not show a large preference for either [poly(dAdT)]2 or 

[poly(dGdC)]2. Minor differences were observed in the degree of hypochromism exhibited 

upon titration with the different polynucleotides, as exemplified in the comparison curve of 

70, shown in Figure 4.16, which compares the changes in the naphthalimide absorption at 358 

nm. where a slightly larger decrease was seen upon titration with [poly(dGdC)]2 for both 70 

and 71.
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Figure 4.16: Changes in naphthalimide absorption at 358 nm of 70 (8 pM) in 10 mM 
phosphate buffer, at pH 7.4 upon addition of stDNA(M)fpoly(dAdT)]2 (A.) and 
[poly(dGdC)]2
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Although the binding profiles of the different titrations were largely similar a range of 

values were obtained for Kb, from fits to the absorbanee data using the model of Bard et al, 

and were in agreement with differenees in the binding of 70 and 71 for [poly(dAdT)]2 and 

[poly(dGdC)]2. A summary of the results obtained are presented in Table 4.6.

Table 4.6: DNA binding parameters from fits to absorbance data in the presence of 
[poIy(dAdT)]2 and [poly(dGdC)]2

Complex A(Naph)
Hypo-

chroism

X(MLCT)
Hypo-

chroisro

Binding constant Binding site 
size

n
(base pairs)

70 + StDNA 37% 6% 1.3 X 10‘‘(± 0.1) 1.3 (±0.03) 0.99

70 + |Poly(dAdT)]2 33% 12% 1.0 X 10‘‘(± 0.2) 1.2 (±0.1) 0.99

70 + [Poly(dGdC)|2 43% 14% 8.5 X 10®(± 1.2) 1.1 (±0.1) 0.99

71 + StDNA — 22% 5.8 X 10‘’(± 1.2) 1.5 (±0.03) 0.99

71 + |Poly(dAdT)l2 19% 1.8 X 10* (± 0.7) 1.3 (±0.03) 0.99

71 + [Poly(dGdC)|2 — 23% 1.5 X 10* (± 0.4) 0.9 (±0.06) 0.99

The results from this study have highlighted that eaeh of the complexes 70 and 71 

exhibited a strong binding affinity for both [poly(dAdT)]2 and [poly(dGdC)]2, as observed for 

stDNA. This behaviour is demonstrated by 70 in the presence of [poly(dAdT)]2 where this 

complex exhibited a AT* = 1.0 x 10^ (± 0.2) and n = 1.2 (± 0.01) while with [poly(dGdC)]2,

= 8.5 xl0^(± 1.2) and n = 1.1 (± 0.01) were found. Similar behaviour was seen for 71 which 

also retained a high affinity for [poly(dAdT)]2 and [poly(dGdC)]2.

The UV/Vis absorption study in the presence of synthetic homopolymer 

polynucleotides has revealed very similar binding affinities of both 70 and 71 with 

[poly(dAdT)]2 and [poly(dGdC)]2 but with both of them binding slightly more strongly to 

StDNA. As was seen in Chapter 2 such minor preferences may be derived from structural 

differences between [poly(dAdT)]2, [poly(dGdC)]2 and stDNA, however, the degree of 

specificity is not significant enough to warrant the use of 70 or 71 as sequence specific 

recognition agents. Nevertheless, in order to probe the excited state interactions of 70 and 71 

with the homopolymers, changes in the excited state properties of 70 and 71 were also 

examined in tandem with the ground state studies and these results will be presented in the 

preceding section.
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4.4.3.2 Fluorescence Titrations of 70 and 71 with Synthetic Homopolymer 

Polynucleotides

As previously mentioned, due to the n deficient nature of the Ru(II) cores of 70 and 71 

the observed quenching of the ^MLCT states upon addition of stDNA is expected to be as a 

result of PET reactions with guanine nucleobases. ’ ’

With this in mind, fluorescence emission studies were undertaken with the synthetic 

polynucleotides, [poly(dAdT)]2 and [poly(dGdC)]2. The resultant changes in the fluorescence 

emission spectrum of 70 are shown in Figure 4.17 (a) and Figure 4.17 (b), respectively with 

those of 71 shown in Appendix 4.
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Figure 4.17: Changes in the fluorescence emission spectrum of 70 (8pM) (T^v = 415 nm) 
with increasing concentration (a) [poly(dAdT)]2 (0-83pM) and (b) [poly(dGdC)]2 (0-76 
pM) at pH 7.4 Insets: Plots of the change in integrated MLCT emission intensity as a 
function of P/D ratio. j 47
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Upon addition of [poly(dAdT)]2 and [poly(dGdC)]2 to complexes 70 and 71, similar 

behaviour to that seen previously in Chapter 2 for complex 55 was observed, whereby the 

characteristic MLCT emission bands centred at 645 nm were seen to experience an overall 

increase upon addition of [poly(dAdT)]2 while, conversely, the emission was seen to be 

effectively quenched in the presence of [poly(dGdC)]2. For 70 in the presence of 

[poly(dAdT)]2 an initial slight decrease in emission was followed by a sharp 56% increase 

culminating in a plateau at P/D = 10 , while upon titration with [poly(dGdC)]2 the emission 

was efficiently quenched by 62% at P/D = 10. Similarly, in the case of 71 upon titration with 

[poly(dAdT)]2, the observed fluorescence at 645 nm was seen to experience an initial slight 

decrease followed by a subsequent 5% overall increase with the main changes occurring 

between P/D 0 ^ 4. In a manner similar to 70, upon addition of [poly(dGdC)]2, 71 was shown 

to have its excited state effectively quenched by 54% with the main changes occurring 

between P/D 0 — *■ 2.
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Figure 4.18: Relative changes in the integrated emission intensity of 70 (8 jiM) (Xex 415 nm) 
with increasing concentration of stDNA(^), [poly(dAdT)]2 (^) and [poly(dGdC)]2 in 10
mM phosphate buffer at pH 7.4.

The observed behaviour can be explained in a similar manner to that described in 

Chapter 2, whereby a luminescence enhancement is observed in the presence of [poly(dAdT)]2 

for both 70 and 71, most likely resulting from shelter from non-radiative deactivation 

processes of the ^MLCT excited state afforded by the double helix microenvironment. 

Similarly, the large decreases of emission observed for 70 and 71 in the presence of 

[poly(dGdC)]2 is consistent with the PET process to guanine nucleobases, documented for
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complexes containing two TAP ligands. For comparison, the emission profiles for 70 in the 

presence of stDNA, [poly(dAdT)]2 and [poly(dGdC)]2 are shown in Figure 4.18.

To summarise, this study has revealed from UV/Vis titrations that both 70 and 71 

show negligible sequence specific recognition with no great degree of preferential binding to 

either [poly(dAdT)]2 or [poly(dGdC)]2 in the ground state. Conversely, as expected, the 

excited state measurements carried out on 70 and 71 showed similar behaviour whereby their 

emission was slightly increased in the presence of [poly(dAdT)]2 but decreased in the 

presence of [poly(dGdC)]2, consistent with the PET process, observed for complexes 

containing at least two n deficient ligands. The preceding sections of this Chapter will further 

explore the binding affinity and modes of interaction of 70 and 71 for DNA through the use of 

various spectroscopic techniques.

4.4.4 Ethidium Bromide Displacement Assays of 70 and 71
The binding efficiency of both 70 and 71 was also evaluated by displacement of DNA bound 

EtBr. The addition of 70 and 71 to a mixture of EtBr and DNA was found to displace 50% 

EtBr at molar ratios well below one, again, showing that they display much greater affinity for 

DNA than EtBr. This confirms the high affinity of both complexes for DNA and confirms the 

results obtained from UV/Visible absorption and emission titrations discussed in the previous 

sections. As can be seen in Figure 4.19, the addition of 70 and 71 caused the emission 

intensity of intercalated EtBr to decrease dramatically demonstrating their ability to 

competitively displace the known DNA intercalator.

The apparent binding constants K were again calculated according to the

competitive binding model described by Boger et. al. as demonstrated in Chapter 2. A 

summary of binding constants derived from these titrations is displayed as an inset in Figure 

4.19. From these results it can concluded that 70 and 71 are capable of displacing EtBr 

effectively when bound to stDNA, which gives rise to quenching of the EtBr emission. The 

displacement capabilities correlate well with the behaviour observed in the UV/Vis and 

fluorescence titrations where the amino substituted complex 71 exhibits a higher affinity, with 

l^app = 1.90x10^, in comparison to its nitro substituted analogue 70 with Kapp = 1.66x10^. 

However, such binding constants give only give an indication of binding ability and should 

not be considered quantitative.
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Figure 4.19: The changes in fluorescence of DNA bound EtBr (X^x = 545 nm) at 610 nm 
upon addition of 70 {'^) and 71 (m) in 10 mM phosphate buffer, pH 7.4. Inset: Table of 
binding affinities (Kapp) of 70 and 71 calculated from EtBr displacement assays

4.4,5 Thermal Denaturation Studies of 70 and 71
Thermal denaturation studies were carried out on 70 and 71 in the presence of stDNA, as in 

the previous Chapters. In the absence of metal complex the value for DNA was 

determined to be 68 °C. The melting transition for DNA in the presence of both 70 and 71 

showed large perturbations at all P/D ratios evaluated, as seen for 71 in Figure 4.17.

Figure 4.17: Thermal denaturation curves of stDNA (150 pM) in 10 mM phosphate 
buffer, pH 7.4, in the absence (^) and presence of 71 at P/D = 25 (m) P/D = 10 (A ) and 
P/D = 5 (>f). Inset: The T,„ values from first derivative plots of the melting curve.
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The changes reflected the stabilisation of the helix structure as a function of complex 

concentration. At P/D = 25, 10 and 5 the melting transition had not gone to completion at 90 

°C and consequently, it was not possible to fit the data to a sigmoidal function and as such 

exact melting values could not be reported, but may be regarded as being greater than 75 ”C 

(Figure 4.17). It is noteworthy that the different extent of the stabilisation between the nitro 

and amino substituted systems is apparent from these changes, where 71 resulted in a slightly 

greater shift to higher temperature in the melting profile (Appendix 4). This result is 

complementary to those results from the UV/Visible absorption and emission studies, and 

emphasises the higher affinity of this system in comparison to the nitro analogue. Overall 

these experiments have demonstrated significant stabilisation of the helix associated with 

binding of these systems and further emphasises the high affinity that they both possess for 

DNA.

4.4.6 Circular Dichroism Studies of 70 and 71 in the Presence of DNA

In an attempt to further probe the interaction of 70 and 71, CD titrations were carried 

out in the same manner as described in previous Chapters, in which the concentration of DNA 

was kept constant and that of either complex was varied to give a range of P/D ratios. The 

spectra for 70 are shown in Figure 4.18 with those of 71 shown in Appendix 4. The spectra 

obtained for both complexes mirror each other and those that were seen for the bipyridine 

derivatives 49 and 50 studied by Dr. Ryan. Taking 70 as an example, examination of Figure 

4.18 reveals a small negative ICD signal at long wavelength, corresponding to both the 1,8- 

naphthalimide and the MLCT absorption bands.

200 300 400
Wavelength (nm)

500 600

Figure 4.18: CD spectra ofstDNA (150 pM) in 10 mM phosphate buffer, at pH 7.4, in 
the absence and presence of 70 at varying ratios.
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Although small in magnitude compared to the complexes 49 and 50 described by Dr. 

Ryan, it is likely that these changes are due to close association of the metal centre with the 

grooves, resulting in a slight induced CD signal. Similarly, the CD spectrumi of DNA is 

substantially affected with the characteristic DNA CD signal practically disappearing. As 

previously stated, this UV region is sensitive to changes in conformation resulting from 

complex binding, but interpretation of the CD signal in terms of structural changes is not 

unequivocal. It has been shown that the DNA CD spectrum is significantly altered upon 

binding of small molecules, possibly due to either the coupling of DNA and complex 

transitions, or changes in the DNA base coupling resulting from changes in DNA geometry 

following binding.'^' As both complexes exhibit transitions in the UV region, which overlap 

with the DNA absorption bands, it is difficult to discern if these bands result from an ICD, or 

from structural changes in the DNA as a result of intercalator-induced unwinding or 

lengthening of the DNA.

The results from the above CD studies reveal further confirmation of the close 

association of these species with DNA. Furthermore, the appearance of an ICD signal points 

to a binding mode in which the metal centre is tightly associated with the helix, thus 

experiencing its chirality. Further LD studies are expected to yield additional information on 

the particular binding interaction of both 70 and 71 with DNA.

4.4.7 Linear Dichroism Studies of 70 and 71 in the Presence of DNA
As LD studies had provided strong evidence for the binding mode of species studied in 

the previous two Chapters it was also decided to undertake LD titrations with complexes 70 

and 71 in order to gain a better insight into their specific interaction with the DNA helix. The 

behaviour of 70 was of particular interest as it showed distinct absorption bands for the 1,8- 

naphthalimide and Ru(II) polypyridyl portions. Consequently, it was expected that its LD 

behaviour would give valuable information on the binding geometry of each of the separate 

functional moieties. The LD studies were carried out in a manner similar to that described 

previously in Chapter 2 by keeping the concentration of stDNA constant at 150 pM (OD = 1, 

at 260 nm) while varying the concentration of 70 and 71.

The LD spectra resulting from the addition of 70 to stDNA and comparison with its 

absorption spectrum are shown in Figure 4.19 (a) with those of 71 shown in Figure 4.19 (b). 

Changes are immediately obvious outside of the DNA absorption region in the case of both 

complexes, further confirming their strong interaction with DNA in addition to giving 

information on the specific mode of interaction. In the case of 70, when stDNA was treated 

with a low loading of the complex (P/D = 25) a small negative signal is evident at ca. 360 nm
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suggesting that the 1,8-naphthalimide portion of the complex is lying perpendicular to the 

DNA helix axis, i.e. is intercalated. This observation is further emphasised upon higher 

loading of 70 (P/D = 2.5), whereby a more strongly negative signal is observed at ca. 365 nm, 

the maximum being slightly red shifted by 5 nm. More complex behaviour is seen in the 

MLCT absorption region of 70 where the broad band is seen to be split in two, with a positive 

band centred at ca. 415 nm and a negative band with a maximum at ca. 475 nm. This 

behaviour would suggest that the positive band at 415 nm is as a result of the MLCT from the 

Ru(II) centre to the ancilliary TAP ligands lying in the grooves of the DNA helix. Conversely, 

the negative MLCT band at 475 nm may be associated with an MLCT from the Ru(II) centre 

to the bipyridine fragment of the naphthalimide ligand, further confirming the proposed 

intercalative geometry of the 1,8-naphthalimide portion. Similar behaviour was seen for 71 

whereby a negative signal is observed at 460 nm at P/D = 25 and this negative band exhibits a 

further decrease at P/D = 2.5. The spectra obtained for 71 do not show as structured results 

however, due to the overlap of both the 1,8-naphthalimide and the MLCT absorption bands. 

As a result firm conclusions cannot be drawn, however, the negative band centred at ca. 460 

nm suggests that the 1,8-naphthalimide portion of this conjugate is most likely intercalated 

between the nucleobases as was seen for 70.

(a) (b)

Figure 4.19: LD spectra of stDNA (150 pM) in 10 mM phosphate buffer, at pH 7.4, in the 
absence and presence of (a) 70 and (b) 71 at varying ratios.

4.4.8 Summary of DNA Binding Studies of 70 and 71

As this Chapter aims to identify species with DNA photoreactvity, the sections 

described have focused on the DNA binding capability of both 70 and 71 in solution. The 

investigations have been undertaken using stDNA and the homopolymers, [poly(dA-dT)]2 and
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[poly(dG-dC)]2, at various ionic strengths utilising UV/Vis and fluorescence spectroscopy and 

supplemented with EtBr displacement assays, Tm experiments, CD studies and LD studies.

The photophysical properties of both complexes were first evaluated in solution before 

perturbations in the ground and the excited state interactions in the presence of stDNA were 

observed and quantified. Analysis of the ground state data allowed the calculation of binding 

constants of the order of 10^ M"' for both complexes with the amino substituted complex 71 

showing a slightly higher binding affinity. Furthermore, both 70 and 71 exhibited excited state 

quenching upon interaction with DNA attributed to the occurrence of a PET process between 

the TAP containing complexes and guanine nucleobases. Studies in the presence of DNA at 

high ionic strength also added to the investigation where high salt concentration was seen to 

affect the binding strength of 70 and 71 but the complexes were seen to remain bound even at 

high ionic strength ([NaCl] > 250 mM). Studies in the presence of the homopolymers 

[poly(dA-dT)]2 and [poly(dG-dC)]2 revealed negligible sequence specific recognition with 

both 70 and 71 showing slightly enhanced binding to stDNA over the homopolymers in the 

ground state. Further evidence for the PET process occurring with 70 and 71 in the presence 

of guanine was provided by the observation that its fluorescence was effectively quenched in 

the presence of [poly(dG-dC)]2 and increased in the presence of [poly(dA-dT)]2.
EtBr displacement assays showed that 70 and 71 are capable of displacing EtBr 

effectively when bound to stDNA in addition to Tm experiments that found that both 

complexes were capable of stabilising the helical structures of stDNA. The results from the 

CD studies revealed close association of both complexes with DNA and showed small ICD 

signals, pointing to a binding mode in which the metal centre is tightly associated with the 

helix. Finally, LD studies provided further evidence for the strong interaction of 70 and 71 

with DNA and simultaneously confirmed that the tt-ti* transition of the 1,8-naphthalimide 

chromophore of 70 is lying perpendicular to the DNA helix axis and is, thus, most likely 

intercalated between the base pairs.

The studies carried out above have identified that both complexes bind avidly to DNA 

concomitantly displaying varying spectroscopic behaviour in response to differing DNA 

polynucleotides. It is anticipated that both 70 and 71 in addition to binding to DNA may have 

photoreactivity with the DNA bases due to the n deficient character of their excited states. 

Equipped with both DNA binding ability and excited state reactivity it is anticipated that 70 

and 71 will function as potential DNA photocleavage agents and thus may find application as 

diagnostic or phototherapeutic agents. The remainder of this Chapter will deal with biological 

studies including their DNA photocleavage ability as well as their cellular uptake.
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4.5 DNA Photocleavage efficiency of 70 and 71

The DNA photocleavage studies were carried out by treating pBR322 plasmid DNA (1 

mg/ml) with each of the complexes 70 and 71 at varying ratios in 10 mM phosphate buffer 

solution in a similar manner as is described in Chapter 2. Shown in Figure 4.20 is the result of 

the DNA photocleavage studies. In order to provide a reference point and a comparison with 

the work carried out by Dr. Ryan,'^'* the cleavage efficiency of 70 and 71 was compared to the 

known DNA photocleavage agent [Ru(bpy)3]^^ and the Ru(bpy)3-l,8-naphthalimide analogues 

49 and 50.

Figure 4.20: Agarose gel electrophoresis of pBR322 DNA (1 mg/ml) after 30 min irradiation
(2 J/cm) in 10 mM phosphate buffer, pH 7. 4; Lane I: Plasmid DNA control ;Lane 2:
Rulhpy)}^^ (P/D 20): Lanes 3 - 4: 70 and 71 in the dark (P/D 20); Lanes 5 - 6: 70 and 71 (P/D 
20); Lanes 7 - 8: 49 and 50 (P/D 20); Lanes 9 - 10: 70 and 71 + NaN} (P/D 20); Lanes 1D12: 
70 and 71 + D2O (P/D 20); Lanes 13-14: 70 and 71 (P/D 10); Lane 15: 55 (P/D 20).

The relative intensity of the bands showed that the plasmid DNA was somewhat 
damaged to begin with, being comprised of 88% supercoiled and 12% open form DNA. The 

presence of Ru(bpy)3 (P/D = 20) resulted in an increase to 40% open form after irradiation 

confirming its effectiveness as a DNA photocleaver. i

When incubated in the dark neither 70 nor 71 showed any dark state DNA cleavage 

with 88% supercoiled form being detected in both cases. Moreover, as can be seen in Figure 

4.20, lanes 5 and 6, irradiation and subsequent electrophoresis of pBR322 DNA in the 

presence 70 and 71 at a P/D ratio = 20 showed clear evidence of efficient DNA 

photocleavage, with 70 showing complete conversion of the plasmid to open form DNA and 

71 exhibiting an increase in open form to 75%. Furthermore, when compared to the Ru(bpy)3 

analogues 49 and 50, which showed 15% and 48?/o cleavage respectively, both 70 and 71 

were found to be more effective photocleavage agents. When irradiated in the presence of the 

known 'O2 scavenger, NaN3 (Lanes 9 and 10), it was observed that the photocleavage 

efficiencies of 70 and 71 were not reduced. Similarly, in D2O, in which the lifetime of '02is 

significantly extended, the cleavage efficieney measured for 70 and 71 (Lanes 11 and 12) gave 

similar results to the damage observed for sample irradiated in phosphate buffer. Increasing '

the amount of 70 and 71 (P/D = 10) had little effect on the results obtained for 70 but slightly
155 !



Chapter 4: Il-Dejicienl Rigid Ru(II)-\1ono-I.H-Naphthalimide Conjugates

increased the cleavage exhibited by 71. Significantly, as seen in Lane 15, the cleavage 

efficiency of complex 55 discussed in Chapter 2 was seen to have a comparabale 

photocleavage efficiency to 70 suggesting its utility for phototherapeutic applications. The 

relative amounts of supercoiled v^. open form DNA are summarised in Table 4.7 and a 

representative graph is shown in Figure 4.21.

Table 4.7: Summary ofpercentages of supercoiled V5. open form pBR322

Lane % Open % Supercoiled Lane % Open % Supercoiled

■ Open form

■ Supercoiled form

Figure 4.21: Relative percentages of supercoiled vs. open form pBR322 plasmid DNA from 
the photocleavage study of 70 and 71
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From the above results it is clear that the Ru(TAP)2(bpy)-l,8-naphthalimide derivatives 70 

and 71 display DNA photocleavage with efficiencies greater than those of [Ru(bpy)3]^^ and 

the Ru(bpy)3-l,8-naphthalimide derivatives 49 and 50 described by Dr. Ryan.'^'^ In addition, it 

appears that the nitro derivative, 70 is a more effective photocleaver than its amino substituted 

analogue 71; most likely due to its increased Op value as described in Section 4.3. Moreover, 

the photocleavage efficiencies of 70 and 71 were not affected to any great extent when 

irradiated in the presence of either NaN3 or D2O suggesting that 'O2 formation may not be the 

primary mechanism by which these complexes exert their activity.

Having established the efficient excited state reactivity and photocleavage ability of 70 

and 71 the next step was to monitor the cellular uptake properties of these complexes within 

target cancer cell lines. The preceding section will attempt to reveal their cellular localisation.

4.6 Preliminary Cellular Uptake and Localisation Studies of 70 and 71
The ability of 70 and 71 to be internalised in target cells is of paramount importance 

from the point of view of both diagnostics and therapeutics. Furthermore, due to the observed 

photocleavage ability of both complexes demonstrated in the previous section, access to 

cellular DNA would provide a novel and viable mechanism of action for new phototherapeutic 

candidates. As mentioned in Chapter 1, the work of Dr. Ryan and Dr. Frimannsson uncovered 

the ability of the Ru(bpy)3 analogues of 70 and 71, 49 and 50, to selectively localise within the 

nucleus of cervical cancer HeLa cells in This was proposed to be one of the first

examples of a Ru(ll) complex located inside the nucleus of target cells as traditionally this 

property had inhibited the potential use of Ru(ll) complexes as imaging agents and PDT 

candidates.The ability of 49 and 50 was tentatively ascribed to be due to the increased 

lipophillicity of these systems afforded by the inclusion of the 1,8-naphthalimide 

chromophore."*^ Taking into account the observed nuclear localisation of 49 and 50 a similar 

study of 70 and 71 was undertaken in collaboration with the Williams research group in the 

School of Biochemistry and Immunology at Trinity College Dublin.

Confocal microscopy was carried out in order to provide visual evidence of the 

localisation of 70 and 71 in cells. Populations of live HeLa cells (0.5 x 10^) were incubated 

with 70 and 71 (100 pM) at 37 °C for 4 hrs before being treated with the fluorescent nuclear 

stain DAPI and viewed using an Olympus FVIOOO point scanning microscope with a 60x oil 

immersion lens. The results obtained are exemplified in Figure 4.22, which shows the 

fluorescence confocal laser scanning microscopy images, of live HeLa cells after incubation 

with 71 (the corresponding images for 70 are shown in Appendix 4). The observed images 

show the majority of cells exhibiting a large single intense fluorescent spot associated around
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the nucleus with the appearance of ‘bean-shaped’ nuclei as seen in Chapter 2. Furthermore, 

both 70 and 71 appear to localise inside the nucleus, where fluorescence is observed from 

within the nuclear membrane, implied by the appearance of co-localisation with the nuclear 

stain DAPf Interestingly, the fluorescence intensity measured within the nucleus is of much 

lower intensity in comparison to that observed surrounding the nuclear membrane. Such 

behaviour may imply the occurrence of photoredox processes between 70 and 71 the nuclear 

DNA causing the emission intensity of these complexes to be effectively quenched as was 

observed in vitro during the excited state DNA titrations.

Figure 4.22: Confocal Laser Scanning Microscopy live cell images of 71 (50pM) with 
HeLa cells. Shown is the image obtained with cells (A) stained with 71 (red), (B) overlay 
of 71 (red) and the bright field view, (C) overlay of 71 (red) and nuclear co-stain DAPI 
(blue) and (D) overlay of 71 (red) , nuclear co-stain DAPI (blue) and the bright field view 
after 4 hrs of incubation.

With the observed DNA photoreactivity and nucleus localisation of 70 and 71, their 

potential as PDT agents is clear. Such complexes could effectively damage DNA upon light 

irradiation causing apoptosis and leading to new unexplored families of phototherapeutic 

agents. The next step in this research will be to assess the dark and light cytotoxicity of 

complexes 70 and 71 in a similar manner to that outlined in Chapter 2, to establish their 

potential for use as PDT agents. These studies will be carried out the Williams research group 

and the results will be outlined in detail in the PhD Thesis of Ms. Erby. The following section 

will look to summarise the research and findings carried out in this Chapter.
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4.7 Conclusions and Future Work
The results presented in this Chapter have further contributed to the library of 

bifunctional Ru(ll)-l,8-naphthalimide conjugates developed within the Gunnlaugsson 

research group. We have demonstrated that 70 and 71 show water solubility and a distinctive 

set of photophysical properties that has allowed the nature of their interaction with DNA to be ! 

probed by various ground and excited state titrations. From these titrations DNA binding i 

affinities of 70 and 71 with stDNA, [poly(dA-dT)]2 and [poly(dG-dC)]2 have been evaluated ; 

as being of the order of 10^ M"'. Furthermore, given the % deficient character of 70 and 71, I
I

they have been shown to exhibit highly oxidising excited states which are effectively 

quenched by redox interactions with guanine sites on DNA. It has also been confinned by 

EtBr displacement assays that 70 and 71 had a high affinity of binding for DNA, with binding 

constants in tbe range 10^ - 10^ M"'. Similarly, the tight binding, typical of intercalative 

interaction was also apparent from thermal denaturation studies, where large shifts were 

observed in the Tm values of stDNA in the presence of both 70 and 71 at various binding 

ratios. From both circular and linear dichroism studies an overall binding mode for conjugates | 

70 and 71 with DNA was proposed, in which insertion of the 1,8-naphthalimide into the helix 

occurs with concomitant external association of the Ru(ll) centre; a binding mode also 
proposed for 49 and 50 by Dr. Ryan.'^'*

Due to the excellent DNA binding ability exhibited by 70 and 71, their ability to act as 

DNA photocleavers was also examined where both species were found to cleave supercoiled 

DNA with much increased efficiencies compared to the Ru(bpy)3-l,8-naphthalimide 

analogues 49 and 50. Furtheirnore, with the ultimate aim of applying them to phototherapeutic i 
applications their cellular uptake ability was examined, with both species being found to 

accumulate in the cytoplasm and nucleus of HeLa cells, showing characteristic red MLCT 

emission.

4+n
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Future perspectives of this work will look to further evaluate the therapeutic potential 

of 70 and 71 where their ability to induce light activated cell death will be analysed using 

various biochemical techniques such as Alamar Blue cytotoxicity assays and FACS analysis, 

the results of which will be reported in the PhD Thesis of Ms. Erby. Moreover, development 

of bimetallic Ru(ll) analogues such as 79 may give rise to complexes with increased 

photocleavage efficiency and, consequently, light activated cell cytotoxicity.
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5.1 Introduction:
As highlighted in Chapter 1, the research of the Gunnlaugsson group has strong 

emphasis on the field of supramolecular chemistry and chemical sensing. Within this broad 

area of research anion sensing, in particular, has emerged as a field of supramolecular 

chemistry in its own right and the design of molecular receptors and sensors capable of 

detecting and signalling the presence of these species has become a very active area of 

research.Anions are everywhere in the natural world and play important roles in 

physiology, the environment and various industrial processes. This has meant that 

development of convenient and inexpensive methods to quantitatively determine anions in 

various environments is an important goal within many scientific disciplines such as industry, 

diagnostics, therapeutics and environmental/pollution control. For practical applications, these 

sensors also need to satisfy strict photophysical criteria, such as being able to absorb and emit 

light at long wavelengths to facilitate the use of naked eye detection or the use of inexpensive 

optics.

Due to its unique photophysical properties, the 1,8-naphthalimide structure has found 

application in many areas of chemistry such as the development of dyes, DNA sensing and 

anti-cancer agents.Its absorption and fluorescence emission spectra lie within the UV 

and visible regions, and the various photophysical properties can be easily fine-tuned through 

simple structural modifications. Consequently, the 1,8-naphthalimide structure has found 

extensive use within the field of anion recognition and sensing, and in the last number of years 

many examples of naphthalimide-bascd anion sensors have been published, clearly 

demonstrating the versatility of this structure within this fast growing field of research.

Compounds 80a and 80b were some of the first examples of such structures and were 

developed by Gunnlaugsson et al. where they were shown to be some of the first colorimetric 

and luminescence anion sensors that could function in highly competitive aqueous media. 

These systems displayed defined photophysical properties with absorption maxima centred at 

441 nm and a shoulder at 560 nm which, upon additions of various anions, resulted in an 

increase in absorbance at 560 nm and a concomitant decrease at 441 nm. Furthermore, these 

changes resulted in a yellow to purple colour change which was clearly visible to the naked 

eye. More recently, glycol based amidothiourea sensors such as 81 have been developed 

which show improved solubility in competitive hydrogen bonding solvents such as EtOFl and 

Et0H/H20 mixtures. Moreover, it was shown that such receptors exhibited large 

spectroscopic modulations upon titration with biologically relevant anions such as adenosine 

triphosphate (ATP) and were also accompanied by colorimetric changes.
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The use of transition metal ion-based polypyridyl complexes in anion sensing is 

another well-established field of research and a number of examples have been reported 

recently.Sessler and co-workers have used cationic anion receptors, based on the use of 

pyrrole-substituted bipyridine coordinated to Ru(ll) and Rh(lll) polypyridyl cores which have 

been functionalised to generate an anion binding site.'*^'' The 'H NMR anion-binding studies in 

DMSO-i/fi revealed that 82 and 83 bind most simple anions with high affinity. In the case of 
chloride anions, structural studies, carried out by means of single-crystal X-ray diffraction 

analyses, were consistent with the solution-phase results and revealed that receptors 82 and 83 

are both able to form stable complexes with this halide anion in the solid state.

82

n 2+

83

n 3+

2+

NH,

48

As mentioned in Chapter 4, 48 developed by Ryan'^^ in our own research group binds 

strongly to DNA in competitive media, where it exhibited concomitant changes in the ground
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and the excited state properties of both the 1,8-naphthalimide and the Ru(II) metal to ligand 

charge transfer (MLCT) transitions. Duke and Ali have shown that the interaction of 

some anions at the 4-amino position of the 1,8-naphthalimidc chromophorc results in 

significant modulations of its photophysical properties through both hydrogen bonding and 

deprotonation. Hence, we anticipated that 48 might also function as an anion sensor where, 

through modulations of the energy transfer mechanism from the naphthalimide moiety to the 

Ru(II) MLCT excited state, spectroscopic and colorimetric changes might occur. While the 

sensing of biologically relevant anions should ideally be achieved using water soluble 

agents/sensors, it is often carried out in organic media. ’ ’ In solvents such as DMSO,

CHCI3 and MeCN various recognition processes, including deprotonation, can take place 

while these processes cannot be studied in protic solvents.

This Chapter will detail the photophysical evaluation of 48 in MeCN and an 

investigation into the ability of complex 48 to bind and sense various anions using 

spectroscopic methods such as UV/Vis absorption and fluorescence spectroscopy. The results 

of these studies are presented in this Chapter. The synthesis and characterisation of 48 has 

been previously reported and thus will not be described herein.

5.2 Photophysical Evaluation of 48
The titrations of 48 were carried out in MeCN and as such their photophysical 

behaviour was firstly evaluated in this solvent so that changes in its photophysical properties 

could be monitored upon titration with various anions.

400 

350 

300

<
>

150
c
0^

Figure 5.1: UV/Visihle absorption, fluorescence excitation and emission spectra of 
48 (lOpM) in MeCN

163



C hapler 5: A RuilD-Mono-!.H-Naphihalimicic Conjw^ale for Cotorimelric ami Liiiniiwscence Anion Sensing

The absorption, and the fluorescence excitation and emission spectra of 48, recorded in 

MeCN are shown in Figure 5.1. The absorption spectrum of 48 gave rise to a broad band 

centred at 432 nm (e — 11,700 M cm ), assigned to both the 4-amino-1,8-naphthalimide and 

the Ru(II) MLCT transitions and a narrower band at 290 nm (e = 39,350 M'' cm '), attributed 

mainly to n-n* intra-ligand transitions. Excitation of 48 at both 290 nm and 432 nm resulted in 

essentially no emission being observed from the 1,8-naphthalimide portion, but a strong 

MLCT based emission band at 615 nm was observed. Considering excitation at 432 nm 

should address both excited states, the lack of any naphthalimide based emission suggests that 

an efficient energy transfer mechanism exists from the naphthalimide excited state to that of 

the MLCT state in MeCN. Further investigation of the excited states of 48 revealed an 

excitation spectrum identical to its absorption spectrum when the emission wavelength was 
fixed at 615 nm.

Having characterised the photophysical properties of 48 intense, long wavelength, 

MLCT based emission was seen to offer this system potential as a fluorescent anion sensor. 

Furthermore, it was anticipated that the brightly coloured solutions of 48 might offer 

colorimetric modulations upon interaction with various anions. The following section will 

discuss the ability of 48 to sense anions such as acetate (AcO“), phosphate (H2P04“), chloride 

(Cl ) and fluoride (F )some of which have the ability to function as effective bases in aprotic 
solution.

5.3 Spectroscopic Titrations of 48 with Anions

Spectroscopic anion titrations were conducted using both UV/Vis absorption and 
fluorescence emission titrations. Solutions of AcO , H2PO4 , CL and F^ as their 

tetrabutylammonium (TBA) salts in MeCN were titrated against a solution of 48 (1 x 10^ M ') 

in MeCN. The changes observed were measured and quantified and all titrations were 
repeated to ensure reproducibility.

5.3.1 Preliminary UV/Vis Absorption and Emission Titration of 48 with Anions
In order to gain an immediate insight into the effect of various anions on the 

photophysical properties of 48, an excess of each anion (500 eq.) was added and the changes 
in the ground and excited states were monitored.

Examination of the resulting spectra saw small changes being observed in the 

absorption spectrum of 48 in the presence of anions such as AcO“ and Cl , but with more 

significant changes being exhibited upon addition of F , where the long wavelength band was 

red shifted, and the appearance of a shoulder, centred at ca. 340 nm, was observed. This
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shoulder was assigned to the naphthalimide n-n* transition and the bathochromic shift was 

deemed to be indicative of interaction of the anion with the amino 1,8-naphthalimide 

chromophore (Figure 5.2). The transitions were also clearly visible in the excitation spectrum 

where, again, the changes were greatest upon addition of F~ (see Appendix 5). Interestingly, 

the changes exhibited in this study were somewhat smaller than previously seen for such 1,8- 

naphthalimide-based sensors that possess acidic protons that can be deprotonated.^^'

Wavelength (nm)
Figure 5.2: The changes in the absorption spectra of 48 in MeCN in the absence and 
presence of AcO , Cl and F~ as their TBA salts (500 eq.)

In contrast to the ground state results, more pronounced changes were observed in the 

emission spectrum of 48 in the presence of various anions (Figure 5.3). As stated above, 

excitation at 432 nm gave rise to the formation of a long wavelength emitting and broad 

emission band centered at 615 nm. Upon addition of the aforementioned anions, considerable 

changes were seen in this MLCT region, being most pronounced for F , where the emission 

was quenched by ca. 90%, while AcO” and Cl gave rise to 73% and 39% emission 

quenching, respectively. Furthermore, no noticeable shifts were observed in the emission Amax 

upon addition of these anions. In contrast, ions such as Br” and I did not give rise to any 

changes in the absorption spectrum of 48, and the fluorescence emission was only marginally 

quenched (less than 5%); excluding anion recognition by heavy atom effect quenching.^'^ 

These spectroscopic studies were also carried out in DMSO and on all occasions, the same 

behaviour was observed as seen in MeCN mentioned above.
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Figure 5.3: The changes in the fluorescence spectra of 48 (Xex 432 nm) in MeCN in the 
absence and presence of AcO , Cl and F” as their TBA salts

Having established that these anions gave rise to slight changes in the UV/Vis

absorption and to significant modulation of the MLCT-based emission spectrum of 48,

detailed anion titrations were carried out, observing the changes in both the ground and the

excited state properties. The results of these detailed titrations and investigation into their

hostiguest stoichiometries are detailed in the following sections.

5.3.2 Absorption and Fluorescence Titrations of 48 with AcO‘

Detailed absorption titrations were firstly carried out with 48 in the presence of AcO~. 

In agreement with the preliminary studies, the changes in the UV/Vis absorption spectrum 

were minor with just 20% hypochromism being observed at both 290 nm and 432 nm 

following the addition of 850 eq. of the anion (Appendix 5). Conversely, the fluorescence 

emission spectrum underwent more pronounced modulation, with addition of AcO giving 

rise to 70% emission quenching, as shown in Figure 5.4. No other significant changes were 

observed, such as changes in the shape or position of the A-max of the spectra. The resulting 

emission quenching is typical of a photoinduced electron transfer (PET) to the excited MLCT 

state from the anion complexed naphthalimide, a phenomenon widely seen for naphthalimide

based systems. 96
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Figure 5.4: The changes in the emission spectrum of 48 (1.15 x 10'^ M) in MeCN upon 
titration with AcO (0^850 eg., [9 mM]). Inset: The binding isotherm with fit determined 
from the titration data at 615 nm, using SPECFIT™.

In order to gain information on the hostiguest stoichiometries of 48 with AcO~ the 

changes in the fluorescence spectra were fitted using the non-linear regression analysis 
software program SPECFIT™. The data was best fitted to both 1:1 and 1:2 (Host:Guest) 

binding interactions, giving binding constants of log/fi:i = 4.25 (± 0.065) and \0gK\2 = 3.11 (± 
0.081). The speciation distribution diagram for this titration is shown in Figure 5.5, and 

clearly demonstrates an initial 65% formation of the 1:1 complex at low equivalents of AcO~ 

(0 ^ 30 eq.) which leads to 92% formation of the 2:1 complex after addition of very large 

equivalents of anion (850 eq.). In order to demonstrate the versatility of 48 as a fluorescent 

sensor detailed titrations of various other anions were also undertaken. The results of these

Figure 5.5: The speciation distribution diagram for the binding of 48 with AcO
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titrations will be outlined and discussed in the next sections.

5.3.3 Absorption and Fluorescence Titrations of 48 with H2PO4

In comparison to the minor changes observed in tbe UV/Vis absorption spectrum of 48 

upon addition of AcO , more significant changes were exhibited in the presence of H2PO4 . 

The long wavelength absorption band at 432 nm experienced a bathochromic shift of ca. 14 

nm with a concomitant hypochromism of 28%. Similarly, the n-n* intraligand band centred at 

290 nm also experienced both a red shift of ca. 5 nm and a hypochromism of 25% (Figure 

5.6). This red shift at longer wavelength is indicative of interaction of the 4-amino 

naphthalimide moiety with H2PO4 , most likely through hydrogen bonding interactions. 

Similarly, tbe fluorescence emission spectrum of 48 was also seen to be bathocbromically 

shifted by ca. 20 nm from 615 nm to 635 nm upon addition of large equivalents of H2P04~ 

(see Appendix 5). Furthermore, 61% quenching of the MLCT excited state was also observed, 

again, indicating the occurrence of PET processes.

150

600

Figure 5.6: The changes in the absorption spectrum of 48 (1.18 x 10'^) in MeCN upon 
titration with H2PO4 (0 615 eq., [6.6 mM]). Inset: The relative absorption decrease
at 432 nm as a function of H2PO4 concentration (0 ^ 150 eq.).

The data from the fluorescence titrations was fitted using SPECFIT"^ in a similar 

manner to that of AcO~ above. The changes were best fitted using 1:1 binding stoichiometry, 

giving logATi i = 4.52 (± 0.084), the corresponding fit and speciation distribution diagram 

being shown in Figure 5.7. From this investigation it is clear that the 1:1 complex forms 

rapidly and exclusively with 95% formation occurring after the addition of just 15 eq. of 

H2P04~. The differing results to AcO , in both the ground and excited state titrations, support 

this rationalisation and suggest that different modes of interaction are occurring between 48
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and both AcO^ and H2P04~^. This study was continued with the investigation of the ability of 

48 to detect Cl . The changes observed are detailed and explained in the following section.

Figure 5.7: The best fit of the emission titration data measured at 615 nm. Inset: The 
corresponding speciation distribution diagram for the binding of 48 with H2PO4

5.3.4 Absorption and Fluorescence Titrations of 48 with Cl"
The changes observed in the UV/Vis absorption spectrum of 48 upon addition of Cl 

were minor, resulting in a small hypochromism of just 12% at both 290 nm and 432 nm with 

no shifts in maximum absorbance (see Appendix 5). Such behaviour would imply very weak 

interaction between 48 and the Cl anions, possibly due to its large size and spherical shape. 

Moreover, changes in the fluorescence emission were also seen to be of smaller magnitude 

than those seen for both AcO~ and H2PO4 (Appendix 5). A fluorescence quenching of 32% 

was exhibited, further suggesting that, although weak, some form of interaction is taking place 

between 48 and the Cl anions.

Despite their small magnitude, it was possible to fit these changes, again, using 

SPECFIT™ and were best fitted to 1:1 stoichiometry, giving logA^i i = 2.90 (± 0.056). 

Although no red shift was observed in either the ground or excited state titrations, a similar 

host:guest stoichiometry to H2PO4 was seen for Cl (Figure 5.8). However, these changes 

occurred over a much larger range, further indicating the enhanced binding affinity of 48 for 

H2PO4 over Cr.
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Figure 5.8: The best fit of the emission titration data measured at 615 nm. Inset: The 
corresponding speciation distribution diagram for the binding of 48 with Cl

Having observed large spectroscopic responses of naphthalimide based sensors to the 

F anion in the past, ’ due to deprotonation of the amino moiety, and having seen large 

changes in the preliminary titrations with 48, it was next decided to quantify the interaction of 

with 48 by carrying out detailed titration studies. The results of this investigation are 

outlined in the next section.

5.3.5 Absorption and Fluorescence Titrations of 48 with F

In comparison to the results obtained with 48 and the various anions investigated 

above, more significant changes were seen in both the UV/Vis absorption and the 

fluorescence emission spectrum of 48 upon interaction with F . The MLCT absorption of 48 

underwent a more significant change in the absorbance maximum from 432 nm to 460 nm, 

and a concomitant hypochromism of 45% at 432 nm upon addition of F . Furthermore, at 

lower wavelengths a hypochromism of 33% was exhibited in the the n-n* intraligand band at 

290 nm and, as had been seen in the preliminary anion studies, there was an emergence of a 

shoulder centred at ca. 340 nm which was assigned to the naphthalimide n-n* transition. 

Moreover, upon addition of F , a colour change was also exhibited from orange to red further 

demonstrating the strong interaction of F with 48 and was clearly visible to the naked eye 

(Figure 5.9). The changes observed in the absorption spectrum may be due to hydrogen 

bonding, as has been postulated for the various anions tested thus far, however, due to the 

basic nature of F , deprotonation of the amino moiety in solution is also likely and has been 

previously demonstrated.^'^ This hypothesis is particularly likely upon addition of excess F
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as removal of hydrogen bonded leads to the formation of bifluoride (HF2 ). This species

has a unique stability and is the driving force behind such deprotonation events. 223

0.5 i

800
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Figure 5.9: The changes in the absorption spectrum of 48 (1.17 x 10'^ M) in MeCN upon 
titration with F (0^800 eq., [8.4 niM]). Inset: The relative absorption decrease at 432 
nm as a function of F^ concentration and the resultant colour change from orange to red

Concomitant with these large changes in the ground state, the fluorescence emission 

spectrum of 48 was also affected showing a dramatic 90% emission decrease over the entire 

titration range (0 —> 800 eq.) (Figure 5.10).

Figure 5.10: The changes in the fluorescence emission spectrum of 48 (1.17 x 10'^ M) in
MeCN upon titration with F (0 
decrease measured at 615 nm

800 eq., [8.4 mM]). Inset: The integrated fluorescence
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The changes observed were significantly more pronounced than those exhibited with 

48 in the presence of the other anions tested, and demonstrate that the PET process previously 

described is more effective upon interaction of the amino naphthalimide moiety with F . This 

efficiency is likely to be brought about by both hydrogen bonding of F and deprotonation, 

causing the naphthalimide moiety to become highly electron rich, resulting in an enhancement 

of the PET quenching of 48. Such behaviour correlates well with previous examples of 

naphthalimide based anion sensors, where F” has been shown to exhibit an enhanced 

quenching of the fluorophore over various other anions.The ‘on-off fluorescence 

quenching exhibited by 48 was also shown to be fully reversible, as upon addition of protic 

solvent, the emission was restored. Similarly, the addition of protic solvent also resulted in a 

restoration of the original orange colour of solutions of 48, deeming this system to be a 

selectively reversible colorimetric and fluorescent sensor for F .

Figure 5.11: The best fit of the emission titration data measured at 615 nm. Inset: The 
corresponding speciation distribution diagram for the binding of 48 with F

The changes in both the absorbance and fluorescence spectra were fitted using 

SPECFIT™ with the results being complimentary to each other. Both 1:1 and 1:2 (host:guest) 

binding stoichiometries for F” were observed in both cases. The UV/Vis absorption titrations 

yielded binding constants of log/fi:i = 4.24 (± 0.01) and log/fi:2 = 2.6 (± 0.13), and similarly 

fitting of the fluorescence changes were best fitted to two-step binding interactions, which 

gave logA^i:! = 4.20 (± 0.25) and log/fi:2 = 3.7 (± 0.37). From these results it was possible to 

derive a speciation distribution diagram that is shown in Figure 5.11, which demonstrates that 

there were three significant species in solution. One of these species corresponds to sensor 48, 
while the other two are most likely to be the F~ hydrogen bonded species 48:F~ and, as the
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equivalents increase, the third species that emerges is likely to be the deprotonated 

naphthalimide receptor with concomitant fonnation of HF2, as shown in Scheme 5.2.

R R

+ HF ©

f'

H'
.NO

Scheme 5.1: Possible 1:1 and 1:2 Host:Guest binding interaction between 48 and F"

Sensor 48 has shown itself to be a highly effective anion sensor and, moreover, has 

proven to be selective for F~. The final section under this heading will attempt to summarise 

the results observed in this investigation.

5.3.6 Discussion of Spectroscopic Titrations of 48 with Anions
In this Chapter, the binding affinities and hostiguest stoichiometries of 48 towards 

various structurally simple anions have been studied using both UV/Vis absorption and 

tluorescence emission spectroscopy.

■

X

« M.F 48 .a 48*AcO 48. H,PO.

0
0 200 800400 600

Anion Equivalents
Figure 5.12: Changes in the MLCT absorption of 48 (12 pM) in MeCN upon addition of 
Cl (^), AcO ('X), H2PO4 (A) and (A). Inset: The corresponding solutions of 48 
observed upon the addition of excess of each anion
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The comparison curve of the changes in the absorption of 48 upon titration with F , 

Cr, AcO and H2PO4 are shown in Figure 5.12. This graph illustrates the varying response of 

48 resulting from the addition of each anion and clearly indicates the preference shown for F^ 

over the other anions studied, where the largest hypochromism is exhibited. Similarly, each 

comparison curve exhibits a different binding profile, reflecting the different modes of 

interaction of the various anions. In addition, as shown as an insert in Figure 5.12, 

colorimetric changes have been observed for 48 upon addition of F^ while such changes have 

not been observed for any of the other anions studied, making sensor 48 a selective 

colorimetric ‘naked eye’ sensor for F~ anions.'^*’

In a manner similar to the absorption studies, fluorescence emission titrations of 48 

also revealed varying effects in response to the different anions. As shown in Figure 5.13, F 

again showed the largest degree of modulation, causing the fluorescence to be quenched by 

90%. The remaining anions, AcO”, FI2PO4” and Cl also showed simiilar quenching effects; 

thought to be as a result of PET quenching from the anion complexed naphthalimide to the 

Ru(II) centre. In the case of H2PO4 , more complex behaviour was observed where the initial 

fluorescence decrease took place over a smaller range of equivalents of anion (0 - 30 eq.), in 

comparison to the other anions studied. Moreover, the emission maximum of 48 was seen to 

be bathochromically shifted by 20 nm from 615 nm to 635 nm, suggesting major perturbation 

of the excited state of 48 upon binding of H2PO4 . Again, the varying behaviour of each of the 

anions towards 48 indicates the different affinity of each anion for this system and also gives 

an insight into the varying hostiguest stoichiometries involved.
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Figure 5.13: Changes in the fluorescence emission of 48 (12 /.iM) (Xex = 432 nm) in MeCN 
upon addition of Cl (tt^), AcO (x), H2PO4 (A) and F (^).
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From the observed changes in both the UV/Vis and fluorescence emission studies, it 

was expected binding affinities for each anion could be calculated from the titration data by 

using SPECFIT"^. The values calculated are summarised in Table 5.1. As can be seen, Cl” 

was seen to exclusively form a 1:1 species in solution and was also shown to have the lowest 

binding affinity for 48, as expected from the small magnitude of the changes observed in the 

titration data. H2PO4 was also seen to exclusively form 1:1 species in solution but, 

conversely, was seen to be bound most strongly; possibly due to the binding of the bulky 

tetrahedral H2PO4 anion by the 4-amino group. In the case of F and AcO~, both anions 

exhibited 1:1 and 2:1 binding stoichiometries in solution with 48, where the species formed 

upon interaction with F" were found to be more stable. Furthermore, all of the changes 

observed in both the ground and excited state titrations were found to be reversible upon 

addition of more competitive solvents such as MeOH and EtOFl.

Table 5.1: Binding constants and host. guest stoichiometries obtained from fitting the 
changes in the fluorescence emission spectra of 48 using SPECFIT^^

Anion Host:Guest LogK Standard
Deviation

F 1:1 4.20 ±0.25

1:2 3.7 ± 0.37

cf 1:1 2.9 ± 0.056

AcO 1:1 4.25 ± 0.065

1:2 3.11 ±0.081

H PO, 1:1 4.52 ± 0.084

Having observed and quantified the affinity of anions for 48 using UV/Vis absorption 

and fluorescence emission titrations, 'H NMR studies were also undertaken in order to gain a 

better insight into the processes involved in the anion recognition event. 'H NMR 

spectroscopy has been used to monitor host:guest interactions and can provide an insight into 

the mechanisms behind such host:guest interactions.^^'* Moreover, in aprotic solvents such as 

DMSO-t/fi, the relative shifts of exchangeable NH protons can be easily monitored; an 

important factor in this investigation as 48 was expected to interact with anions via its NH2 

moiety. The results of those studies will be presented and discussed in the following section.
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5.4 iH NMR Studies of 48 with Anions

In order to shed some light on the possible sensing mechanisms involved in the 

changes seen in the spectroscopic studies, 'H NMR studies were also undertaken for 48 in the 

presence of each of the anions studied in the previous sections; AcO , H2PO4”, Cl” and F”. All 

spectra were obtained at 20 °C in DMSO-r/^ upon addition of excess of each anion (200 eq.) to 

a solution of 48 (1 x 10'^ M).

In all cases, these anions gave rise to significant changes in the 'H NMR spectrum of 

48, where several resonances were seen to be shifted downfield upon addition of the anions. 

The 'H NMR spectra of 48 alone and in the presence of Cl (200 eq.) are shown in Figure 

5.14. These substantial changes would indicate interaction of the anions with the sensor via 

possible hydrogen bonding between the anion and the 4-amino moiety of the naphthalimide 

fluorophore as discussed in the previous section. This observation is further supported by the 

apparent shifts in the H3 and H5 naphthalimide aromatic protons adjacent to the amino moiety, 

found at 7 ppm and 8.5 ppm, respectively. These signals are seen to be shifted significantly to 

7.3 ppm and 9.8 ppm, respectively indicating a dramatic change in the electron density 

distribution, possibly caused by anion recognition. Similar shifts were exhibited by all signals 

associated with tbe naphthalimide moiety, however, due to the highly aromatic character of 

48, many of these signals are overlapping and, as such clear observation of each signal was 

not possible. A further observation from these studies was the apparent broadening and 

disappearance of the NH2 signal at 6 ppm, which is seen to disappear after addition of the 

anion. Similar, behaviour has been observed with urea- and thiourea-based anion receptors 

studied in the Gunnlaugsson lab and has been attributed to the formation of a hydrogen 

bonded complex between the amino moiety and the anion or due to deprotonation of the

amino NH2 moiety. 218 219

Figure 5.14: Stack plot of the 'H NMR spectrum (400 MHz) of 48 (I x 10'^ M) after
addition of Cl (200 eq.) in DMSO-df,
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More definitive evidence for deprotonation of the amine moiety came from the 

addition of F to 48. As has been seen for various naphthalimide based systems, significant 

broadening occurred in the aromatic region of the 'H NMR spectrum concomitant with the 

strong formation of a triplet peak at 16 ppm (J = 123 Hz) (Figure 5.15). The observed 

broadening and appearance of the triplet at 16 ppm is likely to be due to deprotonation of the 

4-amino moiety occurring with the concomitant formation of HFi , a species with unique 

stability believed to be the driving force behind such deprotonation events. This hypothesis 

is further supported by the disappearance of the NH2 signal of 48 at 6 ppm indicating that this 

is the most likely site of deprotonation.

Disappearance of NHj signal

Figure 5.15: Stack plot of the 'H NMR spectrum (400 MHz) of 48 (1 x 10'^ M) after 
addition of F (200 eq.) in DMSO- d^

5.5 Conclusions and Future Perspectives
The work carried out in this Chapter has detailed the ability of a Ru(ll)-1,8- 

naphthalimide conjugate, 48 as a fluorescent and colorimetric sensor for anions. Its anion 

recognition ability has been investigated by various spectroscopic methods such as UV/Vis 

absorption, fluorescence and 'H NMR spectroscopy.

It has been observed that hypochromic behaviour was exhibited by 48 in its 

UV/Vis absorption spectrum upon titration with AcO , H2P04~, CU and F~. Furthermore, 48 
exhibited a selective colour change from orange to red upon addition of F^; behaviour not 

observed in the cases of AcO , H2PO4 and Cl . Moreover, MLCT based fluorescence 

quenching of 48 has also been observed upon titration with each of the anions, with F” again 

showing the largest degree of modulation. This behaviour has been ascribed to PET quenching 

of the Ru(ll) excited state due to the anion interaction with the amino-naphthalimide moiety. 

In addition, from fitting of the titration data using SPECFIT™, the binding affinity and 

speciation distribution of each anion was evaluated. Cl was seen to exclusively form 1:1
177



Chapter 5: A Rii(II)-.\4ano-l,fi-Naphlhalimii/e Conjugate far Colorinietrie and Luminescence Anion Sensing

species in solution and was also shown have the lowest binding affinity for 48, as expected 

from the small magnitude of the changes observed. H2P04^ was also seen to exclusively form 

1:1 species in solution but, conversely, was seen to be bound most strongly. In the case of F 

and AcO^, both anions exhibited 1:1 and 2:1 binding stoichiometries in solution with 48, 

where the species formed upon interaction with F~ were found to be more stable.

In order to provide additional evidence for the interaction of anions with 48, 'H NMR 

studies were also carried out upon addition of excess AcO , H2PO4 , F^ and Cl . The changes 

observed correlated well with the UVA^is absorption and fluorescence titrations where 

significant changes were exhibited in the chemical shifts of all signals associated with the 

naphthalimide moiety. Furthermore, in the case of F~ a signal at 16 ppm evolved after addition 

to 48, providing strong evidence for the formation of H2F , leading to the conclusion that 

deprotonation is the most likely process by which 48 senses this anion.

The system detailed in this Chapter, 48 is an example of a transition metal based anion 

sensor that exhibits modulations in its MLCT fluorescence character upon interaction with 

anions. The system has many advantages over others reported as it is a selective colorimetric 

sensor of F” in addition to causing fluorescence modulations occurring at long wavelengths. 

Future work in this field may include the development of Ru(II) conjugates containing various 

recognition motifs. For example complex 84 would provide a system that may recognise 

anions more selectively, and may also have the ability to sense anions in competitive media
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6.1 Introduction

The rigid V-shaped Trdger’s base framework and its inherent chirality have promoted 

the preparation of a diverse range of receptor systems since its discovery in 1887.^^^ 

Originally prepared from jp-toluidine, Trdger’s base, 85, was not structurally characterised 

until half a century later when Spielman^^^ established the correct structure of 85 which was 

later confirmed when Wilcox reported its X-ray crystal structure in 1985. As a result, in the 

late 1980s, interest in functionalised analogues of Trdger’s base emerged, due to the central 

bicyclic framework which results in the two aromatic rings being fused nearly perpendicular 

to each other, creating the rigid, V-shaped molecular scaffold. Hence, Trdger’s base was seen 

to offer itself as a unique, nanometer-sized building block for molecular designs and has since
998 9been heavily utilised in molecular recognition and supramolecular chemistry. 

Furthermore, due to the blocked conformation of the two nitrogens of the methanodiazocine 

bridge, the molecule is chiral with a C2 axis of symmetry, giving it the potential for

enantiospecific recognition of molecules

(a) (b)

231

85 fs,s;-85 (R,R)-S5

Figure 6.1: (a) The chemical structure of Trdger's base, 85 and (h) PM3-optimised 
geometry of the two enantiomers of 85.

More recently, nucleic acids, which are inherently chiral, have been targeted by the use 

of Trdger’s base analogues as DNA-binding motifs. The chirality of the Trdger’s base 

framework plays an important role in their interaction with DNA and it is expected that such 

species may give rise to enantiospecific binders of DNA. One of the earliest systems 

developed for DNA recognition came from Yashima et al.^^^ who reported the initial synthesis 

of a racemic bis-(l,10-phenanthroline) containing Trdger’s base, 86, and showed that a 

racemic mixture of 86 could interact with DNA from CD spectroscopy results. Furthermore, it 

was demonstrated that 86 could cleave DNA when complexed with Cu(I) by conversion of 

closed circular pUC18 plasmid to open circular DNA.^^^ Kirsch De Mesmaeker et al. have 

exploited the available bipyridyl ligand binding sites of 86 by the synthesis of both mono- and 

bimetallic Ru(ll) species.Although interaction of the bimetallic species, 87, with DNA 

has not yet been reported, three stereoisomers of the monometallic species, 88 have been
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isolated through crystallisation and their interaction with DNA explored.Steady-state 

emission measurements in the presence of calf thymus DNA showed that the DNA binding of 

88 depends on the stereoisomer, where the affinity constant for the stereoisomer A-N-88 is two 

orders of magnitude higher than that for A-5'-88. Moreover, the binding affinity was seen to be 

mainly controlled by the absolute configuration of the metal centre of the complex as opposed

to the chirality induced by the Troger’s base framework. 235

88 18

Bimetallic Ru(ll) complexes assembled by polypyridyl bridging ligands, have also 

been shown to bind avidly to DNA and have found numerous applications, most recently in 

cellular imaging.^^ As described in Chapter I, the work of Thomas et al. has led to the 

development of 18, which has shown potential as an in cellulo nuclear DNA stain, well 

tolerated by live cells.In a related study, also detailed in Chapter 1, the Troger’s base 

structure has been exploited by Veale et al. for use as dual imaging-therapeutic agents where 

the organic derivatives 44 a - c were also shown to selectively localise with the nucleus of 

K562 Leukaemia cells.These bis-l,8-naphthlaimide containing Troger’s base species, 

44 a - c also exhibited a number of other advantageous properties, such as the ability to bind 

strongly to DNA, showing concomitant changes in their ground and excited state properties 

and, furthermore, these species were shown to induce apoptosis within the K562 Leukaemia 

cells with IC50 values as low as 5.53 pM making them potential candidates as anti-cancer 

therapeutic agents.
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44a 44b 44c

Taking into consideration the examples from the literature above and continuing in the 

search for new Ru(Il) based DNA binding motifs, it was deeided to modify the design of 44 a 

- c to incorporate a bipyridyl portion that would allow the formation of bimetallic Ru(II)-l,8- 

naphthalimide containing Troger’s bases, 89 and 90. This would enable the preparation of 

these new bimetallic species that were expected to be capable of binding DNA with further 

possible applications in cellular imaging and therapeuties. It was envisioned that the Troger’s 

base framework may orientate the two functional units; the metallic Ru(II) centres and the 

organie bis-l,8-naphthlaimide containing bipyridyl ligand, in a rigid architecture that may 

enable tight DNA binding as seen for 44 a - c. The bimetallic Ru(II) character may enable 

cellular localisation through a similar manner as seen for the bimetallic complex 18 and, in 

addition, the highly positive charge of both 89 and 90 would be likely to further increase the 

DNA binding ability of such systems through electrostatic interactions. Furthermore, in the 

synthesis of these bimetallic species, the eonnectivity around the metal eentre was seen as a 

pivotal design feature, where the Ru(ll) centres and 1,8-naphthalimide units would have either 

a meta (89) or para (90) arrangement with respect to each other. These arrangements do not 

allow for changes in the overall distance between the two chromophores but do allow for 

changes in their orientation with respect to each other. It was expeeted that such arrangements 

would have significant effects on the DNA binding ability of each of these systems as has 

been previously observed for the Ru(II) conjugated 4-amino-1,8-naphthalimide analogues, 48 

and 50 described by Ryan'
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1 4+

The work described in this Chapter aims to develop and study systems 89 and 90 as 

potential DNA binding units. This Chapter will focus on a description of the synthesis and 

characterisation of both complexes. Furthermore, a discussion of the photophysical properties 

of each complex in aqueous solution will be described followed by a preliminary investigation 

into the DNA binding ability of each system as assessed by DNA denaturation. With the 

presence of numerous stereoisomers (up to 6) due to the combination of two Ru(II) centres (A 

or A) with the chiral Troger’s base framework (R or S) the stereochemical characteristics of 

these compounds will not be discussed here and have been isolated as a mixture of 

enantiomers.

6.2 Synthesis of 89 and 90
The target 1,8-naphthalimide containing Troger’s base derivatives 89 and 90 were 

prepared as racemates from the commercially available 4-nitro-l ,8-naphthalic anhydride. The 

A^-substituted 4-amino-1,8-naphthalimide precursors were firstly synthesised using the 

procedures developed within the Gunnlaugsson lab as discussed previously in Chapter 4. The 

following section will deal with a brief description of the methods utilised for the synthesis of 

the ineta- and pora-substituted bipyridine functionalised 4-amino-1,8-naphthalimide 

precursors.
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6.2.1 Synthesis of bipyridine functionalised 4-amino-l,8-naphthalimide 
precursors

Both bipyridine functionalised amino-1,8-naphthalimide precursors, 91 and 92 were 

synthesised following a similar procedure. As formation of the nitro-1,8-naphthalimide meta 

derivative has already been discussed in Chapter 4, the route to 92, in which the bipyridine 

and 1,8-naphthalimide moieties are para to each other will be briefly discussed as an example.

OjN
(i)

73 (meta) 
93 (para)

NH,

91 (meta)
92 (para)

0,N
(ii)

OH

74 (meta) 
94 (para) 75 (meta) 

95 (para)

98 (para)

(iii)

77 (meta) 
97 (para)

99 (para)

Scheme 6.1: (i) EtOH, sodium pyruvate, NaOH; (ii) ammonium acetate, H20;(iii) N2H2, 
10%Pd, EtOH; (iv) EtOH, 4-nitro-],8-naphthalic anhydride; (v) N2H2, 10% Pd/C, 
DMF.

Initially, the condensation of 4-nitrobenzaldehyde, 93, with sodium pyruvate was 

achieved under basic conditions at 0 °C followed by acidification of the reaction mixture with 

0.1 M HCl which gave rise to chalcone 94 as a yellow solid in 66% yield. Pyridacyl 

pyridinium iodide was refluxed in water in the presence of 94 to give intermediate 95, 

incorporating the first pyridine moiety. NH4OAC, also present in the reaction mixture, 

subsequently reacted at the two carbonyl groups to initiate the second ring closure and 

installing the second pyridine ring. This resulted in the carboxyl intermediate 96 which was 

heated strongly under high vacuum to cause decarboxylation and afforded the desired nitro 

intermediate 97 in 50% yield. Subsequent reduction of the nitro group using hydrazine in the 

presence of 10% Pd/C catalyst gave the aniline functionalised bipyridine 98 as an off white 

solid in 98% yield. Following condensation of 98 with 4-nitro-1,8-naphthalic anhydride in
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anhydrous ethanol, under an argon atmosphere for 24 hours gave the desired nitro species 99 

as a beige solid in 84% yield. Finally, both bipyridine functionalised amino-1,8-naphthalimide 

precursors, 91 and 92 were synthesised by reduction of the nitro groups in DMF using 

hydrazine in the presence of 10% Pd/C to give meta substituted 91 in 96% yield and para 

substituted 92 in 94% yield. Both precursors were fully characterised using 'H NMR, '^C 

NMR, IR and HRMS analysis. 'H NMR peaks were assigned using CH and HH COSY 

analysis. Full experimental details and characterisation are given in Chapter 8.

Having successfully synthesised and characterised precursors 91 and 92, syntheses of 

the Troger’s base analogues were next undertaken. The following section will detail the 

synthesis and characterisation of the resulting bis-1,8-naphthalimide containing Troger’s base 

derivatives 100 and 101.

6.2.2 Synthesis of bipyridine functionalised 4-amino-l,8-naphthaliniide containing 

Troger’s bases
The synthesis of 100 and 101 was undertaken according to a procedure developed in 

the Gunnlaugsson lab for the formation of the Troger’s base structure in high yields. This 

involved treating the 4-amino-1,8-naphthalimide precursors, 91 and 92 with 1.5 equivalents cf 

formaldehyde in neat TFA over 12 hours at room temperature. Upon completion, the reaction 

mixture was initially neutralised and further basified to pH 10 by the slow drop wise addition 

of an aqueous NaOH solution (6M) resulting in the precipitation of a bright yellow solil 

which was isolated by suction filtration. Dissolution in DMSO, followed by recrystallisation 

by addition of MeOH, gave the pure Troger’s base systems 100 and 101 in 68% and 70% 

yields respectively. The synthesis of 100 is depicted in Scheme 6.2.
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91

Scheme 6.2: The synthesis of 100 by the reaction of 91 with paraformaldehyde in the 
presence ofTFA.

As before, both 100 and 101 were fully characterised using 'H NMR, '^C NMR, 1R 

and HRMS analysis. The 'H NMR resonances were assigned using C-H and H-H COSY 

analysis. The C2 plane of symmetry of these molecules is reflected in their 'H NMR spectra 

where the aromatic region shows sharp, well defined signals with integrations corresponding 

to the desired species. Similarly, '^C NMR spectra confirm the C2 symmetric nature of 100 

and 101 showing signals that are consistent with their assigned structures. Formation of the 

Troger’s base framework was confirmed by the presence of two well-separated doublets 

between 5.3 and 4.7 ppm, pertaining to the methylene protons of the diazocine ring, and a 

singlet at 4.8 ppm, integrated for two protons, which is characteristic of the diazocine bridge. 

C-H COSY analysis confirmed these results, where clear coupling was observed between the 

methylene protons and their corresponding '^C resonances giving a clear indication of the 

formation of the Troger’s base framework. The 'H NMR and C-H COSY spectra of 101 

(600 MHz, DMSO-i/g) are shown in Figure 6.2(a) and 6.2(b), respectively while those of 100 

are shown in Appendix 6. Successful formation of both compounds was also confirmed from 

accurate mass spectrometry, where 100 displayed a peak at 921.2965, corresponding to the 

[M+H] ion and 101 displayed a peak at 921.2941 also corresponding to the [M+H] ion.
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(a)

(b)

Figure 6.2: (a) ‘H NMR spectrum of 101 (600 MHz, DMSO-d(,).(h): The C-H COSY 
spectrum of 101 (600 MHz, DMSO-d^) showing the interaction of the methylene protons 
of the diazocene bridge with their corresponding resonances

6.2.3 Complexation of 100 and 101 with Ru(bpy)2Cl2

In a manner similar to that described in Chapters 2 and 4, microwave-assisted 

synthesis was utilised for the complexation of each of the ligands 100 and 101 with 

Ru(bpy)2Cl2, shown for complex 90 in Scheme 6.3. Reaction of 100 and 101 at 140 °C, in the 

presence of Ru(bpy)2Cl2, in a DMF/H2O mixture, gave the characteristic dark purple to orange 

colour change, signifying the formation of a tris-Ru(II) complex in solution. For each reaction, 

the solvent was removed under reduced pressure, before redissolution in H2O and filtration 

followed by precipitation of the crude complexes as their PF^ salts by addition of a 

concentrated ethanolic solution of NH4PF6. The crude complexes 89 and 90 were purified by 

slow diffusion of Et20 into a concentrated CH3CN solution by placement in an Et20-saturated 

closed vessel. The resulting deep red solids were collected by centrifugation in 68% and 63% 

yield for 89 and 90 respectively.
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4+

90

Scheme 6.3: The complexation of Ru(hpy)2Cl2 to ligand 101 using microwave assisted 
synthesis to form complex 90.

These novel structures were characterised using the full range of techniques described 

in each of the previous Chapters (see Chapter 8 for full experimental details). The C2 plane of 
symmetry of these novel complexes was, again, reflected in their 'H NMR spectra where the 

signals observed in aromatic region were well defined signals with integrations corresponding 

to the desired species. In addition, through the use of H-H COSY, C-H COSY and selective 

TOCSY analysis an assignment of all resonances was possible. The presence of the Troger’s 

base framework was also confirmed by the appearance of the two familiar well-separated 

methylene proton resonances between 5.3 ppm and 4.7 ppm and the singlet at 4.8 ppm, 

characteristic of the diazocine bridge. In a manner similar to that described for 100 and 101, 

C-H COSY analysis confirmed the coupling between the methylene protons and their 

corresponding C resonances giving a clear indication of the retention of of the Troger’s base 

structure. The 'H NMR spectrum of 90 (600 MHz, CD3CN) is shown in Figure 6.3 with that 

of 89 shown in Appendix 6 with the corresponding 2-D spectra.
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resonances was achieved by various 2-D NMR experiments.

The '^C NMR spectra (recorded in CD3CN) were also obtained, in which all the 

expected resonances were observed, with signature resonances of the naphthalimide carbonyl 

groups being observed at 165.3 ppm and 164.7 ppm for 89 and at 164.2 ppm and 163.6 ppm 

for 90. The successful formation of the complexes was also clearly evident from accurate 

MALDI-TOF mass spectrometry analysis, where 89 displayed a peak at 2183.2554, 

corresponding to its ion + 3PF6 counterions. Similarly, 90 displayed a peak at 2183.2517, 

also pertaining to its M ion + 3PF(, counterions. A comparison between the calculated and 

obtained isotopic distribution pattern is shown for 89 in Figure 6.4 with that for 90 shown in 

Appendix 6. Obtained as their chloride salts, both complexes were water-soluble and their 

photophysical properties were thus studied in aqueous solution.

j L u
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Figure 6.4: Comparison between the estimated (blue) and actual (black) isotopic 
distribution pattern for 89 from high resolution mass spectrometry’ analysis.
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In summary, the desired bimetallic Ru(Il)-l,8-naphthlaimide containing Troger’s 

bases, 89 and 90 have been successfully synthesised in high purity. Moreover, both of their 

structures have been fully characterised using standard spectroscopic techniques. The 

following section will deal with a further characterisation of these compounds by evaluating 

their photophysical properties in solution.

6.3 Photophysical Characterisation of 89 and 90

In order to further characterise the solution properties of the two bimetallic Ru(II)-l,8- 

naphthalimide containing Troger’s bases, 89 and 90, the following sections will deal with an 

investigation of the photophysics of both the organic precursors 100 and 101, and their 

corresponding complexes 89 and 90. While the latter were carried out in phosphate buffer 

solution at pH 7.4, the analyses of 100 and 101 were carried out in organic solution due to a 

lack of solubility in H2O.

6.3.1 Photophysical properties of ligands 100 and 101

The UV/Vis absorption, fluorescence emission and excitation spectra of the 1,8- 

naphthlaimide containing Troger’s base, 101 in CH2Cl2are shown in Figure 6.5 with those of 

100 shown in Appendix 6.

Figure 6.5: UV/Visihle, excitation and emission spectra of 101(1 x 10 ' M) in CH2CI2.

Four different absorption maxima are shown in the UV/Vis absorption spectrum of 

both 100 and 101 with no major differences seen between both species. Maxima are observed 

at 240 nm, 270 nm, 350 nm and 395 nm, respectively. The intense band at 240 nm was 

attributed to tt-ti* intraligand transitions within the bipyridine portion of these species. The
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less intense shoulder at 270 nm was assigned to the of ti-tt* transitions within the 

naphthalimide part of the ligand while the second main absorption region between 350 nm and 

400 nm was assigned to the internal charge transfer (ICT) character of the naphthalimide 

fluorophore, arising due to the push-pull nature of the electron-donating amine and the 

electron-withdrawing diimide. Excitation of both 100 and 101 into all of these absorbance 

maxima resulted in an ICT based emission band occurring between 400 nm - 600 nm with 

Xmax at 505 nm. Furthermore, the excitation spectrum (Xem = 505 nm) of each compound 

structurally matches those of the absorption spectra reflecting the relative contributions of 

each absorption band.

6.3.2 Photophysicai Characterisation of Complexes 89 and 90
Complexation of 100 and 101 with two Ru(ll) polypyridyl metal centres was expected 

to have a significant effect on the photophysicai properties of these systems. The UV/Vis 

absorption, excitation and emission spectra of 90, were recorded in 10 mM phosphate buffer 

solution at pH 7.4 and these are shown in Figure 6.6.

Figure 6.6: UV/Visihle, excitation and emission spectra of 90 in 10 mM phosphate 
buffer at pH 7.4. Inset: UV/Visihle absorption region between 300 nm and 600 nm 
showing the four absorbance maxima.

The absorption spectrum of both 89 and 90 were found to be identical and showing 

two main absorbance regions, consisting of two bands at 240 nm and 290 nm, and a broad 

absorption band composed of maxima at 350 nm, 400 nm, 430 nm and 460 nm. The former 

were characteristic of tt-tt* intra-ligand transitions within the bipyridine ligands, while the less 

intense bands between 350 nm and 500 nm were assigned to tbe 1,8-naphthalimide ICT

transitions (350 nm and 400 nm), and the MLCT transitions associated with the Ru(ll) centres
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at 430 nm and 460 nm, respectively. A summary of the absorption properties of 89 and 90 as 

well as their respective molar absorptivities in 10 mM phosphate buffer are given in Table 6.1.

Table 6.1: Absorption properties of 89 and 90 in 10 mM phosphate buffer, at pH 7.4

Complex Ama*(nm) [£(]VT' cm ')] in phosphate buffer (±10®/o)

71-71* IL TT-TT * Naph MLCT

89 285 [1295001 350 [27500] 400 ]29200 ] 430 ]32100] 460 [30300]

90 285 [138300] 350 ]30600] 400 [ 30100] 430 [32900] 460 ]32900]

Excitation into all of the aforementioned absorption bands of 89 and 90 resulted in the 

appearance of the MLCT based emission centred at ca. 615 nm. As previously discussed, the 

absence of any 1,8-naphthalimide associated emission band suggests that sensitisation of the 

MLCT excited state occurs through some energy transfer process between the naphthalimide 

moiety and the Ru(II) centres, as the ICT emission centred at 505 nm overlaps with the MLCT 

absorbance of the Ru(ir) centre. Such behaviour has been previously observed for the Ru(II) 

conjugated 4-amino-1,8-naphthalimide analogues described by Ryan et al. and was 

rationalised in a similar manner.The observed Amax of emission is similar but slightly blue 

shifted in comparison to the parent complex [Ru(bpy)3]^'^ which has a Amax of 622 nm in 

aqueous solution.The quantum yields measured 89 and 90 were, again, found to be 

identical with Omlct = 0.015 (± 10%), which is significantly lower than that of [Ru(bpy)3]^^ 

(0.042 in but of similar magnitude to that reported for the amino substituted Ru(II)-

1,8-naphthalimide conjugate, 50 described by Ryan which was reported as 0.018.'^^ Lower 

quantum yields are again attributed to an interaction between the 1,8-naphthalimide and the 

MLCT triplet state of the Ru(II) centres. Excited state lifetime measurements (Xem) were also 

obtained in H2O with Tem= 187 ns and 174 ns for 89 and 90 respectively; again indicating the 

similar photophysical behaviour of 89 and 90 despite the structural differences between the 

two analogues; these results are summarised in Table 6.2.

Table 6.2: Emission properties of 89 and 90 in phosphate buffer solution at pH 7.4 at 298K 
(Atx= 430 nm)

Complex A emission (nm) <I>f (± 10%) Xem (ns) (air)

89 615 0.015 187

90 615 0.015 174
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From the above photophysical results it is clear that the inclusion of two Ru(II) 

centres has significantly affected the photophysical properties of 100 and 101. The strategy 

employed in the .design of 89 and 90 was successful in yielding systems with varying 

structural attributes, but with very similar photophysical behaviour. We anticipate that the 

variation in structure may have important consequences on the nature of the interaction of 

these complexes with DNA and the following sections will deal with a preliminary evaluation 

of the interaction of 89 and 90 with DNA using various spectroscopic techniques.

6.4 DNA Binding Interactions of 89 and 90
As has been observed in the previous Chapters, the photophysical properties of species 

in solution are often modulated upon interaction with DNA. This was also the case in the 

study reported by Veale et al. where significant modulations of the photophysical 

characteristics of the Troger’s base analogues, 44 - 46 were observed upon interaction with 

DNA.'^^ Furthemiore, all three systems exhibited greater affinity for DNA over their 4-amino- 

1,8-naphthlaimide precursors which are known binders of DNA.In addition, as discussed in 

the introduction, Ru(II) polypyridyl complexes are also known binders of DNA and, 

significantly, bimetallic complexes have been observed to exhibit increased DNA affinity over 

their monometallic counterparts."'^ As a result, preliminary studies on 89 and 90 were 

undertaken in order to get an insight into the possible binding ability of these systems with 

DNA. These studies will be detailed in the preceding sections.

6.4.1 Spectroscopic Titrations of 89 and 90 with DNA
The UV/Vis absorption spectroscopy titrations with stDNA were initially carried out to 

probe the interaction of 89 and 90 with DNA. The titrations were undertaken as described 

before, by addition of small aliquots of stDNA to a 10 mM phosphate buffer solution of each 

complex at pH 7.4, until a plateau in absorbance was reached.

As can be seen in Figure 6.7 for 89, although the shape of the spectra are essentially 

unchanged, addition of a sufficient excess of DNA (P/D = 50) eaused a minor red shift of the 

absorption maxima coupled to an 8% hypoehromism at 400 nm and a 6% hypochromism at 

460 nm. Similar behaviour was seen for 90 whereby a slightly larger magnitude of ehange was 

exhibited with a 13% hypoehromism at 400 nm and a 10% hypochromism at 460 nm (see 

Appendix 6). Examination of the titration curves for 89 and 90 reveals a biphasic interaction 

of these complexes with DNA. The hypochromic effect as a function of P/D is illustrated as an 

inset in Figure 6.7. This is consistent with the existence of more than one site of binding as 

has been proposed for other bimetallic Ru(II) species.''* Closer inspection of the hypoehromic

effect reveals that the bimetallic complexes 89 and 90 exhibit a P/D ratio dependent two-stage
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process. An initial marked decrease in absorbance is followed, at higher P/D ratios, by a 

gradual increase in the absorbance leading to a plateau when essentially 100% of the 

complexes were bound to the DNA. Similar absorption results were reported for the organic 

systems 44 - 46 and the biphasic-binding seen was attributed to a “template directed effect” 

where the initial decrease in absorbance is thought to be as a result of DNA-induced 

aggregation of 89 and 90, causing them to stack on the DNA backbone, and is followed by a 

subsequent increase in absorbance due to a destacking event, allowing a redistribution of the 

species over the length of the DNA polyanion. It is also important to point out, however, 

that these changes are minor in comparison to those reported by Ryan et al. for the Ru(II) 

conjugated 4-amino-1,8-naphthalimide analogues and may suggest weak interaction of these

systems with DNA 155

40 50

Wavelength (nm)

Figure 6.7: Change in the UV/Visihle absorption spectrum of 89 (-—)(4pM) upon addition 
of St DNA C—) (0-187 pM). Inset: Plots of the change in integrated MLCT absorption as a 
function of P/D ratio.

Similarly, the effect on the luminescence intensity upon the addition of stDNA to 

solutions of 89 and 90 over the same range (P/D 0 50) were minor. Upon binding of 89 to

StDNA a 3% intensity enhancement was observed, coupled with a slight red-shift of the X^ax 

of emission by ca. 2 nm. An enhancement of 5% was also observed for 90 with a red-shift of 

the Xinax of the MLCT emission by ca. 2 nm (Figure 6.8). Again, examination of the titration 

curves for 89 and 90, as a function of P/D ratio, reveals the same biphasic interaction seen in 

the absorbance titrations, however, due to such small changes this data is difficult to interpret.
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40 50

900

Figure 6.8: Change in the fluorescence emission spectrum of 90 (-—)(?^e.x 460 nm) (4pM)
upon addition of stDNA (---- ) (0-187pM). Inset: Plots of the change in integrated MLCT
emission as a function of P/D ratio.

An inset in Figure 6.8 illustrates the change in intensity of 89 and 90 as a function of 

P/D ratio where the emission is initially seen to be slightly quenched (P/D 0 2) followed by

a small increase leading to a plateau (P/D 2 —>• 50) which corresponds to a situation where 89 

and 90 are fully bound to DNA. In a similar manner to the behaviour described for the 

absorbance titration, the observed emission behaviour is most likely explained by a biphasic 

interaction. Such interactions occur where the complexes experience an extra enhancement of 

luminescence quenching resulting from DNA induced stacking of the complexes at low P/D 

ratios. As more binding sites become available the complexes are redistributed along the DNA 

helix resulting in a slight increase in the emission intensity due to sheltering afforded by the
213DNA helix microenvironment.

Due to the small magnitude of the changes and the observed biphasic behaviour of 

both 89 and 90 a binding constant could not be determined accurately from the absorption or 

emission data. However, in order to further evaluate the binding affinity of these systems the 

melting behaviour of DNA was evaluated in the presence of various concentrations of 89 and 

90. The results of these studies will be discussed in the following section.

6.4.2 Thermal Denaturation Studies of 89 and 90
As the cationic complexes 89 and 90 were expected to interact with DNA, thermal 

denaturation studies were carried out in order to quantify this interaction as has been described 

in previous Chapters. In the absence of metal complex, the T,,, value for stDNA was
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determined to be 68 “C. As seen for the other Ru(Il) based complexes described in this Thesis, 

the melting transition for DNA in the presence of both 89 and 90 showed significant changes 

at the two P/D ratios evaluated. Figure 6.9 demonstrates the changes exhibited by both 89 and 

90 at a P/D ratio of 10 with the corresponding changes at a P/D ratio of 25 shown in Appendix 

6. The observed changes reflect the stabilisation of the helix structure by both of these species, 

where the melting transition had not gone to completion at 90 “C for 89 and was shifted 

significantly to 74.1 °C for 90. Similarly, at P/D = 25 the melting transition for 89 had not 

gone to completion at 90 °C and was shifted to 71.4 °C for 90. Interestingly, 89 was observed 

to exhibit a much increased stabilisation over that of 90 at both P/D = 10 and at P/D = 25, 

indicating a higher binding affinity for DNA in comparison to its structural analogue 90. This 

is most likely due to the orientation of the two Ru(ll) centres with respect to the Troger’s 

base framework, where the configuration, in space, of 89 seems to be more favourable for a 

strong interaction with DNA. This result is complementary to those of Ryan''"' where he also 

showed that a meta arrangement between the Ru(II) centre and the 1,8-naphthalimide 

precursor system 50 was shown to result in greater affinity for DNA, as demonstrated by Tm 

measurements and changes in the spectroscopic properties, due to greater complementarity in 

the shape of the complex to that of the DNA. Further analysis in to the particular binding 

mode of these species with DNA may enable more definitive answers, however, the 

experiments described here have demonstrated significant stabilisation of the helix associated 

with binding of these systems and further emphasises the high affinity that they both possess 

for DNA.

1.1

Temperature (°C)

Figure 6.9: Thermal denaturation curves of stDNA (150 fiM) in 10 mMphosphate buffer, 
pH 7.4, in the absence (*) and presence of 89 / and 90 (A.) at P/D = 10.
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In order to probe this interaction more thoroughly and to evaluate the role of 

electrostatic interactions in the binding of 89 and 90 to DNA, Tm studies were also undertaken 

at varying concentrations of NaCl (25 mM and 50 mM). As both 89 and 90 are highly 

cationic, electrostatic binding to DNA was expected to play a significant role in the binding 

process and it was expected that these measurements would reveal the relative contribution of 

electrostatic v^'. non-electrostatic modes of interaction. As demonstrated in Figure 6.10 in the 

absence of 89 and 90, the Tm for stDNA was determined as 76 “C in the presence of 25 mM 

NaCl concentration; but this value was increased significantly in the presence of 89 and 90, 

where the melting transition had not fully completed at 90 °C for 89 and was again, shifted 

significantly to 79 “C for 90. Similarly, at 50 mM NaCl concentration, the melting transition 

for DNA was seen to be increased to 80 °C in the absence of metal complex but upon addition 

of 89 the melting transition had still not completed at 90 °C and was shifted to 82 °C for 90. 

On both occasions, 89 was observ'ed to have an increased effect on the stabilisation of stDNA 

over that of 90 further emphasising the higher binding affinity for DNA it has in comparison 

to 90. It is clear from these results that the interaction of 89 and 90 with DNA is dependent on 

the ionic strength of the medium, as DNA stabilisation in 10 mM phosphate buffer is 

increased in comparison to those at high ionic strength. Nevertheless, as both complexes 

continue to show DNA stabilisation even at 50 mM NaCl concentration it would suggest that, 

although electrostatic interactions have a role to play in the binding process, it appears that 

there are other factors that affecting the assoeiation of these complexes with DNA.

-0.3 j- i-T-T—I—I—I—I—I—I—1—r-T-T' —r—1—r i | - ■ i j-r

50 55 60 65 70 75 80 85 90
Temperature (°C)

Figure 6.10; Thermal denaturation curves of stDNA (150 fjM) in 10 mM phosphate buffer 
+ 25 mM NaCl, pH 7.4, in the absence ('x) and presence of 89 ( f ) and 90 (%) at P/D =
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Further studies will be necessary to give a more thorough insight into the particular 

binding mode of both 89 and 90 with DNA; however, for the purposes of this Chapter, the 

following section will deal confocal microscopy studies to determine the applicability of 89 

and 90 as fluorescent cellular probes or as cytotoxic agents.

6.5 Preliminary Cellular Uptake and Localisation Studies of 89 and 90
The potential of 89 and 90 to act as fluorescent cellular probes relies on their ability to 

be internalised in target cells, preferably in an organelle specific manner, where their 

fluorescent properties can be exploited for both diagnostic and therapeutic applications. As 

mentioned previously, the work of Veale'^^’'^^ explored the ability of the Troger’s base 

analogues 44a - c to localise in K562 Leukaemia cells and through confocal microscopy it was 

discovered that these species were capable of selectively localising within the nucleus. 

Similarly, as mentioned in Chapter 1, the dinuclear monointercalating Ru(II) complex studied 

by Thomas et.al.,^^ 18 has been used as an in celhdo nuclear DNA stain, well tolerated by live 

cells, for use with both luminescence and transition electron microscopy. Taking these factors 

into account an investigation into the cellular uptake ability of the bimetallic Ru(II)-l,8- 

naphthlaimide containing Troger’s bases 89 and 90 was undertaken in collaboration with the 

Williams Lab in the School of Biochemistry and Immunology at Trinity College Dublin.

Confocal microscopy was carried out in order to provide visual evidence of the 

localisation of 89 and 90 in cells. Populations of live HeLa cells (0.5 x 10^) were incubated 

with 89 and 90 (25 pM) at 37 °C for 4 hrs before being treated with the fluorescent nuclear 

stain DAPl and viewed using an Olympus FVIOOO point scanning microscope with a 60x oil 

immersion lens. Figure 6.11 shows the fluorescence confocal microscopy picture of the live 

HeLa cells after incubation with 89 and their comparison with a population of healthy, 

untreated control cells. The image clearly demonstrates the localisation of 89 in all cells, with 

apparent localisation in the cytoplasm and around the nucleus. Similar results were found for 

90, the results of which are shown in Appendix 6. Moreover, the addition of 89 and 90 to 

HeLa cells seems to have adverse effects on the cell integrity. Visualisation of cells treated 

with 89 compared to the untreated control cells clearly demonstrates significant differences in 

the cell morphologies, where the extracellular membrane of cells treated with the complexes 

seem to undergoing membrane ‘blebbing’; an irregular bulge in the plasma membrane of a 

cell caused by localised damage of the cytoskeleton commonly associated with apoptosis."^*

197



Chapter 6: Synthesis. Photophysical and DNA Binding Studies ofRndl) A-Amino-1.S-S'aphthaliinide Derived Trdger's Bases

Figure 6.11: Confocal Laser Scanning Microscopy live cell images of 89 (25pM) with 
HcLa cells. Shown is the image obtained with (A) control cells and (B) the bright field view 
of cells treated with 89 after 4 hrs incubation, stained with DAPI (blue), (C) overlay of 89 
(red) and nuclear co-stain DAPI (blue) and (D) overlay of 89 (red) , nuclear co-stain DAPI 
(blue) and the bright field view.

At such low doses and such short incubation times, the observed cellular damage 

indicates that 89 and 90 may find application as cytotoxic agents. Indeed, when treated with 

89 and 90 at a higher concentration and incubation time (100 pM over a 24 hr period; as 

carried out with the Ru(II) complexes described in Chapter 2) no remaining cells could be 

visualised suggesting that treatment with 89 or 90 has effectively irradicated the cell 

population. Further studies are underway to further ascertain the exact effects of 89 and 90 

within these cell lines and these results will be reported in the thesis of Ms. Erby in the School 

of Biochemistry and Immunology at Trinity College Dublin.

6.6 Conclusions and Future Perspectives
This Chapter has detailed the design, synthesis and characterisation of two bimetallic 

Ru(II)-l,8-naphthlaimide containing Troger’s bases, 89 and 90. A description of their 

photophysical properties in aqueous solution at pH 7.4 has been described where both species 

were shown to exhibit behaviour characteristic of Ru(ll) polypyridyl complexes showing 

MLCT based absorption at 460 nm and the corresponding MLCT based fluorescence emission
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at 615 nm. Absorption bands at 400 nm were also observed for both species due to the 1,8- 

naphthalimide chromophore. However, the ICT based emission at 500 nm associated with 

such absorption was not clearly seen, suggesting an efficient energy transfer from the 1,8- 

naphthalimide portion to the Ru(II) centre. The DNA binding affinities of 89 and 90 in 

aqueous solution have also been explored through UVA'^is absorption titrations, fluorescence 

titrations and Tm experiments. Although the changes in both the UV/Vis absorption and 

fluorescence titrations were of small magnitude, Tm experiments revealed large stabilisation of 

the DNA helix upon interaction with both 89 and 90, where 89 was seen to be bound more 

strongly. Furthermore, studies in the presence of varying ionic strength revealed the 

stabilisation effect of 89 and 90 was still seen at 50 mM NaCl concentration, suggesting that, 

although electrostatic interactions play a role in their binding to DNA, there are other factors 

contributing to this interaction. Finally, the ability of 89 and 90 to localise in cancer cells was 

evaluated through the use of confocal microscopy, where both species were seen to localise 

within the cytoplasm of HeLa cells, where they were also observed to cause significant 

damage to the cell populations at relatively low doses and short incubation times.

Future work in this project will focus on more detailed investigations into the specific 

mode of interaction of 89 and 90 with DNA and the source of their observed cytotoxic effect. 

Moreover, synthesis of an organic analogue such as 102 will look to exploit the use of an 

ethylene bridge in a manner similar to that of 67 described in Chapter 3. Such a system may 

give rise to a water soluble species that lacks the bulky Ru(Il) centres enabling more elose 

association with DNA. Concomitantly such a species should display advantageous 

photophysical properties allowing the binding process to be monitored. Alternatively, a 

Ru(ll)-1,8-naphthlaimide containing Troger’s base such as 103 which makes use of a flexible 

linker from the Ru(II) centre to the Troger’s base framework may be an approach that could 

yield species with increased binding affinity and photophysical response.
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7.1 Introduction
Recently, gold nanoparticle (AuNP) conjugates and their properties have led to new 

and exciting developments with enormous potential in areas such as optoelectronics, 

sensors,light energy conversion applications^'^' as well as in biology and 

medicine.With the sensitivity and wide spread use of fluorescence spectroscopy, 

fluorophore-bound AuNPs, in particular, have been proposed as useful probes for 

biomolecular imagingwith such hybrid probes offering the possibility of using 

complementary sensing via fluorescence confocal microscopy and electron microscopy. The 

binding of chromophores to the metal surface, however, often results in quenching of the 

excited state due, for the most part, to energy or electron transfer deactivation pathways.^'*^

As has been demonstrated throughout this Thesis, Ru(II) polypyridyl complexes have 

been intensively studied due to their useful photophysical properties and selective 

photochemistry, especially in the presence of DNA. In addition, characteristic photostability 

and water solubility all combine to make Ru(ll) polypyridyl complexes excellent candidates 

for potential therapeutics as well as spectroscopic probes and photoreagents.Many 

applications have been explored for such species, for instance in luminescent recognition and
sensing. 33,164,244 and as structure-specific DNA probes.Moreover, luminescent Ru(II)

245,246 butcomplexes have often been proposed as useful fluorophores for cellular imaging, 

until very recently their actual applications have remained scarce.

In a bid to combine the advantageous properties of both Ru(ll) polypyridyl complexes 

and gold nanostructures, there have recently been a small number of reports which have

looked to functionalise gold surfaces with Ru(II) polypyridyl complexes. 141,142 One such

example is the Ru(II)-viologen linked thiol complex 104 which has been fabricated on a gold 

electrode in the form of a self-assembled monolayer (SAM) with a view to exploiting the 

properties of [Ru(bpy)3]^^ for solar energy conversion applications.^''* Similar species have 

also been utilised for functionalisation of AuNPs, where significant quenching of the excited 

state fluorescence was proposed to occur by both energy transfer and electron transfer 

mechanisms.Many of these studies were undertaken with a view to elucidating the 

excited state behaviour of the Ru(ll) polypyridyl units upon conjugation to AuNPs, however, 

to the best of our knowledge systems such as these have not yet been utilised for biological 

applications and we expect that such luminescent AuNP systems might offer attractive 

photophysical properties, ideal for application in cellular imaging.
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104

As work within the Gunnlaugsson group has already focused on the development of 

luminescent cellular targeting (therapeutic/imaging) agents'^^'^^ and surface modified 

AuNPs,'^^ '^’ we envisaged that the combination of Ru(ll) polypyridyl complexes, spacially 

separated from the surface of AuNPs by a sufficiently long covalent spacer, could be 

employed as luminescent probes/imaging agents for various biological applications. This 

Chapter will deal with the synthesis of the Ru(ll) complexes 105 - 107, all of which possess a 

terminal alkyl thiol group which will facilitate their adsorption onto AuNPs; leading to the 

formation of three water soluble AuNP systems AuNP-105, AuNP-106 and AuNP-107. In a 

manner similar to that described in Chapter 2, variation of the ancilliary ligands around the 

Ru(II) centre, utilising bipyridine (bpy), phenanthroline (phen) and tetraazaphenanthrene 

(TAP), was expected to provide potential for recognition and sensing of DNA, owing to each 

of their characteristic luminescent properties. In addition, the use of the 7r-deficient TAP 

ligands should confer a strongly oxidising excited state on such a complex,^'’ ’^'* potentially 

resulting in a photoinduced-electron transfer (PET) between guanine bases of DNA and the 

Ru(ll) functionalised AuNPs. This process often results in efficient DNA cleavage, as was 

observed and discussed in Chapter 2 for 55. Thus, Ru(II) AuNP conjugates containing at least 

two TAP ligands are expected to yield highly photoreactive species capable of causing 

selective damage to DNA upon light irradiation; a highly desirable characteristic from the 

point of view of PDT treatments.

The aim of the work presented in this Chapter will be to synthesise the alkyl thiol 

functionalised phenanthroline ligand 108, the successful synthesis of which, will enable the 

synthesis, characterisation and photophysical evaluation of the alkyl thiol containing Ru(Il) 

complexes, 105, 106 and 107. Their spectroscopic response in solution and in the presence of 

DNA will also be evaluated using various techniques before their adsorption onto the surface 

of AuNPs is undertaken. This will be followed by a characterisation of the resulting 

conjugates AuNP-105, AuNP-106 and AuNP-107 using traditional methods such as UV/Vis 

absorption spectroscopy, fluorescence spectroscopy, dynamic light scattering (DLS) and
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transmission electron microscopy (TEM) analysis and a preliminary observation of their DNA 

binding response. Finally, preliminary biological studies will be described detailing the DNA 

photocleavage ability of AuNP-105, AuNP-106 and AuNP-107 as well as their cellular 

uptake and localisation ability. The following section will firstly deal with the synthesis and 

characterisation of the alkyl thiol functionalised phenanthroline ligand 108 and the resulting 

free complexes 105- 107.

108

106

n 2+

105

107

n 2+

n 2+

\1/
W / \ \ ^4^ m

AuNP-106

7.2 Synthesis of Complexes 105 -107
The target compounds 105 - 107 were prepared from commercially available starting 

materials. The same procedure was applied to the synthesis of all analogues and full 

experimental details are provided in Chapter 8. The following section will deal with a 

description of the methods used for the synthesis and characterisation of 105 - 108.
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7.2.1 Synthesis of alkyl thiol functionalised phenanthroline 108
The alkyl thiol functionalised system 108 was synthesised as outlined in Scheme 7.1. 

The synthetic scheme firstly involved the synthesis of two intermediates, 11- 

mercaptoundecanoic acid, 109 and 5-amino-1,10-phenanthroline, 110 before coupling of the 

two fragments to afford 108.

(i)

111

(Hi)
OoN

(iv)

113 114 109

108

Scheme 7.1: (i) EtOH.HjO, thiourea; (ii)(a) aq. NaOH; (b) 6N H2SO4; (Hi) H2SO4, HNO3, 

H2O; (iv) N2M2, 10% Pd/C, EtOH; (v) DCM, EDCI, DMAP.

11-Mercaptoundecanoic acid, 109 was synthesised from the commercially available 

methyl 11-bromoundecanoate, 111 according to a procedure by Zhu el by the

nucleophilic displacement of bromide with an excess of thiourea to yield the isothiuronium 

bromide salt intermediate 112. Subsequent base hydrolysis of 112 in the presence of aqueous 

NaOH followed by acidification with 6 N H2SO4 resulted in the desired intermediate 11- 

mercaptoundecanoic acid, 109. Purification by recrystallisation from hot EtOH yielded the 

pure compound 109 as a white powder in 72% yield. Simultaneously, 5-amino-l,10- 

phenanthroline, 110 was synthesised by aromatic nitration of commercially available 1,10- 

phenanthroline, 113 using a mixture of concentrated H2SO4 and HNO3 to yield 5-nitro-1,10- 

phenanthroline 114, in 65% yield. Reduction of the nitro group of 114 using hydrazine in the 

presence of 10% Pd/C catalyst gave the amino functionalised phenanthroline derivative 110 as 

a yellow solid in 98% yield. The final step of the synthesis of 108 involved the peptidic 

coupling of 109 with 110 in DCM using l-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDCI) in the presence of 4-dimethylaminopyridine (DMAP) to giving 108 as a grey solid in 

78% yield after precipitation with H2O.
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The novel ligand 108 was characterised by 'H NMR, '^C NMR, melting point analysis 

and IR spectroscopy. The 'H NMR spectrum (600 MHz, DMSO-t/^) is shown in Figure 7.1. 

Assignment of the peaks was achieved by H-H COSY and C-H COSY analysis.

Figure 7.1: The ‘H NMR spectrum of 108 (600 MHz, DMSO-de)

The successful formation of this species was immediately apparent due to the the 

characteristic NH signal at 10.1 ppm. The remainder of the spectrum was also easily assigned 

owing to the clear distinction observed between the aromatic and aliphatic regions of the 'H 

NMR spectrum. Seven clear signals in the aromatic region between 7.5 ppm and 9.5 ppm all 

integrated to one proton and were assigned as shown in Figure 7.1 by H-H and C-H COSY 

analysis. Similarly, the aliphatic resonances were all characterised using the same analysis but 

with the signal a to the thiol group being overlapped by that of the residual H2O peak, 

selective TOCSY analysis was necessary. Full experimental details and characterisation are 

given in Chapter 8.

Having successfully synthesised and characterised the precursor ligand 108, syntheses 

of the Ru(ll) alkyl thiol complexes were next attempted. The following section will detail the 

synthesis and characterisation of the resulting complexes 105 - 107.

7.2.2 Synthesis of alkyl thiol functionalised Ru(II) complexes 105 - 107

In a manner similar to that described in Chapters 2, 4 and 6, microwave-assisted 

synthesis was exploited for the complexation of ligand 108 with Ru(bpy)2Cl2, Ru(phen)2Cl2 

and Ru(TAP)2Cl2 to yield complexes 105, 106 and 107, respectively. The general synthetic 

pathway is exemplified in Scheme 7.2 showing the synthesis of complex 107.
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Scheme 7.2: Complexation of Ru(TAP)2Cl2 to ligand 108 using a microwave activated 
reaction to yield complex 107.

The microwave-assisted syntheses of each of the Ru(L-L)2Cl2 derivatives in DMF, 

where L-L is either bpy, phen or TAP, was achieved by reaction of the respective ancilliary 

ligands with Ru(cod)Cl2. Ligand 108 was then complexed with the Ru(Il) precursors using a 

H20/Et0H mixture. After 30 minutes irradiation in the microwave at 140 °C, precipitation of 

the resultant complexes as their PF^ salts was achieved by addition of a concentrated ethanolic 

solution of NH4PF6. Isolation by suction filtration afforded the products 105, 106 and 107 as 

red/brown solids in 75%, 65% and 54% yield respectively after purification by column 

chromatography [flash silica; 40:4:1 CH3CN/H20/NaN03 (sat)]. The chloride salts of the 
complexes were re-formed by dissolution in MeOH followed by stirring with Amberlite ion 

exchange resin (Cf form) for 1 hour.
The three complexes were characterised by 'H NMR, '^C NMR, elemental analysis, 

HRMS, melting point analysis and IR spectroscopy. The 'H NMR spectrum (600 MHz, 

CD3CN) of 105 is shown in Figure 7.2 with those of 106 and 107 given in Appendix 7. Again, 

assignment of the various resonances in the 'NMR spectra was achieved by H-H and C-H 

COSY analysis and is indicated in Figure 7.2. Full experimental details and characterisation 

are given in Chapter 8.

As for ligand 108, the 'H NMR spectra for each complex were easily separated 

between the aromatic and aliphatic regions with each of the peaks being assigned to their 

respective protons as shown in Figure 7.2 for 105 and in Appendix 7 for 106 and 107. The 

aromatic region of all three systems gained added complexity due to the appearance of signals 

corresponding to the ancilliary bpy, phen and TAP ligands for 105, 106 and 107, respectively. 

The aliphatic regions of the spectra were seen to be similar to those observed for the ligand 

108 with the CH2 signal a to the thiol group being shifted furthest downfield, with the CH2 

signal a to the amide being shifted slightly less downfield. As these spectra were measured in 

MeOD, the NH signal could not be observed, however, when measured in CD3CN the NH 

signal for each of these complexes could be clearly observed at ca. 10 ppm.
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Figure 7.2: The NMR spectrum of 105 (600 MHz, MeOD)

Successful formation of the complexes was also evident from MALDI high resolution 

mass spectrometry analysis, where 105, 106 and 107 displayed m/z = 2051.3718, 2147.3765 

and 2155.3379, respectively corresponding to their 2M^'^ - 2H ions plus three PF6 counter ions. 

3'his observation was seen for each of the complexes due to oxidation of the thiol groups 

during the ionisation process leading to bimetallic disulfide species being observed. A 

comparison between the calculated and observed isotopic distribution pattern is shown for 106 

in Figure 7.3 with those for 105 and 107 shown in Appendix 7. Synthesised as their chloride 

salts, all complexes were water-soluble, and their photophysical properties were investigated 

in 10 mM phosphate-buffered aqueous solutions at pH 7.4.

'7^' ''i. 

C^'

if
2140 2145 2150 2155

i.. I
2140 2145

li .J .1.
2150 2155

m/z

Figure 7.3: Comparison between the calculated (blue) and observed (black) isotopic 
distribution pattern for 105 from high resolution mass spectrometry analysis
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7.3 Photophysical Characterisation of 105 -107

An investigation into the absorption and emission properties of 105 - 107 was 

necessary to evaluate their suitability for application towards biological imaging agents. In 

addition, it was important to be able to compare the photophysics of the free complexes with 

those of the AuNP conjugates to detenuine any interaction between the Ru(ll) centres and the 

surface of the AuNPs. As such this section details the photophysical behaviour of each of the 

complexes 105 - 107 at pH 7.4 in phosphate buffer solution.

1000
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400
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200
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Figure 7.4: The UV/Visihle, excitation and emission spectra of 105 (lOpM) in 10 mM 
phosphate buffer at pH 7.4

The absorption, excitation and emission spectra of 105, recorded in 10 mM phosphate 

buffer at pH 7.4, are shown in Figure 7.4. The spectra of 106 and 107 are shown in Appendix 

7. The absorption spectrum of 105 showed absorbance maxima at ca. 285 nm and 450 nm. 

The band at 285 nm was characteristic of n-n* intra-ligand transitions of the ancilliary bpy 

ligands while the broad, longer wavelength band with a maximum at 450 nm can be attributed 

to the MLCT transitions of the Ru(Il) centre. Similarly, the absorption spectrum of 106 and 

107 showed similar absorbance maxima with the short wavelength transitions being attributed 

to 71-71* intra-ligand transitions of the ancilliary ligands while the broad band centred at ca. 

450 nm was characteristic of the MLCT transitions. A summary of the absorption properties 

of 105 - 107 as well as their respective molar absorptivities is given in Table 7.1.
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Table 7.1: Absorption properties of 105, 106 and 107 in 10 mM phosphate buffer, at pH 
7.4.

Complex
>^max(nm) \£(M'

n-n IL

cm )] in phosphate buffer (±10%)

MLCT

105
285 [49500] 450 [12400]

106
260 [72700] 450 [14300]

107
270 [50900] 415 [10700]

Excitation into all absorption bands of each complex resulted in characteristic MLCT 

based emission with ^max at 610 nm, 605 nm and 635 nm for 105, 106 and 107, respectively. 

Similarly, excitation spectra of 105, 106 and 107 were shown to be structurally identical to 

their absorption spectra. The fluorescence quantum yields (Op) (aerated) for 105 - 107 were 

found to be 0.054, 0.056 and 0.028, respectively. The values for 105 and 106 were somewhat 

higher than the value reported for [Ru(bpy)3]^^ (0.042 in H20)'^^. Furthermore, the value of 

0.028 obtained for 107 is double the value recorded for [Ru(TAP)3]^^ in H2O (0.014).^^

Excited state lifetime measurements (lem) (aerated) were recorded at pH 7.4 in 10 mM 

phosphate buffer solution in order to further characterise the excited state properties of 105 - 
107 by using time correlated single photon counting (TCSPC). All data was best fitted to a 

monoexponential decay function confirming the presence of just one fluorescent species in 

solution. Complexes 105 and 106 showed lem values of 610 ns and 648 ns respectively, that 

were slightly longer than analogous complexes [Ru(bpy)2(phen)]^^ and [Ru(phen)3]^^ which 

have been shown to have Xem values of 450 ns and 530 ns in aerated H20.^^‘ Complex 107 

exhibited a lem value of 563 ns which was slightly shorter than its parent complex 

[Ru(TAP)2(phen)] which has a Xem value of 730 ns in aerated H2O, respectively. A summary 

of the excited state properties of 105 - 107 in 10 mM phosphate buffer is given in Table 7.2.

Table 7.2: Emission properties of 105, 106 and 107 in phosphate buffer solution at pH 7.4 at 

298K

Complex ^ emission (om) Of (±10%) Tern (ns) (air)

105 610 0.054 610

106 605 0.056 648

107 635 0.028 563
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During this photophysical study it has been observed that 105 - 107 displayed 

characteristic Ru(Il) polypyridyl complex ground and excited state behaviour in aqueous 

solution, leading to the conclusion that the presence of the long chain alkyl thiol did not have 

a profound effect on their solution properties. In addition, each complex displays multiple 

absorption bands and intense fluorescence emission which is seen as an advantage in terms of 

potential imaging applications. As has been observed in previous Chapters of this Thesis with 

other Ru(II) complexes, the photophysical properties of 105 - 107 are expected to be sensitive 

to their local environment and, as a result, may be modulated upon interaction with DNA or 

other biomolecules. Moreover, as complex 107 contains two tt deficient TAP ligands, photo- 

induced electron transfer behaviour between the DNA nucleobases and the n deficient Ru(ll) 

complex may occur, leading to a direct and profound effect on the fluorescence emission 

spectrum of 107. In order to explore the nature of the interaction between 105, 106 and 107 

with DNA, the following sections will discuss a photophysical study in which changes upon 

interaction with stDNA will be monitored. In addition to providing information on the DNA 

binding ability of the free complexes 105, 106 and 107, it will also enable a direct comparison 

to be made with the DNA binding ability of AuNP-105, AuNP-106 and AuNP-107 at a later 

stage in this Chapter.

7.4 DNA Binding Interactions of 105,106 and 107
With their cationic nature 105, 106 and 107 were all expected to have a strong affinity 

for the negatively charged DNA backbone. Furthermore, the jr deficient nature of 107 makes it 

a possible DNA photoreactive agent and it was anticipated that any modulations in its 

photophysical behaviour would provide valuable information on the processes occurring 

during the binding event. The following sections will detail spectroscopic titrations carried out 

to investigate the nature and binding affinity of 105, 106 and 107 with DNA.

7.4.1 Spectroscopic Titrations of 105 - 107 with DNA

7.4.1.1 UV/Vis Absorption Titrations of 105 -107 with DNA

The changes in the ground state of 105 are shown in Figure 7.5 with those of 106 and 

107 shown in Appendix 7. The interaction of 105 - 107 with DNA was examined using 

UV/Vis absorption spectroscopy in a similar fashion to that described in previous Chapters by 

addition of small aliquots of stDNA to a 10 mM phosphate buffer solution of each complex at 

pH 7.4, until a plateau in absorbance was reached. All titrations were repeated a number of 

times to ensure reproducibility.
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0.14

Figure 7.5: Changes in the UV/Visihle spectrum of 105 (10 pM) upon additions of stDNA (0- 
290pM) in lOmM phosphate buffer, (pH 7.4). Inset: Plot of (ea-ef/eb-ef) vs. [DNA](M\ P) 
using data with a P/D between 0-15 and the best fit of the data (—) using the Bard Eqn.

The titration of 105 - 107 with stDNA resulted in significant modulations to their 

absorption spectra. Complex 105 exhibited a 24% decrease in absorbance of its MLCT band at 

450 nm with 106 experiencing an initial red shift of 7 nm followed by a 30% hypochromism 

at 450 nm. The MLCT band of 107 exhibited a less obvious red shift of 4 nm and this 

coincided with a hypochromism of 26% at 415 nm. These results are similar to those obtained 

previously for the addition of DNA to other Ru(II) complexes; the observed changes in the 

MLCT band having been attributed to electrostatic interactions between the complex and the 

phosphate backbone of DNA.Interestingly, in the case of 106, the initial additions of DNA 

seemed to induce a slight red shift in the absorbance maximum which was followed by the 

observed hypochromic effect. Such behaviour may be due to a different mode of interaction 

at low DNA ratios, in which the ancilliary phenanthroline ligands are partially intercalated. 

Further additions of DNA might give rise to a redistribution of the complexes as more binding 

sites become available. The spectroscopic changes observed, i.e. the significant 

hypochromism and red shift of the absorption maximum, are consistent with strong 

association of each of these complexes with DNA and, as such, the intrinsic binding constant 

Kh, and binding site size n were determined using the model of Bard et al. using these 

changes.'*^' A representative plot of (8a-£f)/(£b-£f) IDNA] and the corresponding best fit of 

the data to the Bard eqn. for 105 are shown as an inset in Figure 7.5 and a summary of the 

results obtained are detailed in Table 7.3.
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Table 7.3: DNA binding parameters from fits to absorbance data

Complex X.(MLCT) Binding constant K\, Binding site size n

Hypochromism (M-') (base pairs)

105 24% 4.7 X 10®(± 0.7) 1.3 (±0.08) 0.99

106 30% — — —

107 26% 6.4 X 10®(± 1.7) 1.9 (±0.1) 0.99

The above results confirmed the affinity of the complexes 105 - 107 for DNA where 

105 showed binding with Kh = 4.7 x 10^ (± 0.7) and « = 1.3 (± 0.08). A fit could not be 

obtained for 106 due to the biphasic nature of the interaction mentioned above, however, 107 

was shown to have a slightly stronger affinity for DNA compared to 105 with Kh = 6.4 x 10^ 

(± 1.7) and n= 1.9 (± 0.1). The small magnitude of changes and the observed red shift had an 

effect on the data for 107 and it should be noted that the error calculated from this curve is 

quite high as a result. In any case the changes observed gave rise to binding constants of the 

order of 10^ M‘' for both 105 and 107, which are higher than those previously determined for 

parent complexes such as [Ru(phen)3]^^ which has been calculated as being 3 - 5 x lo"* M'' (5 

mM Tris/HCl, 50 mM NaCl, pH 7.1) depending on its enantiomeric specificity.^^ The higher 

binding affinity of 105 and 107 is likely to be due to the presence of the long chain alkyl thiol 

group which may increase affinity through hydrophobic interactions. Moreover, it is also 

likely that the binding of 106 to DNA is of similar magnitude, if not even higher, than both 

105 and 107 due to the ablility of its ancilliary phen ligands to partially intercalate between 

the base pairs of DNA.^^ This observation is supported by examination of the titration curves 

for 105 - 107 (Figure 7.6) which reveals that the largest changes are observed for 106.
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Figure 7.6: Plots of the change in integrated MLCT absorption of 105 (^), 106 (M) and 
107 (a) upon addition ofstDNA in 10 mM phosphate buffer, at pH 7.4
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Having gained information on the binding processes occurring between 105 - 107 and 

DNA through UV/Vis absorption titrations, changes were also monitored in the excited state 

properties of 106 - 107. These results will be presented in the following section.

7.4.1.2 Fluorescence Emission Titrations of 105 -107 with DNA

Given the excited state character of 105 - 107 it was anticipated that addition of DNA 

would lead to significant modulations of the emission response, similar to those observed in 

previous Chapters. Indeed, the incorporation of two TAP ligands in the structure of 107 make 

it especially likely and it was anticipated that perturbations of its emission behaviour would 

provide evidence for any photo-electron transfer processes occurring with DNA.

The changes in the excited character of 107 are shown in Figure 7.7 with those of 105 

and 106 shown in Appendix 7. Upon addition of stDNA to complex 105 the MLCT emission 

band centred at 610 nm was seen to undergo a biphasic interaction where, after the first 

addition, the emission was seen to decrease before increasing to a plateau 13% above the 

initial emission value. Complex 106 showed a slightly different biphasic behaviour in which 

the emission centred at 605 nm was seen to be quenched initially by 36% (P/D 0 —> 2.5) 

before a subsequent slight increase to a plateau (P/D = 2.5 30). Interestingly, this resulted

in an overall fluorescence emission decrease of 31% for 106 when fully bound to the DNA 

helix in solution. Complex 107 (Figure 7.7) showed more efficient quenching as a result of 

interaction with DNA where the emission centred at 635 nm was efficiently quenched by 66% 

over the entire range of the titration (P/D 0 —> 30).

40

Figure 7.7; Changes in the emission spectrum of 107 (10 pM) (Xgx 415 nm) with increasing 
concentration of stDNA (0-285pM). Inset: Plot of the change in integrated MLCT emission 
intensity as a function of P/D ratio.
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The fluorescence data for both 105 and 106 suggests a biphasic interaction of these 

complexes with different distributions of the complex on the polynucleotide at different stages 

of the titration. The luminescence at the plateau value is likely to correspond to that of the 

isolated complex bound to DNA. In the case of 105, the slight enhancement of luminescence 

might originate from closely bound metal complexes which are sheltered from the bulk 

solution by the DNA helix environment, resulting in an overall fluorescence increase. 

Conversely, in the case of 106, the initial decrease was followed by a slight increase, however, 

the overall changes resulted in a 30% decrease in the observed fluorescence, perhaps 

suggesting the occurrence of redox processes between 106 and DNA. The emission behaviour 

of 107 follows the trend observed with other n deficient TAP complexes, due to quenching of 

the excited state of 107 by photo-electron transfer between guanine residues and the MLCT 
state ofl07.''’’‘^ '^^''^^

For comparison, the emission profiles for each of the systems, 105 - 107 are shown in 

Figure 7.8. Examination of the overlaid changes demonstrates the different excited state 

responses observed for each complex. The fact that such minor structural differences between 

these systems can exhibit such a large variation in their photophysical response serves to 

further emphasise the sensitivity of Ru(ll) complexes to their local environment. Furthermore, 

the changes exhibited by 105 - 107 reflect interactions with DNA that may also be monitored 

using various other techniques. The following sections will attempt to further quantify the 

binding affinities of complexes 105 - 107 for DNA by utilising various other spectroscopic 
and biophysical techniques.
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Figure 7.8: Relative changes in the MLCT emission intensity of 105 (w), 106 and 
107 (k) upon addition ofstDNA in at pH 7.4 in 10 mMphosphate buffer solution
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7.4.2 Ethidium Bromide Displacement Assays

The binding efficiency of 105 - 107 was also monitored by displacement of DNA 

bound EtBr as described in previous Chapters. The addition of 105 - 107 to a mixture of EtBr 

and DNA was found to displace 50% EtBr at molar ratios less than one indicating a strong 

interaction of these complexes with DNA, confirming the results obtained from the UV/Vis 

absorption and emission titrations discussed above. As can be seen in Figure 7.9, the addition 

of 105 - 107 caused the emission intensity of intercalated EtBr to decrease, thus displacing the 

known intercalator from the DNA helix.

100

(/>
S 80
U
(1)
a 700)
c 60
u

\ Complex Binding constanti1 105 1.66 X 10’

Vv 106 2.03 xlO’

107 1.90 X 10’

01 50 

40
01

iS
01oc
ae

30

20

10

0

A is
A ♦ ■ ■
A ♦ ■

A *
A * * m

0.5 1 1.5
[Ru]:[EtBr]

2.5

Figure 7.9: Decrease in fluorescence of DNA bound EtBr upon addition of 105 (m), 106 (A) 
and 107 (^) in 10 mM phosphate buffer, pH 7.4. Inset: Table of binding affinities of 105, 
106 and 107 calculated from EtBr displacement assays

The apparent binding constants were again calculated according to the

competitive binding model described by Boger et o/.as demonstrated previously and a 

summary of binding constants derived is displayed as an inset in Figure 7.9. The displacement 

capabilities correlate well with the behaviour observed in the UV/Vis and fluorescence 

titrations where the displacement capability is in the order of 106 > 107 > 105 and this is 

reflected in the values obtained for the binding constants (Figure 7.9). As seen previously for 

EtBr displacement assays, the values obtained are considerably higher than those determined 

by UV/Vis and fluorescence data, being nearly two orders of magnitude higher. This is 

thought to be due to binding of 105 - 107 at high P/D ratios, where many different processes 

may be occurring, including perturbation of the DNA helical microstructure. Such behaviour 

is likely to have a significant effect on the binding ability of an intercalator, such as EtBr, and 

may effect displacement of the DNA bound EtBr molecule more readily resulting in a higher
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value of Kapp being determined. Aside from these observations, it is clear from these results 

that 105 - 107 display significant interaction with DNA and confirm the previous results 

obtained from the ground and excited state spectroscopic investigations. The following section 

will look to further emphasise this binding ability by observing the effect of 105 - 107 on the 

DNA helix stability using Tm measurements.

7.4.3 Thermal Denaturation Studies of 105 - 107
Thermal denaturation studies were carried on 105 - 107 in the presence of stDNA, as 

in the previous Chapters. In the absence of metal complex the Tn, value for DNA was 

determined to be 69 “C. Shown in Figure 7.10 are the melting profiles of DNA alone and in 

the presence of 105, 106 and 107.
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Figure 7.10: Thermal denaturation curves of stDNA (150 fiM) in 10 mM phosphate buffer, 
pH 7.4, in the absence (^) and presence of 105 (m), 106 (L) and 107 (><■) at P/D = 10. Inset: 
The T,n values from first derivative plots of the melting curve

The changes observed reflect the stabilisation of the DNA helix structure upon 

interaction with each of the complexes at a P/D ratio of 10. Both 105 and 107 showed modest 

stabilisation of the helix being slightly shifted to 73 °C with a perturbed profile being 

observed for 107. For complex 106 the melting transition had not gone to completion at 90 °C 

and, consequently, it was not possible to fit the data to a sigmoidal function. Although an 

exact value could not be reported it may be regarded as being greater than 75 “C. It is also 

noteworthy that the different extent of the stabilisation observed for each complex again 

correlates well with both the spectroscopic titrations and the EtBr displacement assays where 

StDNA was seen to exhibit maximum stabilisation upon interaction with 106.

216



Chapter 7: Luminescent Rutll) PolypyriJyl Functionalised Gold Nanoparticles

Overall this study has demonstrated significant stabilisation of the DNA helix 

associated with interaction with 105 - 107 and further emphasises the affinity that they possess 

for DNA. The following section will look to further monitor the affinity of these complexes 

for DNA and attempt to shed light on the particular binding mode of this family of complexes 

to DNA using circular dichroism.

7.4.4 Circular Dichroism Studies of 105 - 107 in the Presence of DNA

In an attempt to further probe the interaction of 105 - 107 with DNA, circular 

dichroism titrations were carried out in the same manner as described in previous sections, in 

which the concentration of DNA was kept constant and that of the complexes was varied to 

give a range of P/D ratios. The spectra for 106 are shown in Figure 7.11 with those of 105 

and 107 shown in Appendix 7.

Figure 7.11: Circular dichroism spectra of stDNA (150 pM) in 10 mMphosphate buffer, 
at pH 7.4, in the absence and presence of 106 at varying P/D

The data obtained for all three complexes, 105 - 107 in the presence of DNA show CD 

spectra with significant modulations. Most obviously, large decreases in the DNA region of 

the CD spectra between 220 rim and 300 nm were observed for all three complexes. 

Simultaneously, evolution of a negative band in this region was also seen in each case at ca. 

290 nm and most likely corresponds to n-7i* intra-ligand transitions of the ancilliary ligands. 

Behaviour such as this has been observed in Chapter 2 for complexes 53 - 55 and implies 

strong association of the metal centre of 105 - 107 with the DNA helix. At high loading (P/D 

= 2.5) there was also the evolution of small ICD signals in the charge transfer region, from 

350 nm - 500 nm. For 105 this culminates in a small negative signal centred at 460 nm, while
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for 106 the appearance of both positive (at 420 nm) and negative (at 470 nm) CD bands are 

apparent. For complex 107 a similar ICD signal to 105 was observed, however, the small 

negative signal was centred at 420 nm corresponding to the MLCT maximum absorption of 

107 at 415 nm.

From the above study it is clear that in all cases the CD spectrum of DNA was 

substantially affected, with the characteristic DNA CD signal practically disappearing. This 

UV region is sensitive to changes in conformation resulting from complex binding, indeed 
binding of [Ru(phen)3]^^ by insertion of two phen ligands into the minor groove of a [d( 

CGCGATCGCG)]2 oligonucleotide has been shown to cause distortions of the DNA helical 

structure. However, 53 - 55 all exhibit transitions in the UV region, which overlap with the 

DNA absorption bands, thus it is difficult to discern if these bands result from an ICD, or from 

structural changes in the DNA. Taking these observations into consideration, in addition to the 

ICD signal observed in the charge transfer region, overall results point to a binding mode in 

which the metal centre is tightly associated with the DNA helix, thus experiencing its 

chirality.

Considered with the other spectroscopic studies presented so far, it can be concluded 

that 105 - 107 all bind to DNA with specific interactions with the helical microenvironment 

ensuring tight association of the metal centre. Such interactions are likely to occur through 

external binding or partial insertion into the grooves of the ancilliary ligands as has been 

postulated for parent systems such as [Ru(phen)3]^'^.^^^ This important evidence also confirms 

that the presence of the long chain alkyl thiol on these complexes does not have a negative 

effect on DNA binding. The proceeding section will summarise the results from the DNA 

binding studies undertaken.

7.4.5 Summary of DNA Binding Studies of 105 - 107

The work described in this Chapter has looked to evaluate the DNA binding capability 

of 105 - 107 in order to compare the free complexes with those attached to AuNPs. The 

investigations have looked at the photophysical modulations exerted on 105 - 107 upon 

addition of DNA using UVA'is and fluorescence spectroscopy and these results have been 

further confirmed by the use of EtBr displacement assays, Tm experiments and CD studies.

The photophysical properties of 105 - 107 were first evaluated in phosphate buffer 

solution before changes in the ground and the excited state interactions in the presence of 

stDNA were observed and quantified. Analysis of the ground state data allowed the 

calculation of binding constants of the order of 10^ M"' for both 105 and 107, however, due to

a biphasic interaction of 106 with DNA reliable binding data could not be obtained for this
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complex. Concomitantly, all three complexes exhibited excited state modulations upon 

interaction with DNA where 105 was seen to have its emission increased while 106 and 107 

exhibited emission quenching.

Using EtBr displacement assays it was shown that 105 - 107 were capable of 

displacing EtBr effectively when bound to stDNA, while Tm experiments found that the 

helical structure of stDNA was stabilised in the presence of all three complexes. The general 

trend of stabilisation and EtBr displacement ability both correlated well with the DNA binding 

affinities observed from the UV/Vis titrations where 106 > 107 > 105 were the observed 

preferences from all three studies. The results from the CD studies revealed close association 

of 105 - 107 with DNA and showed small ICD signals in the charge transfer region, pointing 

to a binding mode in which the metal centre is tightly associated with the helix.

The studies carried out thus far have identified that 105 - 107 bind to DNA; each 

displaying varied spectroscopic behaviour in response to stDNA. The next section of this 

Chapter will deal with the synthesis of AuNPs and the adsorption of the alkyl thiol based 

complexes 105 - 107 on to the gold surface to create AuNP-105, AuNP-106 and AuNP-107. 
Once functionalised, it was anticipated that such AuNP conjugates may also have binding 

affinity for DNA that may be exploited for use in luminescent biological imaging applications. 

The preceding sections of this Chapter will deal with the synthesis of AuNP-105, AuNP-106 

and AuNP-107 and their physical and photophysical characterisation. This will be followed 

by an investigation into their DNA binding ability and will be followed by preliminary 

biological studies including their DNA photocleavage ability as well as their cellular uptake 
and localisation.

7.5 Synthesis of Ru(Il) Functionalised AuNP-105, AuNP-106 and AuNP-107
Functionalisation of AuNPs with self-assembled monolayers provides a method for 

introducing diverse functionality to the nanoparticle surface and, as a result, many preparative

methods for the synthesis of AuNPs have been developed to date. 253-256 Depending on the

preparative conditions utilised, many AuNPs have a tendency to slowly flocculate, causing 

precipitation from solution.One of the most widely used and versatile synthetic methods 

for the formation of stable AuNPs is the Brust-Schiffrin method which involves a two-phase 

approach resulting in the foiTnation of AuNPs with a diameter of ca. 5 nm.^^"^ Given the water 

soluble nature of 105 - 107 such a phase transfer synthesis is ideally suited to the formation of 

AuNP-105, AuNP-106 and AuNP-107 and is the basis for the method described.
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The syntheses of AuNP-105, AuNP-106 and AuNP-107 were achieved using a 

modified two-phase Brust method where HAUCI4 was first solubilised in H2O and was then 

transferred to toluene using tetraoctylammonium bromide (1OAB) as the phase-transfer agent. 

Subsequent reduction using NaBH4 gave TOAB-stabilised gold nanoparticles (TOAB-AuNP), 

where the organic phase was seen to change colour from orange to deep purple within a few 

seconds indicating the formation of the colloidal species. Exchange of TOAB on the surface 

of the AuNPs with the Ru(ll) alkyl thiol functionalised complexes 105, 106 and 107 was 

achieved by vigorously stirring an aqueous solution of each complex with TOAB-AuNP in 

toluene over a 12 hour period at room temperature. The initial orange aqueous solution turned 

a dark brown colour confirming the phase transfer of the AuNPs from the toluene layer to the 

aqueous layer. Separation of the aqueous layer and subsequent addition of a saturated aqueous 

solution of NH4PF6 to the aqueous solution of AuNPs resulted in the formation of a flocculate 

v.'hich was isolated by centrifugation and repeatedly washed with a mixed H20/Me0H 

solution and dried under vacuum. Any unbound complex was then removed by a second anion 

exchange step where, after dissolution in MeCN, an acetone solution of tetrabutylammonium 

chloride (TBACl) was added resulting in the immediate formation of a flocculate which was 

isolated by centrifugation, repeatedly washed with acetone to remove excess salts (TBA^ or 

NH4^) and dried with Et20. The resultant solid was readily soluble in H2O and formed a stable 

red coloured colloidal solution. Figure 7.12 outlines the synthetic approach undertaken. The 

resulting water-soluble gold nanoparticles AuNP-105, AuNP-106 and AuNP-107 were found 
to be stable for many months when kept at room temperature in aqueous buffered solution at 

pH 7.4 and were characterised using dynamic light scattering (DLS), TEM, and UV/Visible 

studies. Details of their characterisation are described in the following section.
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Figure 7.12: Representation of exchange of TOAB on the surface of AuNPs with the Ru(ll) 
alkyl thiol functionalised complexes 105, 106 and 107 and aqueous/organic medium 
transfers by anionic exchange around the Ru(II) stabilised AuNPs
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7.6 Characterisation of Ru(n) Functionalised AuNP-105, AuNP-106 and 

AuNP-107

7.6.1 Dynamic Light Scattering Studies of AuNP-105, AuNP-106 and AuNP-107

In order to estimate the size of the AuNP eonjugate speeies, AuNP-105, AuNP-106 

and AuNP-107 dynamic light scattering (DLS) measurements were undertaken using a 

Malvern Zetasizer Instrument. DLS is a non-invasive technique used for measuring the size of 

molecules and particles typically in the submicron region.Particles in suspension undergo 

Brownian motion induced by bombardment by solvent molecules that themselves are moving 

due to their thermal energy. If the particles are illuminated with a laser, the intensity of the 

scattered light fluctuates at a rate that is dependent upon the size of the particles and analysis 

of these intensity fluctuations yields the velocity of the Brownian motion and hence the 

particle size.^^’ The diameter that is measured by DLS is called the hydrodynamic diameter 

and refers to how a particle diffuses within a fluid. The diameter obtained by this technique is 

that of a sphere and will depend not only on the size of the particle “core”, but also on any
bound surface structure. 257

i:
■0

Size (d, nm)

Figure 7.13: Particle size distribution plots for (A) AuNP-105, (B) AuNP-106 and (C) 
AuNP-107 as determined from DLS analysis
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DLS measurements were carried out on filtered samples of AuNP-105, AuNP-106 and 

AuNP-107 and gave hydrodynamic diameter readings of 7.73 nm, 6.03 nm and 3.29 nm 

respectively, the size distribution graphs being shown in Figure 7.13.

This hydrodynamic diameter range is consistent with previously reported AuNPs 

synthesised using similar methods and suggests successful formation of AuNP-105, AuNP- 
106 and AuNP-107.''"''^^'^^'^ The DLS data also revealed a very narrow size distribution of 

AuNPs indicating that no agglomeration of the AuNPs has occurred. In order to further 

characterise AuNP-105, AuNP-106 and AuNP-107, TEM measurements were subsequently 

carried out, tbe results of which will be discussed in the next section.

7.6.2 Transmission Electron Microscopy Studies of AuNP-105, AuNP-106 and 

AuNP-107

TEM studies were undertaken to provide information on the shape, size and size 

distribution of the AuNPs. An example of TEM images obtained for AuNP-105 is shown in 

Figures 7.14 (A) and 7.14 (B) and the corresponding size distribution graph in Figure 7.14 

(C). Equivalent images and spectra for AuNP-106 and AuNP-107 are contained in Appendix 

7. Formation of the desired species, AuNP-105, AuNP-106 and AuNP-107 was confirmed, 

where clear formation of monodisperse particles was observed. From examination of the TEM 

images of each of the AuNP conjugates, the particle size distribution was calculated by the 

measurement of approximately 100 particles in a field of view for each sample. Mainly 

spherical nanoparticles were observed wbicb were measured as having average diameters of

• * ’ •»' •*
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Figure 7.14: TEM images of AuNP-105 after deposition on copper grids showing: (A) 
dose up image and (B) a larger field view. (C) The corresponding particle size distribution 
calculated from the TEM data
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4.0 nm ± 1.3 nm, 4.3 nm ± 1.3 nm and 3.2 nm ± 1.1 nm for AuNP-105, AuNP-106 and 

AuNP-107 respectively, with no evidence of aggregation.

The results from the TEM studies correlate well with the results obtained from the 

DLS measurements discussed in the previous section where AuNP-105 and AuNP-106 have 

been shown to have similar particle size distributions to each other while AuNP-107 has been 

shown on both occasions to have a smaller average particle size. However, the hydrodynamic 

diameters of AuNP-105 and AuNP-106 were measured to be 7.73 nm and 6.03 nm compared 

to their TEM images which revealed smaller average diameters of 4.0 nm and 4.3 nm, 

respectively. Such an observation may be accounted for by noting that TEM analysis will only 

depend on the size of the particle “core”, while any bound surface structure will not be 

revealed. Conversely, the diameter obtained by DLS is that of the particle “core” in addition to 

the bound alkyl thiol functionalised Ru(ll) complexes. Curiously, such behaviour is not 

observed for AuNP-107 where the measurements obtained from both DLS and TEM analysis 

are almost identical with diameters measured as 3.29 nm and 3.2 nm.

Further infonnation on the sizes of AuNP-105, AuNP-106 and AuNP-107 can be 

obtained by UV/Vis spectroscopy which has been widely used to characterise the relationship 

between the particle size and its optical properties due to NP size playing a critical role in its 

optical response.Metallic NPs with diameters larger than 3 nm typically show a broad 

surface plasmon resonance (SPR) band at ca. 520 nm due to oscillation of the conduction 

band electrons induced by the interacting electromagnetic field.Taking this into account an 

investigation into the photophysical properties of each system, AuNP-105, AuNP-106 and 

AuNP-107 was undertaken, the results of which will be discussed in the following section.

7.7 Photophysical Studies of Ru(n) Functionalised AuNP-105, AuNP-106 and 
AuNP-107

In addition to providing information on particle size, the photophysical behaviour of 

AuNP-105, AuNP-106 and AuNP-107 can provide evidence for surface functionalisation and 

information on excited state interactions between the Ru(II) centres and the AuNP surface by 

comparing them with the absorption and emission properties of complexes 105 - 107. The 

following section will detail the ground and excited state properties of each of the AuNP 

conjugates AuNP-105, AuNP-106 and AuNP-107 in phosphate buffer solution at pH 7.4 and 

a comparison will be made with the results discussed in Section 7.3 for the free complexes 

105, 106 and 107.
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The absorption, excitation and emission spectra of AuNP-105, recorded in 10 mM 

phosphate buffer at pH 7.4, are shown in Figure 7.15. The spectra of AuNP-106 and AuNP- 
107 are shown in Appendix 7. The absorption spectrum of AuNP-105 shows absorbance 

maxima at ca. 290 nm and 450 nm with a broad shoulder extending to ca. 700 nm. As was the 

case for the free complex 105, the band at 290 nm is characteristic of the n-n* intra-ligand 

transitions of the ancilliary bpy ligands while the broad band centred at 450 nm can be 

attributed to the MLCT transitions of the Ru(Il) centre. The shoulder seen extending to 700 

nm can be characterised as the SPR absorption band, associated with the AuNPs, and confirms 

the adsorption of 105 on the surface. Similarly, the absorption spectrum of AuNP-106 showed 

absorbance bands centred at 265 nm and 450 nm with the shoulder extending to ca. 700 nm. 

The absorption spectrum of AuNP-107 followed the same behaviour where a n-n* intra­

ligand band at 270 nm was observed with an MLCT maximum at 415 nm and an SPR 

shoulder extending to ca. 700 nm.
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Figure 7.15: The UV/Visihle, excitation and emission spectra of AuNP-105 in 10 mM 
phosphate buffer solution at pH 7.4

Interestingly, when compared to the free complexes 105, 106 and 107, no major shifts 

were observed in the spectral band positions of AuNP-105, AuNP-106 and AuNP-107. 

However, the relationship of absorbance between the 7i-7t* intra-ligand band and the MLCT 

band was significantly affected with the n-n* intra-ligand absorption decreasing for all of the 

AuNP conjugates. As shown in Figure 7.16 for AuNP-105, the n-n* intra-ligand absorption 

underwent a 35% hypochromism upon attachment to AuNPs in relation to its MLCT 

absorption. Similarly, AuNP-106 and AuNP-107 experienced similar hypochroic behaviours

of their tt-tt* intra-ligand absorption bands, with ca. 44% and 36% decreases observed,
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respectively (Appendix 7). It is likely that this is due to the overlap of the MLCT absorption 

band with the SPR band. Because of these spectral perturbations, accurate Ru(II) 

concentrations are difficult to determine accurately using the extinction coefficients found for 

the free complexes 105, 106 and 107 (Table 7.1).

As was the case for the complexes 105, 106 and 107, excitation into both the K-n*

Figure 7.16: UV/Visihle spectra showing the comparison between the free complex 105 and 
the gold conjugates AuNP-105. Inset: Close up of the MLCT/SPR region
intra-ligand bands and the MLCT bands resulted in characteristic MLCT based emission with

>»niax at 610 nm, 605 nm and 635 nm for AuNP-105, AuNP-106 and AuNP-107, respectively,
however, excitation in to the SPR band did not yield a measurable fluorescence signal.

Similarly, excitation spectra recorded for AuNP-105, AuNP-106 and AuNP-107 were shown

to be structurally identical to the absorption spectra of the free complexes 105, 106 and 107
and showed no contribution to the observed fluorescence from the AuNP SPR band. The

fluorescence quantum yields (Of) for AuNP-105, AuNP-106 and AuNP-107 were measured

as being significantly reduced in comparison to those determined for 105, 106 and 107 with

values measured as 0.002 for all of the AuNP conjugates. Such behaviour suggests that the

excited states of 105, 106 and 107 undergo rapid deactivation when bound to AuNPs. Such

behaviour has previously been reported, being attributed to energy-transfer quenching of the

Ru(Il) luminescence by interaction with the AuNPs surface.More recently, however, the

quenching process has been observed to be due to the close proximity of the complexes on

periphery of the AuNP core which can lead to an electron transfer reaction between

neighbouring complexes. 243
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In order to further evaluate the excited state properties of AuNP-105, AuNP-106 and 

AuNP-107 excited state lifetime measurements (lem) were recorded in 10 mM phosphate 

buffer solution at pH 7.4 and compared to the excited state properties of 105 - 107 as shown 

for 105 and AuNP-105 in Figure 7.17. In contrast to 105 - 107, all data for AuNP-105, 
AuNP-106 and AuNP-107 was best fit to a double exponential decay function with 

contributions from long and short lived components.

Figure 7.17: Comparative luminescence lifetime profiles of (a) 105 and (h) AuNP-105

The lifetime of the long-lived components were similar to that of unbound 105, 106 

and 107 with values of 533 ns, 594 ns and 583 ns for AuNP-105, AuNP-106 and AuNP-107 

respectively, and can be attributed to the unquenched complexes bound to the surface of the 

AuNPs. Similarly, the short-lived components of the complexes were found to be 4.8 ns, 5.2 

ns and 6.1 ns and are likely to be due to the quenched excited state of the complexes, either 

through an energy or electron-transfer process.A summary of the excited state properties 

of AuNP-105, AuNP-106 and AuNP-107 in 10 mM phosphate buffer solution is given in 

Table 7.4.

Table 7.4: Emission properties of AuNP-105, AuNP-106 and AuNP-107 in phosphate buffer 

solution at pH 7.4 at 298K

Complex ^ emission Of (± 10%) Ten, tong (ns) Tern short (HS)

AuNP-105 610 0.002 533 4.8

AuNP-106 605 0.002 594 5.2

AuNP-107 635 0.002 583 6.1
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In summary, having examined the photophysical properties of AuNP-105, AuNP-106 

and AuNP-107 it is clear that, like their free complex analogues 105, 106 and 107, the AuNP 

conjugates display characteristic and useful photophysical properties in aqueous solution 

which may be amenable for use in biological imaging or therapeutic applications. In addition 

to showing characteristic fluorescent behaviour, it is expected that the photophysical 

properties of AuNP-105, AuNP-106 and AuNP-107 will be significantly modulated upon 

binding to DNA and, consequently, a photophysical study documenting changes in the 

photophysical response of AuNP-105, AuNP-106 and AuNP-107 upon interaction with DNA 

was undertaken. As well as providing information on the DNA binding ability of AuNP- 105, 

AuNP-106 and AuNP-107 this study also allowed a direct comparison to be made with the 

DNA binding ability of the free complexes 105, 106 and 107.

7.8 DNA Binding Interactions of AuNP-105, AuNP-106 and AuNP-107
As seen m previous section of this Thesis, binding of Ru(II) complexes to DNA 

typically results in changes in their electronic spectra and can give valuable information about 

the binding processes involved. As such, these Ru(II) functionalised AuNPs were expected to 

interact with DNA through a combination of electrostatic interactions and DNA 

photoreactions. To determine the nature of their affinity for DNA a number of spectroscopic 

titrations were carried out and these results are presented in the following sections.

7.8.1 Spectroscopic Titrations of AuNP-105, AuNP-106 and AuNP-107 with DNA

7.8.1.1 UV/Vis Absorption Titrations of AuNP-105, AuNP-106 and AuNP-107 with 

DNA

The interaction of AuNP-105, AuNP-106 and AuNP-107 with DNA was firstly 

examined using UV/Vis absorption spectroscopy in a similar fashion to that for the free 

complexes above. Changes in the Ru(II) complex MLCT absorption and the SPR absorption 

were monitored for each AuNP conjugate with the MLCT absorption being kept at an optical 

density identical to that used during the DNA titrations of the free complexes 105, 106 and 

107. This allowed for direct comparison between the interaction of the free complexes and the 

AuNP conjugates AuNP-105, AuNP-106 and AuNP-107 and corresponded to Au 

concentrations of 1.98 x 10'* M"', 1.79 x IQ'^ M"' and 2.54 x 10'* M'' for the conjugates 

AuNP-105, AuNP-106 and AuNP-107, respectively, calculated from the molar absorptivity 

of the SPR band. All titrations were repeated a number of times to ensure reproducibility. 

The changes in the ground state of AuNP-105 are shown in Figure 7.19 with those of AuNP- 
106 and AuNP-107 shown in Appendix 7.
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10

Figure 7.19: Changes in the UV/Visible absorption spectrum of AuNP-105 (1.98 x 
M') upon titration with stDNA (0-290pM) in 10 mM phosphate buffer, (pH 7.4). Inset: 
Plot of the change in integrated MLCT absorption as a function of P/D ratio

The addition of DNA to AuNP-105, AuNP-106 and AuNP-107 resulted in significant 

changes in their absorption spectra. In the case of AuNP-105 (Figure 7.19), an initial red shift 

followed by a 26% hypochromism was observed for the MLCT band with a concomitant 17% 

decrease of the SPR band. AuNP-106 also exhibited a slight red shift followed by a 

hypochromism of 29% in the MLCT band and an SPR decrease of 21% while AuNP-107 

showed a decrease of 31% coupled with the initial slight red shift and an SPR decrease of 

25%. The initial red shift observed for each of the AuNP species may indicate DNA induced 

aggregation at very low P/D ratio (P/D < 1) with their redistribution as more DNA become 

available (P/D 1-8). In addition, defined hypochromicities coupled with the magnitude of the 

changes would indicate close association of the nanostructures with the DNA duplex in 

solution. Moreover, when compared to the changes observed for the free complexes 105, 106 

and 107, the UV/Vis absorption properties of AuNP-105, AuNP-106 and AuNP-107 were 

seen to be similar in the MLCT region showing hypochromicities of ca. 25 - 30% for free 

complexes and AuNP conjugates alike. However, the observed absorbance decreases were 

seen to occur at a much lower P/D ratio for the AuNP conjugates giving very different binding 

profiles. A comparison between the DNA binding profile of 105 and AuNP-105 exemplifies 

this and is shown in Figure 7.20. In agreement with the ground state studies, significant 

changes were also expected in the emission spectra of AuNP-105, AuNP-106 and AuNP-107 

upon binding to DNA and the results of this study are presented in the following section.
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Figure. 7.20: Comparison plots of the change in integrated MLCT absorption of 105 (^) 
and AuNP-105 (m) upon addition of stDNA at pH 7.4 in 10 mMphosphate buffer solution

7.8.1.2 Fluorescence Emission Titrations of AuNP-105, AuNP-106 and AuNP-107 with 

DNA

Given the excited state characters of AuNP-105, AuNP-106 and AuNP-107 and their 

similarity to the free complexes 105, 106 and 107 it was anticipated that addition of DNA 

would also lead to modulations of their emission responses. Thus, luminescent titrations were 

carried out in parallel with the UV/Vis absorption titrations as described above.

The changes in the excited character of AuNP-107 are shown in Figure 7.21 with 

those of AuNP-105 and AuNP-106 shown in Appendix 7. In the case of AuNP-105, an initial 

sharp decrease was observed in the MLCT based emission at 610 nm (P/D < 1). This was 

followed by a subsequent slight increase with an effective change in fluorescence over the 

course of the titration resulting in a 14% decrease when bound at a P/D ratio of 8. Similarly 

AuNP-106 saw an initial sharp intensity decrease followed an effective 47% overall 

quenching when bound at a P/D ratio of 8. As the excited state reduction potentials of Ru(II) 

complexes of this type are expected to be less than the oxidation potentials of the nucleobases 

adenine and guanine quenching of the emission by redox interaction is not likely. However, 

this behavior may be ascribed to the close proximity of the AuNPs along the DNA backbone 

resulting in an increase in the effect described above whereby luminescence may suffer from 

energy/electron-transfer quenching by interaction with neighbouring AuNPs.
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Figure 7.21: Changes in the fluorescence emission spectrum of AuNP-107 (2.54 x 10~ M ) 
upon titration with stDNA (0-77pM) in lOmM phosphate buffer, (pH 7.4). Inset: Plot of the 
change in integrated MLCT emission (X = 625 nm) as a function ofF/D ratio.

Conversely, in the case of AuNP-107 a steady, sharp fluorescence decrease of 71% 

was observed (Figure 7.21). This is in agreement with the behaviour of other 7t-deficient 

Ru(ll) complexes,as those complexes containing two TAP ligands have been shown to 

photo-oxidise guanine containing nucleotides through a proton coupled photoinduced electron 

transfer (PCET) process as described in previous Chapters.In a similar manner to that 

described for the ground state titrations, the observed luminescent changes for AuNP-105, 
AuNP-106 and AuNP-107 miiTored those of the free complexes 105, 106 and 107. However, 

the observed changes were again seen to occur over a much shorter P/D ratio, and as such 

gave rise to very different binding profiles for each e.g. as shown in Figure 7.22 for AuNP- 
107 and its corresponding free complex 107.

In conclusion, from the spectroscopic titrations of AuNP-105, AuNP-106 and AuNP- 
107, large changes have been observed in both the ground and excited state DNA studies. In 

the case of the former, such large and well defined hypochromicities are indicative of a strong 

association with the DNA helix and have been seen in previous Chapters for other Ru(II) 

species. Similarly, the large fluorescence changes observed for each of the AuNP conjugates 

upon titration with DNA supports interaction of the Ru(II) portion of these AuNP species with 

the DNA helix. These changes have been most clearly demonstrated in the case of AuNP-107 

where the observed fluorescence quenching has been attributed to redox processes occurring 

between the excited state of AuNP bound 107 and guanine nucleobases; a phenomenon 

observed for structurally related 7c-deficient Ru(Il) complexes. In order to further confirm the 

DNA binding ability of AuNP-105, AuNP-106 and AuNP-107 various other techniques have
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been utilised and the following seetions will deal with a description of each of the techniques 

involved.

0.8 !'

0.6

0.4

0.2 -

■ ♦

♦ ♦ ♦ ♦ ♦ ♦ ♦

*.................................. ■ ■ ■
♦ ♦ ♦ 

■

P/D

"1

10

Figure 7.22: Comparison plots of the change in integrated MLCT emission of 107 and
AuNP-107 fm) upon addition of stDNA in 10 mMphosphate buffer, at pH 7.4

7.8.2 Ethidiuni Bromide Displacement Assays

The binding efficiencies of AuNP-105, AuNP-106 and AuNP-107 were also 

monitored by displacement of DNA bound EtBr as described previously for 105 - 107. The 

addition of AuNP-105, AuNP-106 and AuNP-107 to a mixture of EtBr and DNA was also 

found to displace 50% EtBr at molar ratios less than or equal to one, further indicating a 

strong interaction of these AuNP conjugates with DNA. As can be seen in Figure 7.23, the 

addition of AuNP-105, AuNP-106 and AuNP-107 caused the emission intensity of 

intercalated EtBr to decrease, thus displacing the known intercalator from the DNA helix.

The data from the UV/Vis DNA titrations did not allow for accurate calculation of the 

DNA binding affinities of AuNP-105, AuNP-106 and AuNP-107, however, the apparent 

binding constants K were again calculated according to the competitive binding model
app

described by Boger et al.'^~ and a summary of binding constants derived is displayed as an 

inset in Figure 7.23. The binding constants obtained further confirm a strong interaction of 

AuNP-105, 106 and 107 with DNA and each of the systems show comparable displacement 

capabilities but AuNP-107 is seen to have a slightly reduced affinity in comparison to AuNP- 

105 and AuNP-106. Interestingly, all of the binding constants obtained were reduced in 

comparison to the free complexes 105, 106 and 107 and this may indicate that their

231



Chapter 7: Luminesi ent Rii{II) Palypvrich’l FiiiKiianalised Gold Naiiapai tides

attachment to the AuNP surface substantially affects the binding affinity of 105, 106 and 107 

for DNA. Although EtBr displacement assays are not an indicator of any particular mode of 

binding, the observed behaviour for AuNP-105, AuNP-106 and AuNP-107 in these assays 

shows significant interaction with the DNA helix, perhaps through eleetrostatic interaetion or 

through perturbation of the helix mierostructure. The following seetion will look to further 

emphasise this binding ability by observing the effect of AuNP-105, AuNP-106 and AuNP- 

107 on the DNA helix stability using Tm measurements.
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Figure 7.23: Decrease in fluorescence of DNA bound EtBr upon addition of AuNP-105 (m), 
AuNP-106 (k) and AuNP-107 (^) in 10 mM phosphate buffer, pH 7.4. Inset: Table of 
binding affinities (Kapp) of AuNP-105, AuNP-106 and AuNP-107 calcidated from EtBr 
displacement assays

7.8.3 Thermal Denaturation Studies of AuNP-105, AuNP-106 and AuNP-107
Thermal denaturation studies were carried on AuNP-105, AuNP-106 and AuNP-107 

in the presence of stDNA, as in Seetion 7.4.3. In the absence of metal complex the Tm value 

for DNA was determined to be 68 °C.

Shown in Figure 7.24 are the melting profiles of DNA alone and in the presence of 

AuNP-105, AuNP-106 and AuNP-107. Curiously, no ehanges are observed in the DNA helix 

stability of stDNA upon interaction with AuNP-105, AuNP-106 or AuNP-107 at a P/D ratio 

of 10, results whieh are eontradictory to those observed in Sections 7.8.1 and 7.8.2. Similarly, 

no stabilisation of the helix structure upon interaetion with each of the AuNP eonjugates at a 

higher loading of P/D = 5 was observed (Appendix 7). Sueh behaviour is unexpected as it was 

envisaged that the highly positive nature of AuNP-105, AuNP-106 and AuNP-107 would 

lead to, at least, modest stabilisation of the helix, as was the case with the free eomplexes 105,

232



Chapter 7: Luminescent Rntll) Polypyridyl Functionalised Gold Nanoparticles

106 and 107. Thus, the results of this study have proven to be contradictory to results that 

have previously been obtained using UV/Vis and fluorescence techniques and indicate that no 

interaction is occurring between AuNP-105, AuNP-106 and AuNP-107 and DNA. The 

following section will look to further evaluate the behaviour of AuNP-105, 106 and 107 upon 

interaction with DNA by observing changes in the circular dichroism behaviour of DNA upon 

addition of the AuNP conjugates.

50 60 70
Temperature (°C)

80 90

Figure 7.24: Thermal denaturation curves of stDNA (150 jJtM) in 10 mMphosphate buffer, 
pH 7.4, in the absence (^) and presence of AuNP-105 (m), AuNP-106 (A) and AuNP-107 
fx; at P/D = 10.

7.8.4 Circular Dichroism Studies of AuNP-105, AuNP-106 and AuNP-107 in the 

Presence of DNA
To further probe the DNA interaction of AuNP-105, AuNP-106 and AuNP-107, 

circular dichroism titrations were carried out as described in Section 7.4.4, the resulting 

spectra for AuNP-106 are shown in Figure 7.25 with those of AuNP-105 and AuNP-107 

shown in Appendix 7.

20
DNA Alone

-25 Wavelength (nm)

Figure 7.25: Circular dichroism spectra ofstDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of AuNP-106 at varying ratios
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The data obtained for all three species, AuNP-105, AuNP-106 and AuNP-107 in the 

presence of DNA show CD spectra with significant modulations. As was the case with the 

free complexes, 105, 106 and 107, the most obvious and large changes occurred in the DNA 

region of the CD spectra between 220 nm and 300 nm. Little or no changes were seen outside 

of this region and no ICD signals were apparent in the MLCT region, from 350 nm - 550 nm.

In a similar manner to the free complexes, 105, 106 and 107 the CD spectrum of DNA 

is substantially affected, with the characteristic DNA signal practically disappearing upon 

addition of AuNP-105, AuNP-106 and AuNP-107. As stated in Section 7.4.4, this UV region 

is sensitive to changes in the DNA helix conformation resulting from external binding of 

foreign species,however, like the free complexes 105, 106 and 107 all three of the AuNP 

conjugates exhibit transitions in the UV region, which overlap with the DNA absorption 

bands, thus it is difficult to discern if these bands result from an ICD, or from structural 

changes in the DNA. Considered with the other spectroscopic studies presented so far, it is 

still unclear as to whether AuNP-105, AuNP-106 or AuNP-107 bind to DNA. However, 

during the course of carrying out these experiments it was observed that, at a sufficiently high 

concentration, upon addition of DNA, AuNP-105, AuNP-106 and AuNP-107 were seen to 

aggregate and precipitate from solution. In order to examine the observed aggregates confocal 

microscopy studies were carried out to measure the characteristic MLCT emission from the 

precipitates formed. The preceding section will describe the results obtained from these 

experiments.

7.8.5 DNA Induced Aggregation of AuNP-105, AuNP-106 and AuNP-107 Observed 

by Confocal Microscopy
Aggregation of AuNPs is a known phenomenon and generally results from a screening 

effect which minimises electrostatic repulsion between the AuNPs. The dampening effect of 

this electrostatic repulsion thus allows the AuNPs to come into close proximity with each 

other forming AuNP aggregates that grow and eventually precipitate from solution. In the 

case of AuNP-105, AuNP-106 and AuNP-107, it was observed that addition of DNA at 
sufficiently high concentrations (1 x 10'^ M) at low P/D ratios (P/D = 1) brought about 

aggregation of the AuNP conjugates leading to the formation of a dark precipitate. Shown in 

Figure 7.26 are confocal microscopy images of the aforementioned precipitate showing the 

bright field images obtained and the observed red MLCT based emission from the DNA 

induced AuNP-105 aggregates. Interestingly, in some of the samples analysed the aggregates 

formed seemed to reveal a fibrous network of fluorescence barely visible in the bright field
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image (Figure 7.26A). Alternatively, numerous aggregated ‘clumps’ were formed that were 

found to be highly fluorescent with no obvious ordering (Figure 7.26B).

The observed MLCT based fluorescence emanating from the AuNP aggregates 

confirms that the surface of the AuNPs remains functionalised with their MLCT Ru(II) 

complexes. In addition, the observed fibrous pattern exhibited by the aggregates would 

indicate a certain degree of ordered interaction with the DNA in solution, perhaps binding of 

the AuNP conjugates along the DNA backbone as shown by Sleiman et al. for a Ru(II) 

polypyridyl complex bound to streptavidin conjugated AuNPs.Further analysis, such as 

high resolution TEM analysis is necessary to confirm this explanation, and is the aim of 

current work being carried out within the Gunnlaugsson research group. In any case, the work 

presented here confirms that these Ru(II) conjugated AuNPs do interact with DNA in solution 

and bring about aggregation and precipitation of the nanostructures. The aggregation effect is 

most likely brought about by electrostatic interactions between the AuNP species and DNA 

which at high AuNP loading leads to a high proportion of AuNPs being in close proximity to 

each other along the DNA helix, leading to aggregation and eventually precipitation. The 

proceeding section will attempt to summarise the results from the various DNA binding 

studies undertaken thus far.

Figure 7.26: Confoca! fluorescence images of AuNP-105, showing the Ru(II) MLCT 
emission, arising from the aggregated AuNPs after addition of DNA
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7.8.6 Summary of DNA Binding Studies of AiiNP-105, AuNP-106 and AuNP-107

The work described above has attempted to evaluate the DNA binding capability of 

AuNP-105, 106 and 107 and compare the results with those of the free complexes 105, 106 

and 107. The photophysical properties of AuNP-105, AuNP-106 and AuNP-107 were 

initially investigated in aqueous solution and showed characteristic MLCT absorption and 

fluorescence spectra confirming the adsorption of the Ru(ll) complexes on the AuNP surface. 

Subsequently, changes in their ground and the excited state properties in the presence of 

stDNA were monitored and revealed significant modulations, showing absorbance decreases 

in the MLCT absorption region and, concomitantly, each of the AuNP conjugates AuNP-105, 
AuNP-106 and AuNP-107 exhibited excited state quenching. The observed quenching was 

most apparent for the 7r-deficient species, AuNP-107 which, upon interaction with DNA, was 

seen to have its emission efficiently quenched by 71%, indicating the occurrence of PET 

processes between the AuNP species and the nucleobases of DNA.

EtBr displacement assays confirmed the results observed from the spectroscopic 

titrations and showed that AuNP-105, AuNP-106 and AuNP-107 were all capable of 

displacing EtBr effectively when bound to stDNA. Peculiarly, T^ experiments found that the 

helical structure of stDNA was not stabilised in the presence of any of the nanoconjugates, 

even at a high loading of P/D = 5. The results from the CD studies were found to be largely 

inconclusive and only revealed changes in the UV region, where it was impossible to 

differentiate whether such changes were brought about by perturbations in the DNA helix 

conformation or by absorption overlap in the UV region between the DNA base absorption 

and Ru(II) ji-tt* intraligand absorption bands. Subsequently, confocal microscopy analysis of 

DNA induced AuNP aggregates revealed the formation of ordered fibrous networks in the 

presence of AuNP-105 and suggested that indeed interaction between the AuNP species and 

DNA was occurring. Although far from conclusive the majority of the evidence presented thus 

far has pointed to some form of interaction between AuNP-105, AuNP-106 and AuNP-107 

and DNA. Further studies are on-going in order to confirm this interaction and the redesign of 

the Ru(ll) complex portion should allow for more precise control over the DNA binding 

ability of such structures.

Nevertheless, the main aims of this Chapter set out from the beginning were the 

evaluation of AuNP-105, AuNP-106 and AuNP-107 for potential application in biological 

imaging and therapeutic applications. Consequently, the remainder of this Chapter will deal 

with the DNA photocleavage ability, cellular uptake and cellular localisation of AuNP-105, 

AuNP-106 and AuNP-107.
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7.9 DNA Photocleavage Efficiency of AuNP-105, AuNP-106 and AuNP-107
The ability AuNP-105, AuNP-106 and AuNP-107 to initiate light sensitised DNA 

cleavage was investigated in order to determine the excited state reactivity of the AuNP 

conjugates and determine their applicability to light activated therapeutics. Due to the known 

DNA photocleavage properties of Ru(ll) complexes, it was anticipated that the incorporation 

of 105, 106 and 107 on their surface would also furnish AuNP-105, AuNP-106 and AuNP- 

107 with DNA photocleavage capability. The cleavage efficiencies of AuNP-105, AuNP-106 

and AuNP-107 were compared to the known DNA photocleavage agent [Ru(bpy)3]^^ in order 

to provide a reference standard as well as the free complexes 105, 106 and 107 to determine 

the effect of their adsorption on to the AuNP surface. The photocleavage studies were carried 

out as described in previous Chapters by treating pBR322 plasmid DNA (1 mg/mL) with 

AuNP-105, AuNP-106 and AuNP107 at varying P/D ratios, in 10 mM phosphate buffer 
solution. The samples were then subjected to 2 J/cm^ using a Hg-Xe lamp equipped with a > 

390 nm cut off filter before being separated using horizontal agarose gel electrophoresis in 

TBE buffer.

Figure 7.27: Agarose gel electrophoresis ofpBR322 DNA (Img/mL) after 30 min irradiation 
(2 J/cm^) in 10 mM phosphate buffer, pH 7. 4; Lane 1: Plasmid DNA control ;Lane 2: 
Ru(hpy)3^^ (P/D 20); Lane 3: 107 in the dark (P/D 10); Lane 4 : AuNP-107 in the dark (P/D 
10); Lanes 5-6: 107 and AuNP-107 (P/D 20); Lanes 7-8: 107 and AuNP-107 (P/D 10); 
Lanes 9-10: 107 and AuNP-107 + lOmMNaN} (P/D 10).

The results obtained for AuNP-107 and 107 are shown in Figure 7.27, the complete 

Figures and corresponding tables for AuNP-105, AuNP-106, 105 and 106 are contained in 

Appendix 7. The relative intensity of the bands for each study showed that the plasmid DNA 

was somewhat damaged to begin with, being comprised of ca. 80% supercoiled and ca. 20% 

open form DNA. The presence of Ru(bpy)3 (P/D = 20) in each case resulted in an increase 

to ca. 55% open form after irradiation confirming its effectiveness as a DNA photocleaver. 

When incubated in the dark neither the AuNP conjugates AuNP-105, AuNP-106 and AuNP- 

107 nor the free complexes 105, and 107 showed any DNA cleavage activity. Conversely, 

when subjected to light irradiation, the free complexes 105 - 107 were all shown to effectively 

convert supercoiled plasmid DNA to open form DNA with 107 showing the most effective
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cleavage ability giving rise 98% conversion to open form at a P/D = 20. Similarly, when an 

increased proportion of 105, 106 and 107 were present (P/D = 10) an increase in 

photocleavage effieiency was observed exhibiting 43%, 54% and 100% conversion to open 

form DNA for 105, 106 and 107 (Figure 7.27; Lanes 5 and 7) respectively. Importantly, when 

irradiated in the presence of the known singlet oxygen scavenger, NaNa, it was observed that 

the photocleavage efficiency of all three complexes 105 - 107 was significantly reduced, 

leading to 23%, 38% and 56% conversion to open form DNA for 105, 106 and 107 (Figure 

7.27; Lane 9) respectively. In contrast to the results observed for the free complexes, AuNP- 
105, AuNP-106 and AuNP-107 were shown to cause little or no photocleavage, with no 

observed photocleavge effect being recorded for either AuNP-105 or AuNP-106 at either P/D 

= 20 or P/D = 10. AuNP-107 showed moderate cleavage ability with 30% and 38% 

conversion to open form at P/D ratios of 20 and 10 respeetively. However, this process 

occurred with efficiencies much reduced in comparison to Ru(bpy)3^'^ (Figure 7.27; Lanes 6 

and 8) and, furthermore, this small degree of photocleavage capability was extinguished in the 

presence of NaN3 (Figure 7.27; Lane 10). The relative amounts of supercoiled vi’. open form 

DNA are summarised in Table 7.5 and a representative graph is shown in Figure 7.28.

Table 7.5: Summary of percentages of supercoiled v.?. open form pBR322

Lane % Open % Supercoiled Lane % Open % Superc

H■
From this study it is clear that complexes 105 and 106 showed similar efficiencies to 

Ru(bpy)3^^ while 107 was seen to be a much more efficient photocleavage agent with almost 

100% conversion to open form DNA being observed at P/D = 10 and 20. This is most likely 

due to the ability of these complexes to generate '02thus causing single strand breaks. The 

appearance of ‘dragging’ on the gel also further indicates the binding ability of these 

positively eharged complexes 105, 106 and 107 to DNA as their accumulation on the DNA 

molecules inereases the overall positive charge of the species resulting in the mobility of the
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DNA through the gel being inhibited. It is expeeted that the inereased DNA photocleavage 

efficiency exhibited by 107 is due to its ability to photoreact with guanine nucleobases in 

addition to its 'O2 production capability. Moreover, the damage to DNA caused by 105, 106 

and 107 was seen to be inhibited in the presence of NaN3 further indicating that the 

involvement of 'O2 formation is likely to be a contributing factor to the observ'ed DNA 

damage. The inability of AuNP-105 and AuNP-106 to initiate light sensitised DNA cleavage 

was obvious from this study and is most likely due to the decreased Of value of the AuNP 

conjugates in comparison to their free complex analogues. Such a reduction in Of leads to a 

reduction in 'O2 generation capability thus leading to less efficient photocleavage ability. 

AuNP-107 showed a slight increase compared to AuNP-105 and AuNP-106, however, as 

stated above the efficiencies measured were reduced in comparison to Ru(bpy)3 and, 

furthermore, the presence of NaN3 caused a further reduction in the photocleavage ability.

100

Open form

I Supercoiled 
form

Figure 7.28: Relative percentages of supercoiled vs. open form pBR322 plasmid DNA 
from the photocleavage study of AuNP-107

This section has attempted to monitor the ability AuNP-105, AuNP-106 and AuNP- 
107 to initiate light sensitised DNA cleavage and to determine the excited state reactivity of 

the AuNP conjugates in comparison to their free complex analogues. It is clear from the 

results discussed herein that AuNP-105, AuNP-106 and AuNP-107 do not show a general 

applicability to light activated therapeutics, however, due to their observed unphotoreactive 

nature and fluorescent properties, their potential use as biological imaging agents is well 

founded. In addition, synthetic design may yield similar systems which will give rise to 

similar AuNP conjugates with real therapeutic applications. As such, one of the most 

important factors to consider for AuNP-105, AuNP-106 and AuNP-107 is their ability to 

enter cellular environments. The preceding section will attempt to reveal the cellular 

localisation behaviour of AuNP-105, AuNP-106 and AuNP-107 using both confocal 

microscopy and TEM analysis.
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7.10 Cellular Uptake and Localisation Studies of AuNP-105, AuNP-106 and 

AuNP-107

With the aforementioned DNA binding ability and fluorescent character of AuNP-105, 

AuNP-106 and AuNP-107 it was expected that these systems may have applicability to 

biological imaging and diagnostics. In this study the aim was to evaluate the ability of these 

compounds to enter cells, in vitro and determine their specific sub-cellular localisation. Sub- 

cellular uptake and localisation studies of AuNP-105, AuNP-106 and AuNP-107 in HeLa 

(cervical cancer cell line) cells were undertaken using both confocal microscopy and 

transmission electron microscopy experiments. The results discussed here are the result of a 

collaboration between the Gunnlaugsson research group and the Williams research group in 

the School of Biochemistry and Immunology at Trinity College Dublin. The work discussed 

here has been undertaken in collaboration with Dr. Suzanne M. Cloonan and Ms. Kim Orange 

and the results of more detailed studies undertaken hereafter will be reported in the PhD 

Thesis of Ms. Orange.

7.10.1 Confocal Microscopy Cellular Localisation Study of AuNP-105, AuNP-106 

and AuNP-107
Confocal microscopy analysis of AuNP-105, AuNP-106 and AuNP-107 was carried 

out on populations of live HeLa cells (0.5 x 10^) after having been incubated with AuNP-105, 
AuNP-106 and AuNP-107 at concentrations of 100 pM and, subsequently 20 pM at 37 °C for 

4 hrs before being treated with the fluorescent nuclear stain DAPI and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens.

Figure 7.29, shows the fluorescence confocal laser scanning microscopy images, of 

live HeLa cells upon excitation at 450 nm after incubation with AuNP-105 at (A) 100 pM 

concentration and (B) 20 pM concentration prior to imaging. Figure 7.29 (C) shows a close up 

image of the same population of cells at 20 pM. The corresponding images for AuNP-106 and 

AuNP-107 are shown in the Appendix. At 100 pM concentration a clear demonstration of the 

uptake of AuNP-105 was observed with bright red fluorescence being observed from all cells, 

however, it was also clear that at such high concentrations very little information could be 

extracted about the sub-cellular localisation of AuNP-105, AuNP-106 and AuNP-107. 

Subsequently, a five-fold reduction in the amount of AuNPs incubated with the cells led to 

images which showed apparent localisation in the cytoplasm and nucleus of the HeLa within 

defined areas of fluorescence, as demonstrated in Figure 7.29(C). Furthermore, localisation is 

also seen in the bright field image by the appearance of the AuNPs as dense ‘dark spots’. 

These dense areas are seen to overlap perfectly with the red fluorescence emanating from
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within the cell interior and suggest the aggregation of the AuNP species in specific areas of 

the cells.

. *- ''®

Figure 7.29: Confocal microscopy study of AuNP-105 in HeLa cells co stained with DAPI 
(A) at 100 pM and (B) at 20 pM AuNP concentration after 4hrs. (C) represents a close up 
image of the same cell population depicted in (B). Shown are the images obtained with 
AuNP-105 (red), AuNP-105 + DAPI nuclear co-stain (blue) and an enlarged optical image 
of the cells (grey) overlaid with AuNP-105(red) and DAPI (blue).

Moreover, as shown from Z-stack experiments, the observed luminescence was shown 

to be spherical in three dimensions, corresponding to the AuNPs being located inside the cells 

and not bound to the extracellular membrane. Similar behaviour was also observed for AuNP- 
105, AuNP-106 and AuNP-107 with the luminescence intensity being slightly diminished in 

the case of AuN P-107 most likely due fluorescence quenching caused by photoelectron 

transfer processes with various biomolecules (Appendix order to confirm the cellular

uptake capability of these AuNP conjugates a biological TEM study was also undertaken to 

observe AuNP-105 inside the cell membranes. The results of this study are discussed in the 

following section.
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7.10.2 TEM Cellular Localisation Study of AuNP-105, AuNP-106 and AuNP-107

Due to the ability of AuNP species to be visualised by TEM microscopy, it was 

envisaged that analysis of biological samples of cells incubated with AuNP-105 would 

support the confocal microscopy cellular uptake studies described in the previous section. 

Moreover, it was expected that such a study would provide valuable information on the 

specific cellular location of this species by its ability to observe cellular environments on the 

nanoscale. In a manner similar to that described in Chapter 2, cells were fixed, dehydrated, 

embedded in epoxy resin, ultra-sliced, mounted on a copper grid and stained with uranyl 

acetate and lead citrate before examination on a JEM-2100 transmission electron microscope. 

Images were taken with an XI500-3000 objective.

Figure 7.30 shows the TEM images of AuNP-105 inside HeLa cells where the AuNP 

species seem to be aggregated and ‘trapped’ inside specific cellular vesicles in tbe cytoplasm, 

behaviour previously seen for AuNP species. For a single cell, multiple vesicles containing 

AuNP-105 were observed where, within the vesicles, the AuNPs appeared to be clumped 

together with a large number of AuNPs located in each vesicle. In addition, the nucleii of the 

cells examined also showed extremely dense staining which may suggest nuclear localisation, 

however, definitive evidence for this observation is difficult as vesicles cannot form inside the 

nucleus and, hence individual AuNPs are difficult to observe at this resolution.

^
/v'; .* X-

500 nm
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: Transmission electron microscopy images of HeLa cells treated with AuNP-105 
(A) densely stained nuclear material and (B)-(F) AuNP aggregates inside 
cytoplasm.

showing 
the cell
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The above localisation studies together have attempted to evaluate the cellular 

localisation behaviour of AuNP-105, AuNP-106 and AuNP-107. It is clear from the above 

results that each of the AuNP species readily enter cells and it is likely that with the overall 

positive surface charge of these AuNPs (due to the Ru(II) complexes on the surface) that their 

entry into cells is via receptor-mediated endocytosis as has been proposed for other AuNP 

species'^*’ however, more detailed studies are necessary to confirm this. Nevertheless, with 

their observed cellular uptake ability AuNP-105, AuNP-106 and AuNP-107 show vast 

potential for use as biological imaging agents. Moreover, these results provide a fundamental 

platform on which future studies can build in order to tune the delivery of such species to 

various sub cellular locations enabling the use of such metal stabilized AuNPs for diagnostic 

and therapeutic applications.

7.11 Overall Conclusions and Future Perspectives
The study undertaken in this Chapter has attempted the Ru(II) functionalisation of the 

surface of AuNPs with a view to evaluating their potential as biological imaging and 

therapeutic agents. Within this research, the synthesis of three alkyl thiol functionalised Ru(II) 

polypyridyl complexes, 105, 106 and 107 have been described in addition to their 

characterisation and photophysical evaluation. Their DNA-binding affinities in aqueous 

solution have also been explored through a variety of techniques such as UV/Vis absorption 

titrations, fluorescence titrations, EtBr displacement assays, Tm experiments and CD studies to 

enable a better understanding of the nature of their DNA-binding interactions. Analysis of the 
ground state data allowed the calculation of DNA binding constants of the order of 10^ M'' for 

each of the complexes with fluorescence studies showing significant emission modulation 

upon interaction with stDNA. EtBr displacement assays and Tm experiments in addition to CD 

studies confirmed that 105 - 107 are capable of binding to DNA where it was observed that 

106 brings about the most profound stabilisation of the DNA helical structure.

Once the properties of 105 - 107 had been fully explored, a subsequent description of 

the synthesis and functionalisation of AuNPs was given, yielding the Ru(II)-AuNP conjugates 

AuNP-105, AuNP-106 and AuNP-107. These species were characterised using DLS and 

TEM analysis before being photophysically evaluated by UV/Vis and fluorescence 

techniques. Each of the Ru(Il)-AuNP conjugates showed absorption and fluorescent behaviour 

characteristic of both the AuNP SPR absorption and the Ru(ll) chromophore MLCT 

absorption and emission, which subsequently allowed a comparison between the observed 

changes upon interaction of 105, 106 and 107 with DNA with their AuNP eounterparts 

AuNP-105, AuNP-106 and AuNP-107. As seen for the free complexes, the photophysical
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properties of the AuNP conjugates were significantly perturbed in the presence of DNA, 

indicating interaction between the biomolecule and AuNP-105, AuNP-106 and AuNP-107 in 

solution. Furthermore, in the case of AuNP-107, which contains a n deficient Ru(II) centre, 

steady state fluorescence quenching was observed which is most likely as a result of 

photoinduced electron transfer reactions between the Ru(II)-AuNP conjugate and the guanine 

nucleobases of DNA. Curiously, Tm measurements contradicted this evidence where none of 

the AuNP species AuNP-105, AuNP-106 and AuNP-107 were shown to effectively stabilise 

the DNA structure. Nevertheless, DNA induced aggregation of the AuNP conjugates, as 

observed by confocal microscopy, supported the photophysical studies where an ordered 

fibrous pattern exhibited upon aggregation was observed indicating a certain degree of 

interaction of the AuNP species with the DNA in solution.

In addition to their DNA binding parameters, AuNP-105, AuNP-106 and AuNP-107 

and their free complex analogues, 105, 106 and 107 were evaluated for their ability to function 

as efficient photocleavage agents for DNA. It was observed that the photocleavage 

efficiencies of AuNP-105, AuNP-106 and AuNP-107 were greatly reduced in comparison to 

their free complex analogues; an observation attributed to the reduction in fluorescence 

quantum yield caused by their adsorption onto the AuNP surface. Regardless of their lack of 

observed photoreactivity, with a view to evaluating their potential as biological imaging 

agents, confocal microscopy studies revealed the rapid cellular localisation of AuNP-105, 
AuNP-106 and AuNP-107 within HeLa cells where intense emission was observed in the 

cytoplasm and nucleus. Furthermore, TEM analysis of HeLa cells supported their cellular 

uptake, where aggregated clumps of AuNPs were found to exist inside vesicles within the cell 

cytoplasm. Moreover, intense staining of the nuclear material also suggested a certain degree 

of nuclear localisation, supporting the results of the confocal microscopy study.

The work presented here, thus, represents a new strategy in developing Ru(ll) 

stabilised AuNP conjugates as potential biological imaging agents. Although, their observed 

photoreactivity was diminished in comparison to the free complexes, excitation of these 

species with a higher power light source, may give rise to the photothermal activation of the 

AuNP species. With simultaneous generation of the Ru(II) MLCT excited state such species 

may provide a two pronged attack in cancer therapies, utilising both photothermal and 

photodynamic effects in what may yield a new generation in nanomaterials and their 

exploitation in light activated therapies.
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Future investigations will look to increase the DNA binding ability of the AuNP 

conjugates by functionalisation of the AuNP surface with a stronger DNA binding moiety 

such as 115. Similarly, a systematic study on the role played by AuNP size in cellular uptake 

ability and their effect on the fluorescence of the attached Ru(ll) system may help to yield 

species more suitable for specific cellular targeting and therapeutic applications.
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8.1 General Experimental Techniques
All NMR spectra were recorded using either a 400 MHz Bruker Spectrospin DPX-400 

or AV-600 spectrometer, operating at 400.1/600.1 MHz for 'H NMR and 100.2/150.2 MHz 

for C NMR respectively. Shifts are referenced relative to the internal solvent signals. 

Electrospray mass spectra were recorded on a Micromass LCT spectrometer or a MALDI 

QToF Premier, running Mass Lynx NT V 3.4 on a Waters 600 controller connected to a 996 

photodiode array detector with HPLC-grade methanol or acetonitrile. High resolution mass 

spectra were determined by a peak matching method, using leucine enkephaline, (Tyr-Gly- 

Gly-Phe-Leu), as the standard reference {m/z = 556.2771). All accurate mass were reported 

within ±5 ppm. Melting points were determined using an IA9000 digital melting point 

apparatus. Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR 

spectrometer fitted with a Universal ATR Sampling Accessory. Elemental analysis was 

conducted at the Microanalytical Laboratory, School of Chemistry and Chemical Biology, 

University College Dublin.

UV-visible absorption spectra were recorded on a Varian CARY 50 spectrophotometer 

with a wavelength range of 200-800 nm and a scan rate of 600 nm min’. Baseline correction 

measurements were used for all spectra. Fluorescence measurements were made with a Varian 

Carey Eclipse Fluorimeter in either 1 cm or 3 cm quartz cuvettes. The luminescence quantum 

yields were calculated relative to the reference value of [Ru(bpy)3]^^ (0.028 in H2O). The 

quantum yields were determined from the integration of fluorescence spectra obtained in the 

reference solvent. The spectra were obtained under the same conditions using a solution of the 

same absorbance and excited at the same wavelength. Fluorescence lifetime experiments were 

carried out on a Horiba Scientific FluoroLog - Modular Spectrofluorometer equipped with 

Time Correlated Single Photon Counting (TCSPC) capability. Linear and Circular Dichroism 

(CD) spectra were recorded at a concentration corresponding to an optical density of 

approximately 1.0, in buffered solutions, on a J-815 Circular Dichroism Spectropolarimeter 

equipped with a Linear Dichroism Accessory (LD) or a Jasco J-810-150S CD 

spectropolarimeter (CD). EtBr displacement assays were performed in 10 mM phosphate 

buffer solution (pH 7.4) according to the procedure of Boger et al. The fluorescence of EtBr 

initially measured (A^ax = 595 nm) and normalized to 0% relative fluorescence. An 

appropriate amount of stDNA was then added at a ratio of EtBr to DNA (base pairs) of 2:1. At 

this ratio it could be estimated that all intercalation sites were occupied and the fluorescence 

''"as measured again and normalised to 100% relative fluorescence. The changes in the 

^n^ission spectra of EtBr bound to DNA were then monitored upon the successive additions of
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the appropriate DNA binding molecule. The titrations were continued until the decrease in 

emission reached saturation and remained constant. Thermal denaturation experiments were 

performed on a thermoelectrically coupled Perkin Elmer LAMBDA 25 UV/Vis 

Spectrophotometer. The temperature in the cell was ramped from 30 to 90 °C, at a rate of 1 X 

niin^ and the absorbance at 260 nm was measured every 0.2 C. All other reagents and 

solvents were purchased commercially and used without further purification. Solutions of 

DNA in lOmM phosphate buffer (pH 7.4) gave a ratio of UV absorbance at 260 nm and 280 

nm of 1.86:1, indicating that the DNA was sufficiently free of protein. Its concentration was 

determined spectrophotometrically using the molar absorptivity of 6600 M cm (260 nm). 

The concentration of homopolymers, [poly(dAdT)]2 and [poly(dGdC)]2 was also determined 

spectrophotometrically using the molar absortivities of 6600 M cm (262nm) and 8400 M 

cm ‘ (254nm), respectively. Phosphate buffer was made from two IM stock solutions of 

NaH2P04 and Na2HP04 (using 10 mL volumetric flasks) in millipore water. Portions of each 

solution were diluted together to achieve 10 mM phosphate buffer and the pH was adjusted to 

pH 7.4 by addition of NaOH.

Titrations were carried out on samples of the dyes at 1 (± 0.5) x 10 ^ M at ambient 

temperature by monitoring changes in the absorption and emission spectra, at pH 7.4 in 10 

mM phosphate buffer upon successive additions of aliquots of stDNA. The results are quoted 

using the concentration of stDNA expressed as a nucleotide phosphate to dye ratio (P/D ratio).
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Figure 8,1: Representation of the mechanism by which light induced degradation of DPBF
occurs

Photo-oxidation studies were undertaken by monitoring the light induced degradation 

of 1,3-diphenylisobenzofuran (DPBF), with ’O2 generation achieved following a modified 

procedure of Frimansson et al, by irradiating solutions containing the sensitiser (1x10'^ ^^) 

and DPBF (initial concentration 5x10'^ M) and following the disappearance of its absorption 

band at 415 nm over a time period of 180 min.*^^ Filtered light of wavelength 470 nm
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2+chosen for excitation of the sensitiser as well as [Ru(bpy)3] in order to irradiate the 

complexes selectively over the DPBF. [Ru(bpy)3]^^ (1x10'* M) was chosen as a comparative 

reference from, which relative rates of reactive oxygen species (ROS) production could be 

determined because of its known 'O2 quantum yield (Oa) (0.86 in oxygen-saturated MeOH at 

1 atm).'^"^ The mechanism by which the light induced degradation of DPBF occurs is outlined

chapter S: lixpei'inicnlal Section

in Figure 8.1 192

8.1.1 Calculation of binding constants from UV/Vis Titration Data

The intrinsic binding constant Kf,, and binding site size n were determined using the 

model of Bard et o/.,'*' equation (1) from a plot of (Ea-8f)/(Eb-Ef) vs. (DNAJ. eo, e/, Eb 

correspond to the apparent extinetion coefficient, the extinction coefficient for the free dye, 

and the extinction coefficient for the dye in the fully bound form. C/ is the total dye 

concentration, fDNAJ is the DNA concentration expressed in nucleotide phosphate. The data 

was fit to this model using non-linear regression with Sigmaplot 11.0.

(gg-g/) ^ [b-{b^-2Kb+Ct[DNA]/n)y^]

{Eb-Ef) (2KbCt) (1)

b ^ 1 + KbCt + Kb[DNA]/2 (2)

8.1.2 Calculation of binding constants from Fluorescence Titration Data

Kh was determined from both the absorbance and luminescence data according to the McGhee 

and Von Hippel model.The eoncentration of the bound compound C*, and free eompound 

C}, at a given concentration were firstly determined from equations (3) and (4):

r - lr±^ h
If-lb

(3)

C f — C — Cb (4)
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If and h are the fluorescence intensities of the free and bound compound, / is the fluorescence

response and C is the dye concentration. The absorbance data was treated in a similar manner. 

Data analysis was then carried out as described in equation (5), where, r = Ci/IDNAj, {IDNAJ 

is the concentration of DNA expressed in base pairs). Analysis was achieved using the plot of 

r/Q versus r and the curve was fit to equation (5) using Sigmaplot 11.0.

n-l
(5)

8.1.3 Calculation of binding constant from ethidium bromide displacement assays
The apparent binding constant was calculated according to the competitive

185binding model described by Tse and Boger using equation (6):

(6)

where K , is the binding constant for ethidium bromide, lEBI is the concentration of ethidium
EB

bromide and lagentj is the dye concentration at 50% of the fluorescence.

8.2 General Biological Procedures
The DNA photocleavage studies were carried out by treating pBR322 plasmid DNA (1 

mg/mL) with each of the complexes at varying ratios. The samples were then subjected to 2 

J/cm^ (30 mins irradiation) using an Hamamatsu L2570 200 Watt HgXe Arc Lamp equipped 

with a NaN02 filter before being separated using horizontal agarose gel electrophoresis in a 

TBE (90 mM Tris-borate, 2 mM EDTA, pH 8.0) buffer. A 0.8% (w/v) agarose solution was 

prepared by dissolving 0.8 g of agarose in 100 mL of TBE buffer. The agarose was melted by 

boiling, and the gel was poured while warm and left to cool. Electrophoresis was carried out at 

ca. 5 V/cm (40 mA, 90 V) to separate covalently closed circular (Form I), open circular 

(Form II), and linear (Form III) forms of the plasmid DNA. A loading dye solution 

composed of sucrose (40%), xylene-cyanol (0.25%), and bromophenol (0.25%) in TBE was 

added to the samples to help them sink in the wells of the gel. DNA migrated less rapidly than 

the xylene-cyanol dye (green), with bromophenol blue (violet) moving much more rapidly. 

Visualisation of the DNA after electrophoresis was achieved by staining the gel for 90 mins 

with an aqueous solution of ethidium bromide, which fluoresces strongly when bound to 

DNA. The dye within the gel was illuminated with a transilluminator (Bioblock 254 UV 

illuminator) and the gel photographed to provide a record of the distances migrated by the
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various DNA fragments. The ratio of the different forms was estimated using ImageJ Gel 

analysis software.

HeLa cells were grown in a cell culture flask using low-glucose Dulbecco’s Modified 

Eagle Medium supplemented with 10% fetal bovine serum at 37 °C in a humidified 

atmosphere of 5 ^ CO2. Real-time confocal microscopy experiments were carried out using 

HeLa cells, seeded at a density of ca. 1 x 10^ cells/2mL. Cells were left for the appropriate 

incubation time before treatment with the required compound for varying incubation times. 

Cells were washed twice with fresh media to remove excess compound before detection of 

fluorescence between 580 and 680 nm using an Olympus FVIOOO point scanning microscope 

fitted with a 60x oil immersion lens with an NA (numerical aperture) of 1.42. The software 

used to collect images was FluoView Version 7.1 software. TEM of images of HeLa cells 

were obtained after the cells were fixed, dehydrated, embedded in epoxy resin, ultra-sliced, 

mounted on a copper grid and stained with uranyl acetate and lead citrate before examination 

on a JEM-2100 transmission electron microscope. Images were taken with an XI500-3000 

objective.

Cell cytotoxicity tests were undertaken in the cervical cancer cell line, HeLa, using an 

alamar blue cytotoxicity assay in which the non-fluorescent resazurin dye becomes reduced to 

its pink coloured and highly red fluorescent resorufin dye which indicates oxidation-reduction 

processes that can be related to cell viability.

8.4 Materials
All chemicals were obtained from Sigma-Aldrich, TCI or Alfa Aesar and unless 

specified, were used without further purification. Deuterated solvents for NMR use were 

purchased from Apollo Ltd. Dry solvents were prepared using standard procedures, according 

to Vogel's Textbook of Practical Organic Chemistry (5th Edition), with distillation prior to 

each use. Chromatographic columns were run using Silica gel 60 (230-400 mesh ASTM). 

Solvents for synthetic purposes were used at GPR grade unless otherwise stated. Analytical 

TLC was performed using Merck Kieselgel 60 F254 silica gel plates, cis- [Ru(bpy)2Cl2],^^^ cis- 

[Ru(TAP)2Cl2],'^' [RuCl2(ri'^-COD)],^^^ l,10-phenanthroline-5,6-dione,^^^ 4,4’-dicarboxy- 

2,2’-bipyridine,^^'‘ 5-nitro-l,10-phenanthroline and 5-amino-l,10-phenanthroline^^^ were 

prepared by the literature routes. The stDNA, and homopolymers, [poly(dA-dT)]2 and 

[poly(dG-dC)] 2, were obtained from Sigma Aldrich as their sodium salts and were stored at -

20 “c.
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8.5 General Synthetic Procedures

Procedure 1: Complexation of pdppz ligand, 52 with Ru(L-L)2Cl2

Pyrazino[2,3-h]dipyndo[3,2-a:2',3'-c]phenazine (1 eq.) and the appropriate Ru(L- 

L)2Cl2 complex (1 eq.) were suspended in an Et0H;H20 mixture (1:1, 7 mL) before the 

suspension was degassed by bubbling with argon for 15 mins. The mixture was heated at 140 

°C for 40 mins using microwave irradiation and filtered before the PF6 salt of the complex 

was precipitated from solution by addition of a cone, ethanolic solution of NH4PF6. The 

resultant precipitate was collected via centrifugation before being washed with H2O (5 mL), 

EtOH (5 mL) and Et20 (5 mL). Purification was achieved through silica gel flash column 

chromatography eluting with CH3CN/H20/Aq. NaN03(sat) (40:4:1). The product was dried 

under vacuum before the chloride form of the complex was reformed by stirring a solution of 

the Pp6 complex in MeOH (15 mL) in Amberlite ion exchange resin (chloride form) for 1 hr.

Procedure 2: Chalcone formation
The appropriate nitro-benzaldehyde (1 eq.) was added to EtOH and the mixture heated 

to 70 °C until the solid dissolved. Sodium pyruvate (1.1 eq.) dissolved in H2O was added, and 

the mixture cooled to 0 °C in an ice bath. NaOH solution (2M, 30 mL) was added dropwise 

and the mixture stirred at 0 °C for 3 hrs. The mixture was subsequently neutralised with 2M 

HCl, filtered, the solid washed with EtOH (2x10 mL) and dried.

Procedure 3: 4-(nitrophenyl)-2,2'-bipyridine formation
The appropriate chalcone (1 eq.), 2-pyridacyl pyridinium iodide (1 ec.) and 

ammonium acetate (8 eq.) were added to H2O and the mixture heated at reflux for 5 hrs. The 

solid was filtered, and washed with H2O (2x10 mL) and acetone (2x5 mL). The ammonium 

salt was heated under high vacuum with a heat gun until evolution of CO2 ceasec. The 

resulting black solid was dissolved in EtOAc (150 mL), activated charcoal added md the 

mixture refluxed for 15 mins. The mixture was filtered through a pad of celite and the solvent 

removed under reduced pressure.

Procedure 4: 4-{nitrophenyl)-2,2’-bipyridine reduction
The appropriate 4-(nitrophenyl)-2,2’-bipyridine derivative (1 eq.) and 10% Pd'C (0.2 

g) were added to EtOH (30 mL) and the mixture heated at reflux for 1 hr. Hylrazine 

monohydrate (98%, 20 eq.) was added and the mixture heated at reflux for 1 hr. The mixture 

was filtered through a pad of celite and the solid washed with CH2CI2 (40 mL). The filtrate 

was washed with water, dried over MgS04, and the solvent removed under reduced pressure.
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Procedure 5: 4-[JV-phenyl-4-nitro-l,8-napthaliinide]-2,2’-bipyridine formation 

The relevant 4-(aminophenyl)-2,2’-bipyridine (1 eq.) and 4-nitro-l,8-naphthalic 

anhydride (1 eq.) were suspended in HPLC grade EtOH (30 mL) and the mixture refluxed in a 

pressure tube for 48 hrs. The reaction mixture was cooled to room temperature before the 

product was collected by suction filtration and washed with EtOH (30 mL).

Procedure 6: 4-[lV-phenyl-4-nitro-l,8-napthalimide]-2,2’-bipyridine reduction
The relevant 4-(aminophenyl)-2,2’-bipyridine (1 eq.) was dissolved in anhydrous DMF' 

(40 mL) and heated to 100 ° C before 10% Pd/C (0.2 g) was added and the mixture stirred for 

1 hr. Hydrazine monohydrate (98%, 10 eq.) was added and the mixture was again heated at 

reflux for 4 hrs. The mixture was filtered hot through a pad of celite and the solid washed with 

DMF (20 mL). The filtrate was evaporated simultaneously with toluene (4 x 30 mL). The

resulting solid was suspended in toluene before being isolated by suction filtration and dried 

under high vacuum.

Procedure 7: Formation of Bis-l,8-naphthalimide containing Troger's base 
derivatives

A mixture of the relevant 4-amino-1,8-naphthalimide-bipyridine ligand (1 eq.) and 

paraformaldehyde (1.5 eq.) in neat TFA (3.5 mL) was stirred at room temperature for 18 hrs 

under an argon atmosphere. The reaction was subsequently brought to pH 9 by slow addition 

of aq. NaOH (6 M). The resulting precipitate was isolated by suction filtration and washed 

with EtOH (3 X 10 mL) and Et20 (3 x lo mL). The crude product was purified by 

precipitation from DMSO using MeOH and dried under high vacuum.

Procedure 8: Complexation of Bis-l,8'naphthalimide containing Troger's base 

derivatives with Ru(bpy)2Cl2

The appropriate Bis-l,8-naphthalimide containing Troger’s base ligand (1 eq.) and 

Ru(bpy)2Cl2 (1 eq.) were suspended in EtOH:H20 (1:1) and the suspension was degassed by 

bubbling with argon for 15 mins. The reaction mixture was heated at 150 °C for 40 mins using 

microwave irradiation before being allowed to cool and filtered. The PFe salt of the complex 

formed by addition of a cone, ethanolic solution of NH4PF6 with the resulting precipitate 

being collected by centrifugation. The dried solid was redissolved in MeCN before 

purification by slow diffusion of Et20 into MeCN. The crystalline solid was converted to the 

chloride form of the complex by stirring a solution of the PF6 salt in MeOH with Amberlite 

^uion exchange resin (Cf form) for 1 hr.

Chapter 8: Experimental Section
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Procedure 9: Complexation of alkyl thiol functionalised 1,10-phenanthroline 

ligand with Ru(L-L)2Cl2

Ligand 1 l-mercapto-N-(i,10-phenanthrolin-5-yl)undecanamide (1 eq.) and the 

appropriate bis polypyridyl Ru dichloride (1 eq.) were suspended in ethylene glycol:H20 (8:2) 

and the suspension was degassed by bubbling with argon for 15 mins. The reaction mixture 

was heated at 150 °C for 40 mins using microwave irradiation before being filtered. The PF6 

salt was formed by addition of a cone, ethanolic solution of NH4PF6 with the resulting 

precipitate being collected by centrifugation. The dried solid was redissolved in MeCN before 

purification by silica flash column chromatography eluting with MeCN:Fl20:Aq. NaN03(sat) 

(40:4:1). The chloride form of the complex was reformed by stirring a solution of the PF6 salt 

in MeOFI with Amberlite anion exchange resin (Cf form) for 1 hr.

Procedure 10: Synthesis of Ru(ll) stabilised AuNPs
HAUCI4.3H2O (1 eq.) was dissolved in H2O (1 mL) before TOAB (1.5 eq.) in toluene 

(4 inL) was added. The resulting mixture was stirred vigorously before NaBH4 (1.2 eq.) was 

added and the mixture stirred for a further 1 hr. The appropriate Ru(II) complex (1 eq.) in FI2O
I

(20 mL) was added and the resulting mixture was stirred for 1 hr. The aqueous layer was | 

subsequently separated before addition of a cone, aqueous solution of NH4PF6 (0.5 mL) 

afforded flocculation of a dark solid which was collected by centrifugation and washed with 

H2O (3 X 10 mL). The solid was redissolved in MeCN (10 mL) before addition of a cone, 

solution of TBACl resulted in the formation of a flocculate which was collected by 

centrifugation and washed with MeCN (3x10 mL) before being dried under high vacuum.

8.6 Synthesis and characterisation of compounds described in Chapter 2 '

6-nitroquinoxaline (57)'^^

2 4-nitrobenzene-1,2-diamine (4 g, 27.95 mmol, 1 eq.) was suspended in EtOH

(100 mL) before an aqueous solution of oxalaldehyde (40%, 6 mL) was added
1

0,N

I and the mixture heated at reflux for 2 hrs. The solvent was removed under

5 reduced pressure before being dissolved in water (200 mL) and the aqueous 

layer extracted with DCM (4 x 50 mL). The solvent was again removed under reduced 

pressure after being dried over MgS04 The resulting orange solid was recrystallised twice 

from isopropanol (2 x 150 mL) to yield golden crystalline needles (4.07 g, 83%). m.p. 183- 

184 °C. 5h (400 MHz, [De] DMSO): 9.17 (s, 2H, H-4 and H-5), 8.91 (d, IH, J = 2.52, H-1), 

8.57 (dd, IH, J = 2.52, J = 9.04, H-2), 8.36 (d, IH, J = 9.04, H-3). 5c (100 MHz, [De] 

DMSO): 148.87, 148.13, 147.60, 144.66, 140.99, 131.26, 125.25, 123.56. Vmax (film)/cm'':
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5

1520 (C-NO2), 1344 (C-NO2). HRMS (m/z -ES): Found: 176.0474 (M+H. C8H6N3O2 

Requires: 176.0460).

6-nitroquinoxalin-5-amine (58) *

Sodium metal (2.3 g, 100 mmol, 3.3 eq.) was added to distilled MeOH 

(125 mL). A solution of hydroxylamine (3.13 g, 45 mmol, 1.5 eq.) in 

distilled MeOH (50 mL) was added after cooling to 0 °C on ice. The 

resulting NaCl precipitate was allowed to settle before the supernatant 

solution was added to a well stirred suspension of 6-nitroquinoxaline in 
boiling MeOH (250 mL). The resulting brown reaction mixture was heated under reflux for 90 

mins before being cooled to 0 °C on ice. The resulting yellow precipitate was collected by 

suction filtration before being recrystallised from a mixture of acetic acid and water (3:1, 150 

mL) to yield bnght yellow crystalline needles (2.49 g, 43%). m.p. 239-240 °C (Literature: 
240-241 °C)'^^ 5h (400 MHz, [05] DMSO): 9.10 (d, IH, J = 2.00, H-4/5), 8.94 (d, IH, J = 

2.04, H-4/5), 8.53 (s, 2H, NH2), 8.30 (d, IH, J = 9.52, H-2), 7.19 (d, IH, J = 9.52, H-3). 6c 

(100 MHz, [D6] DMSO): 148.85, 145.84, 145.09, 143.22, 134.16, 126.11, 114.34. v„,ax 

(film)/cm 3297 (N-H Stretch), 1615 (N-H bend), 1520 (C-NO2), 1344 (C-NO2). HRMS {m/z 

-ES): Found: 191.0568 (M+H. C8H7N4O2 Requires: 191.0569).

Quinoxaline-5,6-diamine (59)'^^

6-nitroquinoxalin-5-amine (1.5 g, 7.86 mmol, 1 eq.) and 10% Pd/C (0.2 g) 

were added to EtOH (80 mL) and the mixture heated at reflux for 1 hr. 

Hydrazine monohydrate (98%, 7.89 g, 157.6 mmol, 20 eq.) was added and 

5 the mixture was again heated at reflux for 1 hr. The resulting recFblack 

mixture was filtered hot through a pad of celite and the solid washed with DCM (80 mL). The 

solvent was removed under reduced pressure yielding a blood red solid which was dried under 

high vacuum (1.24 g, 98%). m.p. 147-148 °C. 6h (400 MHz, [De] DMSO): 8.58 (d, IH, J = 

2.00, H-4/5), 8.51 (d, IH, / = 2.00, H-4/5), 7.26 (d, IH, J = 9.04, H-2/3), 7.20 (d, IH, J = 

8.52, H-2/3), 5.28 (s, 2H, NH2), 5.16 (s, 2H, NH2). 5c (100 MHz, [D6] DMSO): 141.90, 

140.12, 136.92, 133.03, 132.41, 126.04, 121.80, 116.33. Vmax (film)/cm'^ 3306 (N-H Stretch), 

1610 (N-H bend). HRMS {m/z -ES): Found: 161.0816 (M+H. C8H9N4 Requires: 161.0827).

154,5,8 -tetraazaphenanthrene (60)’^^

3 Ouinoxaline-5,6-diamine (1 g, 6.24 mmol, 1 eq.) was suspended in EtOH
|f (100 mL) before an aqueous solution of oxalaldehyde (40%, 5 mL) was

H2N

H2N

' iV added and the mixture heated at reflux for 2 hrs. The solvent was removed 
2’ 

r
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under reduced pressure before being dissolved in water (100 mL) and the aqueous layer 

extracted with DCM (5 x 40 mL). The solvent was again removed under reduced pressure 

after being dried over MgS04. The resulting orange solid was recrystallised from isopropanol 

(50 mL) to yield yellow crystalline needles (0.83 g, 72%). 6h (400 MHz, [D6] DMSO): 9.24 

(d, 2H, J = 2.04, H-1 and H-l’), 9.21 (d, 2H, J = 2.04, H-2 and H-2’), 8.38 (s, 2H, H-3 andH- 

3’). 6c (400 MHz, [D6] DMSO): 146.90, 145.68, 143.47, 140.20, 131.53. v^ax (film)/cmf 

3016 (Aromatic C-H Stretch), 1493 (Aromatic C=C stretch). HRMS (m/z -ES): Found: 

183.0685 (M + H. C10H7N4 Requires: 183.0671).

Pyrazino[2,3-h]dipyrido[3,2-a:2’,3*-c]phenazine (52)

Quinoxaline-5,6-diamine (0.1 g, 0.476 mmol, 1 eq.) and 1,10- 

phenanthroline-5,6-dione (0.084 g, 0.524 mmol, 1.1 eq.) were 

suspended in a mixture of EtOH and water (1:1, 15 mL) and heated 

at 140 °C in a pressure tube overnight. The resulting brown 

precipitate was collected by suction filtration, washed with H2O (10 

mL), EtOH (10 mL) and Et20 (15 mL) before being dried under high vacuum. The product 

was obtained as a grey solid (0.151 g, 95%). m.p. > 250 °C. Calculated for C20H10N6.O.5H2O: 

C, 69.96; H, 3.23; N, 24.48. Found: C, 69.25; H, 3.24; N, 24.2. 6h (600 MHz, [De] DMSO): 

9.82 (d, IH, J = 7.62, H-1/1’), 9.70 (d, IH, J = 9.36, H-1/1’), 9.38 (d, IH, J = 1.74, H-3/3’), 

9.32 (m, 2H, H-7 and H-6’), 9.30 (d, IH, H-3/H-3’), 8.63 (d, IH, J = 9.42, H-4/5), 8.52 (d, 

IH, J = 9.12, H-4/5), 8.10 (m, 2H, H-2 and H-2’). Vmax (filni)/cm’‘: 3258 (Aromatic C-H 

stretch), 1378 (C-N stretch). HRMS (m/z -ES): Found: 335.1048 (M+H. C20H11N6 Requires: 

335.1045).

Ru(pyrazmo[2,3-h]dipyrido[3,2-a:2’,3’-c]phenazine)(bipyridine)2Cl2 (53)

Complex 53 was synthesised according to Procedure

1 using pyrazino[2,3-h]dipyrido[3,2-a:2',3'-c]phenazine

(0.05 g, 0.15 mmol, 1 eq.) and Ru(bpy)2Cl2.2H20 

(0.072 g, 0.15 mmol, 1 eq.), giving the product as an 

orange/brown solid (0.012 g, 77%). Calculated for 

C40H26F12N10P2RU.IH2O: C, 45.51; H, 2.67; N, 13.27. 

Found: C, 45.68; H, 2.45; N, 13.24. m.p. > 250 °C. 5h (600 MHz, CDjCN): 9.76 (d, 1H,7 = 

8.10, H-1/1’), 9.76 (d, lH,y = 8.22, H-l/l’), 9.29 (s, IH, H-6/7), 9.25 (s, IH, H-6/7), 8.64(d, 

IH, J = 9.06, Bpy-H), 8.58 (m, 5H, H-4, H-5 and Bpy-H), 8.27 (d, 2H, J = 4.44, H-3 and II­

S’), 8.16 (t, 2H, J = 7.86, Bpy-H), 8.06 (m, 2H, H-2 and H-2’), 7.90 (d, 2H, 7 = 5.16, Bpy-H). 

7.79 (d, IH, J = 5.58, Bpy-H), 7.76 (d, IH, J = 5.52, Bpy-H), 7.51 (t, 2H, J = 6.6, Bpy-H).
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7.29 (m, 2H, Bpy-H). 5c (150 MHz, CD3CN): 154.02, 153.82, 152.26, 152.09, 151.89,

150.12, 149.97, 147.34, 145.52, 145.19, 140.94, 140.51, 140.04, 138.88, 137.92, 137.90,

137.83, 134.19, 133.15, 132.95, 131.22, 130.26, 129.86, 127.56, 127.50, 127.40, 127.28,

127.18, 124.29, 124.24, 124.18. v^ax (film)/cm'': 3353 (Aromatic C-H stretch), 1359 (C-N

stretch). HRMS (w/z-ES): Found: 748.1370 (M C4oH26N,oRu, Requires: 748.1385).

Ru(pyrazino|2,3-h|dipyridol3,2-a:2',3'-c]phenazine)(phenanthroline)2Cl2 (54)

Complex 54 was synthesised according to Procedure 1 

using pyrazino[2,3-h]dipyrido[3,2-a:2',3'-c]phenazine 

(0.1 g, 0.3 mmol, 1 eq.) and Ru(phen)2Cl2.2H20 (0.160 

g, 0.3 mmol, 1 eq.), giving the product as an 

orange/red solid (0.224 g, 69%). Calculated for 

C44H26Fi2NioP2Ru.NaN03.2.5NH4PF6: C, 38.54; H, 
2.34; N, 11.24. Found: C, 38.02; H, 2.25; N, 11.15., m.p. > 250 °C. 5h (600 MHz, CD3CN): 

9.84 (dd, IH, 1.20, J = 8.16, H-l/H-l’), 9.74 (dd, lH,y = 1.26, J- 8.22, H-l/H-T), 9.28 

(d, IH, J = 1.98, H-6/H-7), 9.24 (d, IH, J = 1.92, H-6/H-7), 8.65 (m, 5H, H-4/H-5 and Phen- 

H), 8.57 (d, IH, J = 9.42, H-4/H-5), 8.30 (m, 4H, Phen-H), 8.27 (dd, IH, J = 1.08, J = 5.28, 

Phen-H), 8.25 (dd, 1H, J = 1.08, J = 5.34, Phen-H), 8.20 (m, 2H, H-3 and H-3’), 8.07 (m, 2H, 

Phen-H), 7.86 (m, 2H, H-2 and H-2’), 7.68 (m, 4H, Phen-H). 5c (150 MHz, CD3CN): 155.60,

155.42, 154.26, 154.22, 153.96, 151.81, 151.67, 148.86, 148.79, 148.51, 146.73, 146.47,

145.43, 142.44, 141.96, 141.65, 140.52, 137.94, 137.90, 135.36, 134.59, 132.44, 132.05, 

132.03, 131.67, 131.23, 129.04, 128.27, 128.20, 126.90. v^ax (film)/cm'': 3400 (Aromatic C- 

H stretch), 1331 (C-N stretch). HRMS {m/z -ES): Found: 796.1362 (M C44H26N|()Ru, 

Requires: 796.1385).

Ru(pyrazino[2,3-h|dipyrido|3,2-a:2',3'-c|phenazine)(tetraazaphenanthrene)2Cl2 (55)

Complex 55 was synthesised according to Procedure 1 

using pyrazino[2,3-h]dipyrido[3,2-a:2',3'-c]phenazine 

(0.05 g, 0.15 mmol, 1 eq.) and Ru(TAP)2Cl2.2H20 

(0.08 g, 0.15 mmol, 1 eq.), giving the product as a 

brown solid (0.085 g, 52%). Calculated for 

C40H22F12N14P2RU.ICH3OH: C, 43.90; H, 2.34; N, 

17.48. Found: C, 44.24; H, 2.62; N, 17.10. m.p. > 250 

°C. 5h (600 MHz, CD3CN): 10.41 (dd, 1H,J= 1.08, J = 8.28, H-l/H-T), 9.98 (dd, 1H,7 = 

1.44, J = 8.28, H-l/H-r), 9.35 (s, 2H, H-6 and H-7), 9.08 (m, 4H, TAP-H), 8.75 (d, IH, J - 

9.48, H-4/H-5), 8.73 (s, 4H, TAP-H), 8.64 (d, IH, J = 9.42, H-4/H-5), 8.49 (d, 2H, J = 3.6,
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TAP-H), 8.46 (d, 2H, J = 2.8, TAP-H), 8.41 (m, 2H, H-3 and H-3’), 8.05 (m, 2H, H-2 and H- 

2’). 5c (150 MHz, CDjCN): 156.56, 156.37, 150.93, 150.78, 150.51, 150.35, 150.26, 149.90, 

149.87, 148.61, 146.76, 146.55, 146.50, 145.58, 143.35, 143.24, 142.62, 141.93, 141.32, 

140.18, 136.12, 136.08, 135.53, 133.84, 133.77, 132.46, 131.90, 131.46, 128.64. v^ax

(film)/cm' : 3411 (Aromatic C-H stretch), 1330 (C-N stretch). HRMS {m/z -ES): Found:

800.1224 (M^^ C40H22NI4Ru Requires: 800.1195).

8.7 Synthesis and characterisation of compounds described in Chapter 3 
Pyrazino[2,3-h|dipyrido[3,2-a:2',3'-c|phenazine (67)

Pyrazino[2,3-h]dipyrido[3,2-a:2',3'-c]phenazine (0.17 g, 0.5 mmol, 

1 eq.) was suspended in dibromoethane (25 mL) before the 

suspension was heated at 135 °C for 24 hrs. The resulting brown 

precipitate was isolated by suction filtration before the chloride 

form of the complex was formed by stirring a solution of tbe 

bromide complex in MeOH (35 mL) with Amberlite ion exchange resin (chloride form) for 1 

hr. The solution was filtered and reduced in volume before being precipitated from solution by 

slow addition of diethyl ether. The resulting precipitate was isolated by suction filtration and 
washed with diethyl ether (2x10 mL) yielding a brown solid (0.17 g, 78%). m.p. > 250 °C. 

Calculated for C22H,4N6Cl2.5H20: C, 50.48; H, 4.62; N, 16.06. Found: C, 50.46; H, 4.17; N, 
16.04. 5h (600 MHz, MeOD): 1 1.21 (dd, IH, J = 1.24,7 = 8.48, H-l/H-l’), 10.76 (dd, 1H,7 

= 1.12, J = 8.44, H-l/H-l’), 9.89 (dt, 2H, J = 5.04, J = 5.92, H-3 and H3’), 9.41 (s, 2H, H-6 

and H-7), 8.95 (m, 2H, H-2 and H-2’), 8.85 (AB sys, 2H,7ab=9.48, H-4 and H-5), 5.85 (s, 4H, 

H-8). 5c (100 MHz, MeOD): 150.19, 149.96, 148.89, 146.53, 146.08, 146.07, 145.18, 144.46, 

142.90, 140.56, 139.00, 137.78, 136.02, 132.87, 132.72, 132.63, 132.18, 131.84, 129.65, 

129.64, 53.08, 53.06. Vmax (film)/cm‘': 3258 (Aromatic C-H stretch), 1378 (C-N stretch). 

HRMS (ot/z-ES): Found: 393.1446 (M^^MeO". C23H17N6O2 Requires: 393.1453).

8.8 Synthesis and characterisation of compounds described in Chapter 4 
(£)-4-(3-nitrophenyl)-2-oxo-3-butenoic acid (74)'^''

Compound 74 was synthesised according to Procedure 2 using 3-

2'

..OH nitrobenzaldehyde (7.7 g, 51.1 mmol, 1 eq.) and sodium pyruvate (6.2

1 ° g, 56.2 mmol, 1.1 eq.), giving the product as a bright yellow solid

NO2 (6.19 g, 54%). 5h (400 MHz, [Dft] DMSO): 8.45 (s, IH, H-1), 8.22

(dd, IH, 7 = 2.0, 7 = 8.0, H-2), 8.15 (d, 1H,7= 8.0, H-4), 7.70 (t, IH, 7= 8.0, H-3), 7.54 (d, 

1H, 7 = 16.6, H-5), 7.05 (d, 1H, 7 = 16.6, H-6). 5c (100 MHz, [D(,] DMSO): 196.81, 169.16,

148.80, 141.32, 137.08, 134.52, 130.94, 127.86, 124.82, 123.01. v^ax (film)/cm'3502 (-0-
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H), 1688 (C=0), 1535 (C-NO2), 1346 (C-NO2). HRMS {m/z -ES): Found: 220.0252 (M-H. 

C10FI6NO5 Requires: 220.0246).

4-(3-nitrophenyl)-2,2’-bipyridine (77)’^^

Compound 77 was synthesised according to Procedure 3 using (£')-4-(3- 

nitrophenyl)-2-oxo-3-butenoic acid (2.13 g, 9.63 mmol, 1 eq.), 2-pyridacyl 

pyridinium iodide (3.14 g, 9.63 mmol, 1 eq.) and ammonium acetate (5.95 

g, 77.21 mmol, 8 eq.) giving the product as a pale yellow solid (2.67 g, 

51%). 5h (400 MHz, CDCI3): 8.83 (d, IH, J = 5.04, H-7), 8.75 (m, 2H, H-5 

and H-1), 8.65 (app d, IH, H-8), 8.50 (d, 1H,J = 8.0, H-4), 8.35 (dd, 1H,J 

= 2.0, J - 8.0, H-9), 8.13 (d, IH, J = 7.52, H-11), 7.89 (dt, 1H, J = 7.52, J = 2.0, H-3), 7.72 

(t, 1H,J=7.52, H-10), 7.60 (dd, IH, J = 2.0, J= 5.0, H-6), 7.41 (dt, 1H,J= 1.52,7=6.04, H- 

2). 5c (100 MHz, CDCI3): 156.71, 155.12, 149.62, 148.79, 148.39, 146.39, 139.70, 136.67, 

132.69, 129.69, 123.72, 123.30, 121.66, 121.01, 120.89, 118.50. v^ax (film)/cm'': 1529 (C- 

NO2), 1349 (C-NO2). HRMS (m/z -ES): Found: 278.0923 (M+H. C16H12N3O2 Requires: 
278.0930).

4-(3-aminophenyl)-2,2’-bipyridine (78)’^'^

^ Compound 78 was synthesised according to Procedure 4 using 4-(3-

nitrophenyl)-2,2’-bipyridine (0.87 g, 3.14 mmol, 1 eq.) and 10% Pd/C 

(0.2 g) yielding the product as an off white solid (0.73 g, 94%). 5h (400 

MHz, CDCI3): 8.75 (m, 2H, H-1 and H-7), 8.65 (d, IH, J = 1.24, H-5), 

8.47 (d, IH, 7 = 8.0, H-4), 7.86 (dt, IH, 7 = 7.76, 7 = 1.52, H-3), 7.53 

(dd, IH, 7 = 5.0, 7 = 1.76, H-6), 7.33 (m, 2H, H-2 and H-10), 7.17 (d, 

1H, 7 = 7.76, H-11), 7.11 (s, 1H, H-8), 6.79 (dd, 1H, 7 = 8.04, 7 = 1.76, 

H-9), 3.85 (s, IH, NH2). 5c (100 MHz, CDCI3): 156.53, 156.23, 149.59, 149.21, 147.04, 

139.44, 136.99, 129.99, 123.80, 121.67, 121.30, 119.03, 117.48, 115.74, 113.63. v^^ax 

(fdm)/cm ': 3429 (NH2 Stretch), 1632 (Aromatic C-N). HRMS (m/z -ES): Found: 248.1198 

(M+H. C16H14N3 Requires: 248.1188).
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4-[A^-(m-phenyl)-4-nitro-l,8-napthalimide]-2,2’-bipyridine (72)^^"^

2 Compound 72 was synthesised according to Procedure 5 using 4-(3. 

aminophenyl)-2,2’-bipyridine (0.54 g, 2.17 mmol, 1 eq.) and 4-nitro- 

1,8-naphthalic anhydride (0.53 g, 2.17 mmol, 1 eq.) giving the product 

as a yellow/brown solid (0.86 mg, 84%). 5h (400 MHz, CDCI3): 8.94 

(d, IH, H-14), 8.83 (d, IH, J = 7.52, H-16), 8.78 (m, 2H, H-7 and H- 

13), 8.73 (s, IH, H-5), 8.71 (d, IH, J = 5.0, H-1), 8.48 (m, 2H, H-4 and 

H-12), 8.07 (t, IH, J = 7.52, H-15), 7.95 (d, IH, J = 8.04, H-9), 7.86 

(t, IH, J = 8.04, H-3), 7.75 (m, 2H, H-8 and H-10), 7.61 (d, IH, 7 = 

5.0, H-6), 7.45 (d, IH, J = 7.52, H-11), 7.35 (t, IH, J = 6.0, H-2).5c 

(100 MHz, CDCI3): 162.17, 156.34, 155.47, 149.49, 149.31, 148.72, 147.68, 139.49, 136.54, 

134.98, 132.51, 129.90, 129.82, 129.65, 129.38, 129.01, 128.62, 127.44, 126.94, 126.54, 

123.55, 123.45, 123.41, 122.58, 121.22, 120.85, 118.56. v^ax (film)/cm'*: 1717 (-CO-N-CO-), 

1524 ( C-NO2), 1350 (C-NO2). HRMS {m/z -ES): Found: 473.1233 (M+H. C28H17N4O4 
Requires: 473.1250).

Ru(4-[N-(m-phenyl)-4-nitro-l,8-naphthalimide]-2,2’-bipyridine)(l,4,5,8- 
tetraazaphenanthrene)2Cl2 (70)

4-[A^-(m-phenyl)-4-nitro-1,8-napthalimide]-2,2’-bipyridin£ 

(0.104 g, 0.22 mmol, 1 eq.) and Ru(TAP)2Cl2 (0.118 g, 
0.22 mmol, 1 eq.) were suspended in DMF:H20 (1:1) an( 

the suspension was degassed by bubbling with argon foi 

15 mins. The reaction mixture was heated at 150 °C for 40 

mins using microwave irradiation before being allowed to 

cool and filtered. The solvent from the resulting solutio 

was removed under reduced pressure before redissolution 

in H2O (5 mL). The PF6 salt of the complex was former 

by addition of a cone, ethanolic solution of NH4PF6 wit 
the resulting precipitate being collected by centrifugation. The dried solid was redissolved i 

MeCN before purification by slow diffusion of Et20 in to MeCN giving the product as 

red/brown solid (0.140 g, 52%). The crystalline solid was converted to the chloride form ofth 

complex by stirring in MeOH with Amberlite anion exchange resin (Cl form) for 1 hr. m P- 

250 °C. 5h (600 MHz, CD3CN): 9.15 (m, 2H, TAP-H), 8.93 (m, 2H, TAP-H), 8.88 (m, 2H,H 

7 and H-16), 8.74 (m, 2H, H-1 and H-5), 8.69 (d, IH, 7= 7.92, H-13), 8.66 (m, 4H, TAP-H) 

8.51 (d, lH,y=7.92, H-12), 8.41 (d, IH, J=2.70, TAP-H), 8.33 (d, IH, 7= 2.46, TAP-H), 8 '
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(m, 4H, H-3, H-6 and 2TAP-H), 8.07 (d, IH, J= 7.98, H-9), 7.94 (s, IH, H-8), 7.84 (t, IH, J = 

7.84, H-10), 7.80 (d, 2H,y= 5.94, H-4 and H-14), 7.64 (m, 2H, H-1 land H-15), 7.41 (t, IH, J = 

6.12, H-2). 5c (150 MHz, CD3CN): 164.66, 163.88, 158.06, 157.58, 154.21 (C-H, 4/14), 154.09 

(C-H, 4/14), 151.06, 150.91, 150.52 (C-H, TAP), 150.50 (C-H, TAP), 150.47 (C-H, TAP), 

149.76 (C-H, TAP), 149.72 (C-H, TAP), 149.37 (C-H, TAP), 146.62, 146.59, 146.49, 143.34, 

143.31, 142.98, 142.95, 140.22 (C-H, 3), 138.02, 137.56, 133.87 (C-H, TAP), 133.80 (C-H, 

TAP), 133.79 (C-H, TAP), 133.12 (C-H, 5), 132.19 (C-H, 11), 131.55 (C-H, 10), 131.05 (C-H, 

6), 130.88 (C-H, 13), 130.55 (C-H, 7), 130.29, 128.98 (C-H, 8), 128.93 (C-H, 2), 128.80 (C-H, 

9), 128.17, 125.96 (C-H, 15), 125.70 (C-H, 1), 125.22 (C-H, 12), 124.59, 124.31, 123.16 (C-H, 

16). Vmax (film)/cm‘': 1711 (C=0), 1665 (C=0), 1535 (NO2 stretch), 1355 (NO2 stretch). HRMS 

(w/z-ES): Found: 1083.1088 (M+PF6^; C48H28F6N12O4PRU, Requires: 1083. 1042).

Ru(4-|]N-(m-phenyl)-4-amino-l,8-naphthalimideJ-2,2’-bipyridine)(l,4,5,8- 

tetraazaphenanthrenc)2Cl2 (71)

Ru(4-[N-(m-phenyl)-4-nitro-1,8-naphthalimide]-2,2’- 

bipyridine)(l,4,5,8-tetraazaphenanthrene)2Cl2 (0.1 g, 0.081 

mmol, 1 eq.) was dissolved in HPLC grade MeOH (20 mL) 

and 10% Pd/C added. The reaction mixture was subjected 

to 3 atm H2 for 24 hrs. The reaction mixture was filtered 

through a celite plug and the solvent removed under reduced 

pressure to give the product as a red/brown solid (0.092 g, 

95%). The crystalline solid was converted to the chloride 

form of the complex by stirring a solution of the PFe salt in 

MeOH with Amberlite anion exchange resin (CF form) for 1 

hr. Calculated for C48H3oFi2N,202P2Ru.2H20: C, 46.72; H, 2.78; N, 13.62. Found: C, 46.65; H, 

2.30; N, 13.15. m.p.> 250 °C. 6h (600 MHz, CD3CN): 9.15 (d, IH, 2.76, TAP-H), 9.14 (d, 

IH, J=2.70, TAP-H), 8.93 (d, IH, J= 2.94, TAP-H), 8.92 (d, IH, J= 2.76, TAP-H), 8.86 (d, 

IH, J= 1.74, H-5), 8.74 (d, lH,y= 8.16, H-1), 8.64 (m, 4H, TAP-H), 8.55 (d, IH, J=6.90, H- 

16), 8.43 (d, 1H,J=8.88, H-14), 8.40 (d, 1H,J=2.76, TAP-H), 8.34 (d, 1H,J=2.70, TAP-H), 

8.32 (d, 1H, J = 8.32, H-12), 8.15 (m, 3H, H-2 and 2TAP-H), 8.00 (d, 1H, J = 8.70, H-9), 7.94 

(s, IH, H-8), 7.76 (m, 4H, H-4, H-7, H-10 and H-15), 7.66 (dd, IH, J= 1.98, 7= 6.12, H-6), 

7.56 (d, 1H,J=7.92, H-11), 7.40 (dt, 1H,J= 1.08,J=5.70, H-3), 6.97 (d, 1H,J=8.28, H-13), 

6.06 (s, 2H, NH2). 5c (150 MHz, CD3CN): 165.62, 164.84, 157.98, 157.58, 154.12 (C-H, 7), 

154.02 (C-H, 4), 152.92, 150.99, 150.49, 150.48 (C-H, TAP), 150.46 (C-H, TAP), 149.74 (C-H, 

TAP), 149.69 (C-H, TAP), 149.36 (C-H, TAP), 149.34 (C-H, TAP), 146.57, 146.55, 146.46,
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146.44, 143.31, 143,30, 142.96, 142.94, 140.17 (C-H, 2), 139.33, 137.10, 134.87 (C-H, U) 

133.84 (C-H, TAP), 133.78 (C-H, TAP), 133.75, 132.64 (C-H, 11), 131.37, 131.19 (C-H, lo) 

129.73 (C-H, 14), 129.34 (C-H, 8), 128.87 (C-H, 3), 128.01 (C-H, 9), 125.82 (C-H, 6), 125,7 

(C-H, 1), 125.61 (C-H, 15), 123.82, 123.03 (C-H, 5), 120.89, 110.84, 109.72 (C-H, 13). y 
(film)/cm'':3356 (Aromatic C-H stretch), 1675 (C=0), 1628 (C=0), 1584 (NH bend), I371 (r

N stretch). HRMS (m/z -ES): Found: 1053. 1266 (M+PFs*; C48H3oF6N,202PRu, Requires 
1053. 1300).

8.9 Synthesis and characterisation of compounds described in Chapter 6 
(£)-4-(4-nitrophenyl)-2-oxo-3-butenoic acid (94)^”*

OH Compound 94 was synthesised according to Procedure 2 using 4- 

nitrobenzaldehyde (7.7 g, 51.1 mmol, 1 eq.) and sodium pyruvate (6.2 g, 56.2 

mmol, 1.1 eq.) giving a bright yellow solid (7.486 g, 66%). 5h (400 MHz, [Dj] 

DMSO): 8.24 (d, 2H, J = 8.84, H-2 and H-3), 7.96 (d, 2H, / = 8.76, H-1 and 

H-4), 7.55 (d, IH, y=16.4, H-5), 7.05 (d, IH, J = 16.4, H-6). 5c (100 MHz 
[DsJDMSO); 196.97, 168.89, 148.29, 141.88, 140.85, 129.65, 129.30, 124.46. v„.„ (film)/cm '

: 3461 (-0-H), 1677 (C=0), 1514 (C-NO2), 1346 (C-NOj). HRMS (m/z -ES); Found: 

220.0255 (M-H. C10H6NO5 Requires: 220.0246).

4-(4-nitrophenyl)-2,2’-bipyridine(97)^”*

Compound 97 was synthesised aecording to Procedure 3 using (E)-4 

(4-nitrophenyl)-2-oxo-3-butenoic acid (2.13 g, 9.63 mmol, 1 eq.), 2- 

pyridacyl pyridinium iodide (3.14 g, 9.63 mmol, 1 eq) and ammonium 

acetate (5.95 g, 77.21 mmol, 8 eq.) to yield a pale yellow solid (1.34 g, 

50%). 5h (400 MHz, CDCI3): 8.82 (d, IH, J = 5.04, H-6), 8.74 (m , 2H, 

H-1 and H5), 8.50 (d, IH, 7 = 7.96, H-4), 8.39 (d, 2H, J = 8.84, H-9 and 
H-11), 7.94 (d, 2H, J = 8.88, H-8 and H-10), 7.89 (dt, IH, J = 7.68, J = 1.64, H-2/3), 7.58 

(dd, IH, y = 5.12, y = 1.8, H-7), 7.39 (m, IH, H-2/3). 6c (100 MHz, CDCI3): 154.88, 149.57, 

148.58, 147.76, 146.57, 144.19, 136.95, 127.73, 123.87, 123.82, 121.26, ,121.05, 118.81. Vmax
(film)/cm‘: 1516 (C-NO2), 1360 (C-NO2). HRMS {m/z -ES): Found: 278.0919 (M+H. 

C16H12N3O2 Requires: 278.0930).
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4-(4-aminophenyl)-2,2’-bipyridine (98)^°^

Compound 98 was synthesised according to Procedure 4 using 4-(4- 

nitrophenyi)-2,2'-bipyridine (i.OO g, 3.61 mmol, 1 eq.) and 10% Pd/C 

(0.2 g) yielding the product as an off white solid (0.745 g, 83%). 5h (400 

MHz, CDCI3): 8.73 (d, IH, J = 4.24, H-1), 8.67 (d, IH, H-6), 8.63 (d, 

1H, J = 1.6, H-5), 8.45 (d, 1H, J = 8.0, H-4), 7.85 (dt, 1H, J = 7.76, J = 

1.76, H-2/3), 7.66 (d, 2H, J = 8.52, H-8 and H-10), 7.51 (dd, XW, J = 

5.2, J = 1.8, H-7), 7.34 (dt, 1H, J = 7.44, J = 0.84, H-2/3), 6.81 (d, 2H, J= 8.56, H-9 and H- 

11), 3.90 (s, 2H, -NH2). 5c (100 MHz, CDCI3): 155.97, 149.09, 148.57, 147.12, 136.46,

127.74, 127.48, 123.21, 120.79, 120.12, 117.44, 114.81. v^ax (film)/cm ': 3319 (NH2 Stretch), 

1582 (Aromatic C-N). HRMS {m/z -ES): Found; 248.1175 (M+H. C,6Hi4N3 Requires: 

248.1188).

4-[yV-(p-pheiiyl)-4-nitro-l,8-napthalimide]-2,2’-bipyridiiie (99)'^"^

Compound 99 was synthesised according to Procedure 5 using 4-(4- 

aminophenyl)-2,2’-bipyridine (0.54 g, 2.17 mmol, 1 eq.) and 4-nitro-l,8- 

naphthalic anhydride (0.53 g, 2.17 mmol, 1 eq.) to give a pale 

yellow/brown solid (0.86 g, 84%). 5h (400 MHz, [Dg] DMSO): 8.78 (m, 

4H, H-1, H-5, H-6 and H-16), 8.65 (m, 3H, H-12, H-13 and H-14), 8.47 

(d, IH, J = 7.9, H-4), 8.16 (t, IH, J = 1 A, H-15), 8.07 (d, 2H, J = 8.52, 

H-8 and H-9 or H-10 and H-11), 8.01 (dt, lH,y = 7.68,J= 1.72, H-3/H- 

2), 7.90 (dd, 1H, J = 5.12, J = 1.84, H-7), 7.64 (d, 2H, J = 8.48, H-8 and 

H-9 or H-10 and H-11), 7.52 (dt, 1H, J = 5.8, J = 1.04, H-3/H-2). 5c (100 

MHz, [De] DMSO): 163.74, 162.93, 156.54, 155.56, 150.63, 149.83, 149.80, 148.10, 137.94, 

137.90, 137.12, 132.22, 130.63, 130.43, 130.12, 129.41, 129.32, 128.05, 127.75, 124.90,

124.75, 123.86, 123.37, 122.29, 121.18, 118.24. v,„ax (film)/cm '; 1662 (-CO-N-CO-), 1532 ( 

C-NO2), 1239 (C-NO2). HRMS (m/z -ES); Found: 495.1066 (M+Na;C28H,6N404Na Requires: 

495.1069).
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('Inipici' f<: Experimental Sec tion

4-[A^-(in-phenyl)-4-amino-l,8-napthalimide|-2,2’-bipyridine (91)

Compound 91 was synthesised according to Procedure 6 using 4-[A^- 

(m-phenyl)-4-nitro-l,8-napthalimide]-2,2’-bipyridine (0.450 g, 0.95 

mmol, 1 eq.), 10% Pd/C (0.2 g) and hydrazine monohydrate (98%, 

0.49 mL, 9.5 mmol, 10 eq.) to afford a brown solid. (0.40 g, 96%). 5h 

(400 MHz, [De] DMSO): 8.78 (d, IH, J = 5.12, H-7), 8.70 (m, 3H, 

H-1, H-5 and H-16), 8.46 (m, 2H, H-16 and H-14), 8.23 (d, IH, J = 

8.36, H-12), 7.98 (m, 3H, H-2, H-8 and H-9), 7.89 (dd, IH, J = 4.9, J 

= 2.56, H-6), 7.70 (m, 2H, J = 7.88, H-15 and H-10), 7.50 (m, 4H, H- 

3 H-8, H-11 and NH2), 6.90 (d, IH, J = 8.36, H-13). 5c (100 MHz, 

[D6] DMSO): 164.60, 163.71, 156.50, 155.52, 153.37, 150.61, 149.73, 147.93, 138.37, 

138.18, 137.87, 134.51, 131.61, 130.83, 130.77, 130.21, 130.00, 128.24, 126.76, 124.86, 

124.49, 122.80, 122.01, 121.12, 120.00, 118.04, 108.68, 108.38. Vmax (film)/cm ': 1686 (-CO- 

N-CO-), 3335 (N-H stretch), 1649 (N-H bend). HRMS {m/z -ES): Found: 443.1499 (M+H. 

C28H19N4O2 Requires: 443.1508).

4-|A'-(p-phenyl)-4-amino-l,8-napthalimide|-2,2’-bipyridine (92)

1 Compound 92 was synthesised according to Procedure 6 using4-[A^-(p-

phenyl)-4-nitro-l,8-napthalimide]-2,2’-bipyridine (0.450 g, 0.95 mmol, i 

eq.), 10% Pd/C (0.2 g) and hydrazine monohydrate (98%, 0.49 mL, 9.5 

mmol, lO eq) to give the product as a brown solid. (0.39 mg, 94%). 5h 

(400 MHz, [D6] DMSO): 8.82 (d, IH, J = 5.04, H-7), 8.76 (m, 2H, H-1 

and H-5), 8.69 (d, IH, J = 8.3, H-16), 8.47 (m, 2H, H-4 and H-14), 8.23 

(d, 1H, J = 8.36, H-12), 8.00 (m, 3H, J = 7.68, H-2 and either H-8 and H- 

9 or H-10 and H-11), 7.89 (dd, 1H, J = 5.0, J = 1.4, H-6), 7.71 (t, 1H, J 

= 7.88, H-15), 7.53 (m, 5H, H-3, NH2 and either H-8 and H-9 or H-10 

and H-11), 6.90 (d, IH, J = 8.36, H-13). 6c (100 MHz, CDCI3): 164.51, 163.61. 159.46,

156.52, 155.59, 153.43, 150.61, 149.83, 148.21, 138.26, 137.88, 137.31, 134.56, 131.67,

130.76, 130.67, 127.79, 124.87, 124.51, 122.69, 122.23, 121.17, 120.01, 118.17, 108.71,

108.21. Vmax (fdm)/cm'': 1637 ( -CO-N-CO-), 3341 (N-H stretch), 1574 (N-H bend). HRMS

{m/z -ES): Found: 907.2765 (2M+Na. C56H36N804Na Requires: 907.2757)
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Chupler H: Experimental Section

Bis-{A^-|3-(2,2’dipyridin-4-yl)phenyl|}-9,18,-methano-l,8-naphthalimido|A,y][l,5] 

diazocene (100)

1 2 Compound 100 was synthesised according to Procedure 7 using a

mixture of 3-[A^-(m-phenyl)-4-amino-l,8-napthalimide]-2,2’-bipyridine 

(0.3 g, 0.68 mmol, 1 eq.) and paraformaldehyde (0.03 g, 1.02 mmol, 1.5 

eq.) in neat TFA (3.5 mL) to give the product as a bright yellow solid 

(0.21 g, 68 %). 5h (600 MHz, [D6] DMSO): 8.78 (d, 2H, J = 5.64, H- 

15), 8.75 (d, 2H, J = 3.04, H-6), 8.65 (m, 4H, H-5 and H-1), 8.50 (d, 2H, 

j = 4.84, H-13), 8.41 (d, 2H, J = 5.04, H-4), 8.15 (s, 2H, H-12), 7.97 (m, 

8H, H-3, H-8, H-11 and H-14), 7.79 (hr s, 2H, H-7), 7.67 (t, 2H, J = 

5.16, H-9), 7.44 (hr m, 4H, H-2 and H-10), 5.20 (d, 2H, J = 11.68, Ha), 

4.79 (s, 2H, He), 4.70 (d, 2H, J = 11.68, Hb). 6c (150 MHz, [De] 

DMSO): 163.73 (Nap C=0), 163.15 (Nap C=0), 155.98, 154.93, 150.08 

(C-6), 149.13 (C-1), 147.27, 137.94, 137.30 (C-3), 137.01, 130.55 (C- 

12), 130.20 (C-15), 130.07 (C-10), 129.78 (C-9), 129.18 (C-13), 127.97, 

127.52 (C-11), 127.12 (C-14), 126.76, 126.54 (C-8), 126.11, 124.27 (C- 

2), 123.04, 121.41 (C-7), 120.58 (C-4), 118.25, 117.43 (C-5), 66.16 

(CH2-c), 56.87 (CH2-a/b)- Vmax (film)/cm"’: 1353 (C-N stretch), 1664 (- 

CO-N-CO-), 3414 (Aromatic C-H stretch). HRMS {m/z -ES): Found: 921.2965 (M+H. 

C59H3(,N804 Requires: 921.2938)
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( luipier (V; lixpcriim’iUa/ Section

Bis-{A^-14-(2,2’dipyridin-4-yl)phenyI]}-9,18,-methano-l,8-naphthaliinido|A,y||l,5|- 

diazocene (101)

Compound 101 was synthesised according to 

Procedure 7 using a mixture of 4-[7V-(p-phenyl)-4- 

amino-l,8-napthalimide]-2,2’-bipyridine (0.3 g, 0.68 

mmol, 1 eq.) and paraformaldehyde (0.03 g, 1.02 

mmol, 1.5 eq.) in neat TFA (3.5 mL) yielding the 

product as a bright yellow solid (0.21 g, 70 %). 5h 

(600 MHz, [De] DMSO): 8.80 (m, 4H, H-6 and H- 

15), 8.73 (m, 4H, H-1 and H-5), 8.52 (d, 2H, J = 

4.76, H-13), 8.45 (d, 2H, J = 5.32, H-4), 8.18 (s, 

2H, H-12), 7.99 (m, 8H, H-3, H-9, H-11 and H-14), 

7.85 (dd, 2H, J = 1.2, J - 3.44, H-7), 7.50 (m, 6H, 

H-2, H-8 and H-10), 5.23 (d, 2H, J = 11.72, Ha), 

4.80 (s, IH, Hb), 4.73 (d, IH, J = 11.68, He). 6c 
(150 MHz, [De] DMSO): 156.02, 155.06, 150.08 (C-6), 149.29 (C-1), 147.62, 137.35 (C-3), 

137.13, 137.04, 130.66 (C-12), 130.26 (C-13), 129.99 (C-8, C-10), 129.28 (C-15), 127.99, 
127.40 (C-9, C-11), 127.12 (C-14), 126.82, 126.19, 124.34 (C-2), 122.98, 121.70 (C-7), 

120.66 (C-4), 118.17, 117.68 (C-5), 66.17 (CH2), 64.64, 56.88 (CH2). v,„ax (film)/cm ': 1356 

(C-N stretch), 1657 ( -CO-N-CO-), 3387 (Aromatic C-H stretch), HRMS {m/z -ES): Found; 

921.2941 (M+H. C59H37N8O4 Requires: 921.2938).
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Clnipler A'. Experimcnial St'clion

{|Ru(bipyridine)2Cl2|2Bis-{A^-[3-(2,2’dipyridin-4-yl)phenyll}-9,18,-methano-l,8- 

naphthalimidol^,/]|l,5]-diazocene} (91)

Complex 91 was synthesised according to Procedure 8 using 

using bis- {yV-[3-(2,2’dipyridin-4-yl)phenyl]} -9,18,-methano-

l,8-naphthalimido[Z),/][l,5]-diazocene ( 0.05 g, 0.054 mmol, 1 

eq.) and Ru(bpy)2Cl2 ( 0.053 g, 0.11 mmol, 2 eq.) giving the 

product as a red/brown solid ( 0.86 g, 68% ). Calculated for 

C99H68F24N,604P4Ru2.NaCl.H20: C, 49.46; H, 2.93; N, 9.32. 

Found: C, 49.38; H, 3.02; N, 9.19. 6h (600 MHz, CD3CN): 8.87 

(d, 2H, J = 8.4, H-13), 8.78 (s, 2H, H-5), 8.65 (d, 2H, J = 8.22, 

H-1), 8.58 (d, 2H, J = 7.32, H-15), 8.52 (m, 8H, 8 x Bpy-H), 

8.18 (s, IH, H-12), 8.08 (m, lOH, H-4 and 8 x Bpy-H), 7.98 (m, 

4H, H-11 and H-14), 7,88 (br s, 2H, H-8), 7.77 (m, 14H, H-2/3, 

H-6, H-9 and 8 x Bpy-H), 7.65 (d, 2H, J = 6.12, H-7), 7.50 (d, 

2H, J = 5.76, H-10), 7.43 (m, lOH, H-2/3 and 8 x Bpy-H), 5.25 

(d, 2H, J = 17.28, Ha), 4.76 (m, 6H, Hb and He). 5c (150 MHz, 

CD3CN): 165.34 (Nap C=0), 164.72 (Nap C=0), 158.45, 

157.96, 157.94, 157.91, 152.76, 152.67, 152.64, 152.60, 152.57, 

150.88, 149.32, 138.80, 138.79 (Bpy-C), 138.69, 138.57, 

137.66, 132.02 (C-10), 131.70 (C-12), 131.58 (C-15), 131.27, 

130.66 (C-13), 129.39, 128.92 (C-8), 128.63, 128.61 (Bpy-C), 

128.56 (Bpy-C), 128.52, 128.25 (C-11/14), 128.20 (C-11/14), 127.26 (C-2/3), 125.67 (C-7), 

125.40 (C-1), 125.22, 124.20, 122.81 (C-5), 119.61, 67.33 (CH2-C), 57.78 (CHi-a/b). v^ax 

(film)/cm ': 3414 (Aromatic C-H stretch) 1700 (C=0), 1653 (C=0). HRMS {m/z -ES): 

Found: 2183.2554 (M + 3PF6) C99H68N16O4F18P3RU2 Requires: 2183.2622.
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C haptcy fi: lixpcrimciUul Section

{|Ru(bipyridine)2Cl2|2Bis-{A^-|4-(2,2’dipyridin-4-yl)pheiiyl]}-9,18,-methano-l,8- 

naphthalimido|Z>,/]|l,5|-diazocene} (92)

Complex 92 was synthesised according to 

Procedure 8 using bis-{/i/-[4-(2,2’dipyridin- 

4-yl)phenyl]} -9,18,-methano-1,8-

naphthalimido[/),/][l,5]-diazocene (0.05 g, 

0.054 mmol, 1 eq.) and Ru(bpy)2Cl2 (0.053 

g, 0.11 mmol, 2 eq.) giving the product as a 

red/brown solid ( 0.079 g, 63%). Calculated 

for C99H68F24N,604P4Ru2.NaCl.H20: C, 

49.22; H, 2.96; N, 9.32. Found: C, 49.46; H, 

2.93; N, 9.38. 5h (600 MHz, CD3CN): 8.89 

(d, 2H, J = 8.52, H-13), 8.83 (s, 2H, H-5), 

8.70 (d, 2H, J = 8.76, H-1), 8.59 (d, 2H, J = 

7.38, H-15), 8.55 (m, 8H, 8 x Bpy-H), 8.19 

(s, 2H, H-12), 8.10 (m, lOH, H-4 and 8 x 

Bpy-H), 8.00 (m, 6H, H-9, H-11 and H-14), 

7.79 (m, 12H, H-2/3, H-6 and 8 x Bpy-H), 

7.73 (d, 2H, J = 4.86, H-7), 7.55 (d, 4H, J = 

8.10, H-8 and H-10), 7.44 (m, lOH, H-2/3 

and 8 x Bpy-H), 5.26 (d, 2H, J = 17.76, Ha), 

4.77 (m, 6H, Hr and He). 6c (150 MHz, CD3CN): 164.18 (Nap C=0), 163.56 (Nap C=0), 

157.30, 156.92, 156.90, 156.84, 156.82, 151.59 (Bpy-C), 151.48, 151.43, 149.72, 148.74, 

138.35, 137.69 (Bpy-C), 137.61, 135.71, 130.53 (C-12), 130.40 (C-15), 129.98 (C-8 and C- 

10), 129.51 (C-13), 128.33, 128.06, 127.53 (Bpy-C), 127.46 (C-9 and C-11), 127.41, 127.05 

(C-14), 126.11, 124.89 (C-7), 124.29 (C-1), 124.14 (Bpy-C), 123.20, 122.06 (C-5), 118.62, 

65.12 (CH2-C), 56.67 (CH2-A/B). v^ax (film)/cm'': 3425 (Aromatic C-H stretch) 1707 (C=0), 

1665 (C=0). HRMS {m/z -ES): Found: 2183.2517 (M + 3PF6; C99H68N,604Fi8P3Ru2

Requires: 2183.2622).
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Chcii>ter S: Experimcnlal Section

8.10 Synthesis and characterisation of compounds described in Chapter 7
11-mercaptoundecanoic acid (109)^^°

Methyl 11-bromoundecanoate (3.3 g, 11.25 mmol, 1 eq.)

® 6 4 2 added to a heated solution of thiourea (1.71 g, 22.5

0 9 7 5 3 1 mmol, 2 eq.) in H20:Et0H (1:1) (300 mL) before being

heated at reflux for 4 hrs. Addition of NaOH (1.12 g, 

28.12 mmol, 2.5 eq.) was followed by a further 3 hrs heating at reflux before the solvent was 

removed under reduced pressure. A portion of H2O (20 mL) was added and the resulting 

solution was acidified by addition of 6 N H2SO4 before the product was extracted into Et20 (5 

X 50 mL). The Et20 layer was dried over MgS04 and the solvent was removed under vacuum. 

The white product was recrystallised from EtOH to yield a bright white power which was 

collected by suction filtration and dried under high vacuum (1.90 g, 72%). m.p. 102-105 °C. 

5h (400 MHz, [Dfi] DMSO): 11.99 (s, IH, -OH), 2.46 (t, 2H, J = 10.9, CH2-I), 2.19 (t, 2H, J 

= 11.0, CH2-IO), 1.49 (m, 4H, CH2-2 and 9), 1.34 - 1.25 (hr s, 12H, CH2-3, 4, 5, 6, 7 and 8). 5c 

(100 MHz, [Dfi] DMSO): 179.93 (qC), 38.87 (CH2, 10), 36.29 (CH2, 1), 34.33 (CH2, 9), 34.12 

(CH2, 2), 34.08 (CH2), 33.95 (CH2), 33.79 (CH2), 33.77 (CH2), 33.40 (CH2), 29.71 (CH2). v^ax 

(film)/cm ': 2916 (alkane-C-H stretch), 2849 (alkane-C-H stretch), 1692 (C=0), 1470 (alkane- 

C-H bend), 718 (C-S).

ll-mercapto-N-(l,10-phenanthrolin-5-yl)undecanamide (108)

5-amino-1,10-phenanthroline (0.5 g, 2.56 mmol, 1 

eq.) was dissolved in distilled CH2CI2 (100 mL) 

before the solution was cooled to 0 °C. 11- 

mercaptoundecanoic acid (0.56 g, 2.56 mmol, 1 

eq.) was added followed by l-Ethyl-3-(3- 

dimethylaminopropyl)carbodiimide (EDCI) (1.23 g, 6.4 mmol, 2.5 eq.) and finally 4- 

dimethylaminopyridine (DMAP) (0.31 g, 2.56 mmol, 1 eq.) before the reaction mixture was 

stirred at 0 °C for a further 1 hr. The mixture was allowed to reach room temperature before 

being stirred for a further 24 hrs. The solvent was removed under reduced pressure before 

H2O (50 mL) was added causing precipitation of a white solid which was isolated by 

centrifugation. The resulting solid was redispersed in MeCN (10 mL) and again centrifuged 

before being collected by suction filtration and dried under high vacuum to yield a beige/white 

solid. (0.8 g, 78%). m.p. 88-90 °C. 5h (400 MHz, [Dg] DMSO): 10.12 (s, IH, N-H), 9.13 (dd, 

1H,T = 1.56, J = 4.24, CH-15), 9.04 (dd, IH, T = 1.72, J = 4.24, CH-14), 8.61 (dd, H, J = 

1.48, J = 8.4, CH-17), 8.44 (dd, IH, J = 1.72, J = 8.16, CH-12), 8.18 (s, IH, CH-11), 7.83
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(dd, IH, J = 4.28, J = 8.4, CH-16), 7.74 (dd, IH, J = 4.32, J = 8.08, CH-13), 2.53 (from CH 

COSY) (t, 2H, CH2-I), 2.43 (t, 2H, J=7.2, CH2-IO), 1.69 (t, 2H, J=6.52, CH2-9), 1.47 (t, 2H, 

J=6.44, CH2-2), 1.42 - 1.20 (br s, 12H, CH2-3, 4, 5, 6, 7 and 8). 6c (100 MHz, [De] DMSO): 

6132.25 (CH, 17), 132.05 (qC), 128.57 (qC), 125.09 (qC) 124.03 (CH, 13), 123.25 (CH, 16), 

120.40 (CH, 11), 36.43 (CH2, 1), 31.54 (CH2, 10), 29.56 (CH2, 2), 29.38 (CH2), 29.36 (CH2), 

29.26 (CH2), 29.20 (CH2), 29.04 (CH2), 28.64 (CH2), 25.69 (CH2, 2). v^ax (film)/cm'': 3253 

(amide-N-H stretch), 2919 (alkane-C-H stretch), 2849 (alkane-C-H stretch), 1658 (C=0), 

1533 (alkane-C-H bend), 721 (C-S).

Ru(ll-mercapto-N-(l,10-phenanthrolin-5-yl)undecanamide)(bipyridine)2Cl2 (105)

Complex 105 was synthesised according 

to Procedure 9 using 11-mercapto-N- 

(1,10-phenanthrolin-5-yl)undecanamide 

(0.1 g, 0.253 mmol, 1 eq.) and 

Ru(bpy)2Cl2 (0.123 g, 0.253 mmol, 1 
eq.) giving the product as a red/brown 

solid (0.167 g, 75% ). Calculated for C43H45Cl2N70RuS.lH20.1.25NaCl: C, 53.20; H, 4.88; 

N, 10.09. Found: C, 53.00; H, 4.99; N, 9.60. m.p. 115-120 °C. 6h (600 MHz, MeOD): 8.77 

(d, IH, J= 7.68, H-15), 8.74 (d, 2H,./= 8.22, Bpy-H), 8.70 (d, 2H, 8.16, Bpy-H), 8.64 (d,

IH, J= 7.5, H-14), 8.48 (s, IH, H-11), 8.22 (d, IH, J = 4.38, H-17), 8.17 (t, 2H, J = 7.92, 

Bpy-H), 8.13 (d, IH, J = 5.16, H-12), 8.07 (t, 2H, J= 7.98, Bpy-H), 7.93 (t, 2H, J= 5.82, 

Bpy-H), 7.86 (dd, 1H, J = 5.28, J = 8.52, H-16), 7.79 (dd, IH, J= 5.28, J= 8.28, H-13), 7.64 

(d, 2H, J= 5.52, Bpy-H), 7.55 (m, 2H, Bpy-H), 7.33 (m, 2H, Bpy-H), 2.76 (m, 2H, CH2-I), 

2.66 (t, 2H, J = 7.44, CH2-10), 1.79 (m, 4H, CH2-9 and 2), 1.49 (m, 2H, CH2-8), 1.37 (s, 1 OH, 

CH2-7, 6, 5, 4, 3). 5c (150 MHz, MeOD): 174.66, 157.25, 157.23, 157.01, 157.00, 152.03 (C- 

H, 17), 151.33 (C-H, 12), 151.31 (C-H, Bpy), 151.21 (C-H, Bpy), 151.19, 147.78, 145.51, 

137.79 (C-H, Bpy), 137.67 (C-H, Bpy), 136.30 (C-H, 14), 133.89, 132.58 (C-H, 15), 130.58, 

127.44 (C-H, Bpy), 127.39 (C-H, Bpy), 127.36, 127.31, 127.28, 126.01 (C-H, 13), 125.43 (C- 

H, 16), 124.11 (C-H, Bpy), 124.09 (C-H, Bpy), 124.05, 124.03, 121.29,51.30 (CH2, 1), 35.94 

(CH2, 10), 28.99 (CH2), 28.93 (CH2), 28.91 (CH2), 28.87 (CH2), 28.77 (CH2), 28.23 (CH2, 8), 

25.20 (CH2, 9), 22.26 (CH2, 2).Vmax (film)/cm-': 3366 (Aromatic C-H stretch), 2922 (alkane- 

C-H stretch), 2851 (alkane-C-H stretch), 1627 (C=0), 1421 (C-N stretch), 769 (C-S). HRMS 

{m/z -ES): Found: 954. 2139 ((M+PFfi)^; C43H45F6N7OPRUS, Requires: 954.2139).
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Chapter H: Experimental Section

Ru(l l-mercapto-N-(l,10-phenanthrolin-5-yl)undecanamide)(phenanthroiine)2Cl2 (106)

Complex 106 was synthesised according 

to Procedure 9 using 11-mercapto-N- 

(1,10-phenanthrolin-5-yl)undecanamide 

(0.1 g, 0.253 mmol, 1 eq.) and 

Ru(phen)2 (0.135 g, 0.253 mmol, 1 eq.) 

giving the product as a red/brown solid ( 

0.152 g, 65% ). Calculated for C47H45Cl2N70RuS.lH20.1.25NaCl: C, 55.40; H, 4.65; N, 9.62. 

Found: C, 55.55; H, 4.71; N, 9.27. m.p. 115-120 °C. 5h (600 MHz, MeOD): 8.74 (d, IH, J = 

8.4, H-15), 8.69 (t, 4H, J= 8.04, Phen-H), 8.61 (d, IH, 7= 8.22, H-14), 8.49 (s, IH, H-11), 

8.32 (s, 4H, Phen-H), 8.14 (m, 3H, Phen-H and H-17), 8.10 (dd, 2H, 7= 5.22, 7= 8.16, Phen- 

H), 8.06 (d, IH, 7= 5.1, H-12), 7.74 (m, 5H, Phen-H and H-16), 7.68 (dd, IH, 7= 5.28, 7 = 

8.28, H-13), 2.76 (m, 2H, CH2-I), 2.65 (t, 2H,7= 7.32, CH2-IO), 1.76 (m, 4H, CH2-9 and 2), 

1.48 (m, 2H, CH2-8), 1.36 (s, lOH, CH2-7, 6, 5, 4, 3). 5c (150 MHz, MeOD): 174.67 (qC, 

amide), 152.38 (C-H, Phen), 152.36 (C-H, Phen), 152.26 (C-H, Phen), 152.23 (C-H, Phen), 

151.58 (C-H, 12), 148.16, 147.66, 147.64, 147.63, 145.91, 136.75 (C-H, Phen), 136.27 (C-H, 

14), 133.87, 132.55 (C-H, 15), 130.96, 130.54, 127.88 (C-H, Phen), 127.43, 125.88 (C-H, 13), 

125.80, 125.78 (C-H, Phen), 125.75, 125.30 (C-H, 16), 121.30 (C-H, 11), 51.30 (C-H2, 1), 

35.93 (C-H2, 10), 28.98 (C-H2), 28.92 (C-H2), 28.91 (C-H2), 28.87 (C-H2), 28.76 (C-H2), 

28.23 (C-H2, 8), 25.20 (C-H2, 9), 22.26 (C-H2, 2). v^ax (film)/cm-': 3362 (Aromatic C-H 

stretch), 2922 (alkane-C-H stretch), 2850 (alkane-C-H stretch), 1627 (C=0), 1424 (C-N 

stretch), 720 (C-S). HRMS {m/z -ES): Found: 2147.3765 (2M + 3PF6)^;

C94H88F18N14O2P3RU2S2, Requires: 2147.3669.

Ru(ll-mercapto-N-(l,10-phenanthrolin-5-yl)undecanamide)(tetraazaphenanthrene)2Cl2
(107)

Complex 107 was synthesised according 

to Procedure 9 using 11-mercapto-N- 

(1,10-phenanthrolin-5-yl)undecanamide 

(0.1 g, 0.253 mmol, 1 eq.) and 

Ru(TAP)2Cl2 (0.135 g, 0.253 mmol, 1 

eq.) giving the product as a red/brown 

solid (0.127 g, 54%). Calculated for C43H4iCl2Ni|ORuS.lNaCl: C, 54.47; H, 5.90; N, 12.70. 

Found: C, 54.78; H, 5.03; N, 12.78. m.p. 115-120 °C. 5h (600 MHz, MeOD): 9.03 (d, 4H, J = 

2.58, TAP-H), 8.86 (dd, 1H, J= 0.96, J= 8.58, H-15), 8.71 (dd, IH, J= 0.90, J= 8.28, H-14),
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8.65 (s, 4H, TAP-H), 8.53 (s, 1H, H-11), 8.45 (dd, 2H, J = 2.64, J = 6.42, TAP-H), 8.30 (m, 

3H, TAP-H and H-17), 8.20 (dd, 1H, J = 0.96, J = 5.1, H-12), 7.83 (dd, 1H, J = 5.28, J = 8.58, 

H-16), 7.76 (dd, IH, J = 5.28, J = 8.28, H-13), 2.73 (m, 2H, CH2-I), 2.66 (t, 2H, J = 7.38, 

CH2-IO), 1.80 (m, 2H, CH2-9), 1.74 (m, 2H, CH2-2), 1.47 (m, 2H, CH2-8), 1.37 (s, lOH, CH2- 

7, 6, 5, 4, 3). 5c (150 MHz, MeOD): 174.61 (qC, amide), 153.32 (C-H, 17), 152.43 (C-H, 12), 

149.40 (C-H, TAP), 149.37 (C-H, TAP), 149.25 (C-H, TAP), 149.23 (C-H, TAP), 148.57 (C- 

H, TAP), 148.55 (C-H, TAP), 148.05 (C-H, TAP), 148.02 (C-H, TAP), 147.27, 145.36, 

145.34, 144.95, 142.16, 142.14, 142.12, 142.10, 137.65 (C-H, 14), 134.01 (C-H, 15), 132.58 

(C-H, TAP), 132.51 (C-H, TAP), 130.79, 127.55, 126.31 (C-H, 13), 125.74 (C-H, 16), 121.15 

(C-H, 11), 51.29 (C-H2, 1), 35.94 (C-H2, 10), 28.96 (C-H2), 28.90 (C-H2), 28.88 (C-H2), 

28.83(C-H2), 28.74 (C-H2), 28.21 (C-H2, 8), 25.18 (C-H2, 9), 22.23 (C-H2, 2). v^ax (film)/cm' 

3368 (Aromatic C-H stretch), 2922 (alkane-C-H stretch), 2851 (alkane-C-H stretch), 1629 

(C=0), 1485 (C-N stretch), 723 (C-S). HRMS {m/z -ES): Found: 2155.3379 (2M + 3PF6)^ 

Cx6H8oFigN2202P3Ru2S2, Requires: 2155.3288.

C 'Ihiplcr fi. L'\j!criinfitlu/ Sec lto)i
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2A 3: Comparison between the estimated (blue) and actual (black) isotopic distribution 
pattern for 54 from high resolution mass spectrometry analysis

950

950
m/z

2A 4: Comparison between the estimated (blue) and actual (black) isotopic distribution 
pattern for 55 from high resolution mass spectrometry analysis
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2A 5: UV/Visihle, excitation and emission spectra of 53 (6.9 uM) in 10 mM phosphate 
buffer, pH 7.4.
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2A 6: Changes in the UV/Visible spectrum of 53 (6.5pM) with increasing concentration 
ofstDNA (0-1 lOpM). Inset: Plot of (ea-£f)/£b-£f) V5. fDNA](M', P) using data with a P/D 
between 0-12 and the best fit of the data (—) using the Bard Eqn.
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Wavelength (nm)
2A 7: Changes in the UV/Visible spectrum of 54 (6.3pM) with increasing concentration 
of stDNA (0-122pM). Inset: Plot of (Ea-cf/eh-e/) vs. [DNA](M', P) using data with a P/D 
between 0-12 and the best fit of the data (—) using the Bard Eqn.
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2A 8: Changes in the emission spectrum of 53 (6.5pM) (Xex 445 nm) with increasing 
concentration of stDNA (0-1 lOpM). Inset: Plot of the change in integrated MLCT 
emission intensity as a function of P/D ratio.
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2A 9: Changes in the UV/Visible spectrum of 53 (6.5pM) with increasing concentration 
of stDNA (0-122pM) at 50 mM NaCI concentration. Inset: Plot of (ea-Sf)/eb-^f) vs. 
[DNAJIM' , P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.
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2A 10: Changes in the UV/Visible spectrum of 53 (6.5pM) with increasing 
concentration of stDNA (0-122pM) at 100 mM NaCl concentration. Inset: Plot of (Ca- 
E/)/eb-si) US'. [DNA](M', P) using data with a P/D between 0-12 and the best fit of the 
data (—) using the Bard Eqn.

289



AppeihJict

0.4

2A 11: Changes in the UV/Visible spectrum of 54 (6.6pM) with increasing 
concentration of stDNA (0-I22pM) at 50 mM NaCI concentration. Inset: Plot of (Ca- 
e()/£h-ef) v^'. [DNA](M‘, P) using data with a P/D between 0-12 and the best fit of the 
data (—) using the Bard Eqn.

0.4

2A 12: Changes in the UV/Visible spectrum of 54 (6.3pM) with increasing 
concentration of stDNA (0-122pM) at 100 mM NaCl concentration. Inset: Plot of (sa- 
£l)/cb-£i) v^. [DNA](M\ P) using data with a P/D between 0-12 and the best fit of the 
data (—) using the Bard Eqn.
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10 15 20 25
P/D

2A 13: Relative changes in the integrated emission intensity of 54 (6.5 /nM) (Xex 445 nm) 
with increasing concentration of st-DNA (0 - 125 iaM), in 10 mMphosphate buffer 
10 mM phosphate buffer + 50 mM NaCl and 10 mM phosphate buffer +100 mM 
NaCI (A).

2A 14: Relative changes in the integrated emission intensity of 55 (6.5 pM) (X^x 445 nm) 
with increasing concentration of st-DNA (0 - 124 pM), in 10 mM phosphate buffer (*), 
10 mM phosphate buffer + 50 mM NaCl fH/ and 10 mM phosphate buffer + 100 mM 
NaCl (A).
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2A 15: Changes in the UV/Visihle spectrum of 53 (6.4pM) with increasing 
concentration of [poly(dAdT)]2 (0-122pM) at pH 7.4. Inset: Plot of vs.
[DNA] (M' , P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.

2A 16: Changes in the UV/Visible spectrum of 53 (6.8pM) with increasing 
concentration of [poly(dGdC)]2 (0-117pM) at pH 7.4. Inset: Plot of (sa-Sf)/sh-£/) V5. 
[DNA](M\ P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.
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Wavelen^h (nm)

2A 17: Changes in the UV/Visible spectrum of 55 (6.5pM) with increasing 
concentration of [poly(dAdT)]2 (0-75pM) at pH 7.4. Inset: Plot of (Ea-£f)/£b-£f) 
[DNA](M\ P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.

600

2A 18: Changes in the UV/Visible spectrum of 55 (6.8pM) with increasing 
concentration of [poly(dGdC)]2 (0-74pM) at pH 7.4. Inset: Plot of (£a-£f)/£h-u) 
[DNA](M' , P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.
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2A 19: Changes in the fluorescence emission spectrum of 53 (6.4pM) (kex 445 nmfwith 
increasing concentration [poly(dAdT)]2 (O-IOOpM) at pH 7.4 Inset: Plot of the change 
in integrated MLCT emission intensity as a function of P/D ratio.
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2A 20: Changes in the fluorescence emission spectrum of 53 (6.8pM) (Ae.x 445 nmfwith 
increasing concentration [poly(dGdC)]2 (0-116pM) at pH 7.4 Inset: Plot of the change 
in integrated MLCT emission intensity as a function of P/D ratio.
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Wavelength(nm)

2A 21: Circular dichroism spectra of stDNA (150 pM) in 10 mMphosphate buffer, at 
pH 7.4, in the absence and presence of 53 at varying ratios.

200 250 300 350 400
Wavelength (nm)

450 500

2A 22: Circular dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of 55 at varying ratios.
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0.002

2A 23: Linear dichroism spectra of stDNA (150 pM) in 10 mMphosphate buffer, at pH 
7.4, in the absence and presence of 53 at varying ratios.

2A 24: Linear dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, at pH 
7.4, in the absence and presence of 54 at varying ratios.
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Time (mins)

2A 25: Comparative reactive oxygen species generation rates plot for [Ru(bpy)}f^ (M)
53 (i<), 54 (A), 55 (^) and no photosensitizer (^). Concentration of [Rifbpy)}]' , 53,
54 and 55 at 1 xlO'^ M and DPBF initially at 5x10'^ M in MeOH. The slopes (m) and 
the R^ coefficients of the lines are determined by linear regression.
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u Open Form 

HSupercoiled Form

1■ ■ IB
Lane % Open % Supercoiled Lane % Open % Supercoiled

2A 26: Agarose gel electrophoresis of pBR322 DNA (1 mg/ml) after irradiation at 2 J cm'^ 

(X > 390 nm) in 10 mMphosphate hiiffer, pH 7. 4 Lane I: Plasmid DNA control; Lane 2: 

[Ru(bpy)if"' (P/D 250); Lanes 3-5: 53 (P/D 250, 150, 50); Lanes 6-8: 53 + lOmM NaN} 

(P/D 250, 150, 50); Lane 9: 53 (P/D 50) in the dark.
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10 11

I Open Form 

I Supercoiled Form

11111111111
Lane % Open % Supercoiled Lane Vo Open % Supercoiled

IHjjjHjlllllj

2A 27: Agarose gel electrophoresis of pBR322 DNA (Img/ml) after irradiation at 2 J 

cm'^ (X> 390 nm) in 10 mMphosphate buffer, pH 7. 4 Lane I: Plasmid DNA control in 

the dark; Lane 2: Plasmid DNA control; Lane 3: [Ru(bpy)}]^^ (P/D 250); Lanes 4-6: 54 

(P/D 250, 150, 50); Lane 7 : 54 in the dark (P/D 250); Lane 8: lOmM NaN^ control; 

Lanes 9-11: 54 + lOmMNaNj (P/D 250, 150, 50).
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2A 28: Cellular distribution and uptake of 55 into HeLa cells at 4, 8 and 24 hr time 
points. Percentages are expressed over the total amount of cells (approximately 200) 
per field of view.
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Appendices

3A 1: Changes in the UV/Visible spectrum of 67 (lOpM) with increasing concentration 
of [poly(dGdC)]2 (0-63pM) at pH 7.4. Inset: Plot of (ea-£f)/ei,-£f) v^. [DNA](M', P) 
using data with a P/D between 0-12 and the best fit of the data (—) using the Bard Eqn.

3A 2: Changes in the fluorescence emission spectrum of 67 (fOpM) 310 nm) with 
increasing concentration of [poly(dGdC)]2 (0-63pM) at pH 7.4. Inset: Plot of r/Cpvs. r 
and the best fit of the data (—) using the McGhee Von Hippel equation.
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3A 3: The circular dichroism spectra of stDNA (150 pM) in 10 mMphosphate buffer, at 
pH 7.4, in the absence and presence of 67 at varying P/D.
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Appendix 4:
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4A I: The ’H NMR spectra of 70 (600 MHz, DMSO-da)

1090

1090

4A 2: Comparison between the estimated (blue) and actual (black) isotopic distribution 
pattern for 70 from high resolution mass spectrometry analysis
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4A 'i'.Changes in the UV/Visihle spectrum of 71 (8 pM) with increasing additions of 
stDNA (0-210pM) in lOmM phosphate buffer, pH 7.4). Inset: Plot of (ea-sf/eh-Cf) vs. 
[DNA](M' , P) using data with a P/D between 0-10 and the best fit of the data (—) using 
the Bard Eqn.

80

4A 4: Changes in the emission spectrum of 71 (8pM) (Xex 425 nm) with increasing 
concentration of stDNA (0-210pM). Inset: Plot of the change in integrated MLCT 
emission intensity as a function of P/D ratio.
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4A 5: Changes in the UV/Visible spectrum of 71 (8 pM) with increasing concentration 
of stDNA (0-210pM) at 50 mM Nad concentration. Inset: Plot of (ea-£f)/^b-£f) 
[DNA] (M' , P) using data with a P/D between 0-10 and the best fit of the data (—) using 
the Bard Eqn.

4A 6: Changes in the UV/Visible spectrum of 71 (8 pM) with increasing concentration 
of StDNA (0-21 OpM) at 100 mM NaCl concentration. Inset: Plot of (ea-Sf)/eh-ef) V5. 

[DNA](M‘ , P) using data with a P/D between 0-10 and the best fit of the data (—) using 
the Bard Eqn.
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300

4A 7: Changes in the emission spectrum of 70 (8pM) (fx 415 nm) with increasing 
concentration of stDNA (0-2 WpM) at 50 mM Nad concentration. Inset: Plot of the 
change in integrated MLCT emission intensity as a function of P/D ratio

300
*♦♦♦

Wavelength (nm)

4A 8: Changes in the emission spectrum of 70 (8pM) (Xex 415 nm) with increasing 
concentration of stDNA (0-210pM) at 100 mM NaCl concentration. Inset: Plot of the 
change in integrated MLCT emission intensity as a function of P/D ratio
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4A 9: Relative changes in the integrated emission intensity of 70 (8 gM) (kex 415 nm) at 
645 nm with increasing concentration of st-DNA (0 - 210 jnM), in 10 mM phosphate 
buffer 10 mM phosphate buffer + 50 mMNaCl (A) and 10 mM phosphate buffer +
inn yy,U Mr,r] /si

4A 10: Changes in the UV/Visible spectrum of 71 (7.5 pM) with increasing 
concentration of fpoly(dAdT)]2 (0-83pM) at pH 7.4. Inset: Plot of (sa-Sf)/sb-e/) v^. 
fDNA](M', P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.
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Wavelength (nm)

4A 11: Changes in the UV/Visible spectrum of 71 (7.5 pM) with increasing 
concentration of [poly(dGdC)]2 (0-78pM) at pH 7.4. Inset: Plot of (ea-ef)/eh-£t) 
[DMA] (M' , P) using data with a P/D between 0-12 and the best fit of the data (—) using 
the Bard Eqn.

—\—I—r--

12 14

4A 12: Changes in the absorption of 71 (8 pM) in 10 mM phosphate buffer, at pH 7.4 
upon addition ofstDNA(^),[poly(dAdT)]2 (^) and[poly(dGdC)]2 (^)-
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60

15

900

4A 13: Changes in the fluorescence emission spectrum of 71 (8pM) (lex 415 nm) with 
increasing concentration [poly(dAdT)] 2 (0-83 pM) at pH 7.4 Inset: Plot of the change in 
integrated MLCT emission intensity as a function of P/D ratio.
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4A 14: Changes in the fluorescence emission spectrum of 71 (8pM) (Xex 415 nm) with 
increasing concentration [poly(dGdC)] 2 (0-79pM) at pH 7.4 Inset: Plot of the change in 
integrated MLCT emission intensity as a function of P/D ratio.
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4A 15: Relative changes in the integrated emission intensity of 71 (8 ^M) (X^x 415 nm) 
with increasing concentration of stDNA(M), [poly(dAdT)]2 (A) and [poly(dGdC)]2 (A) 
in 10 mMphosphate buffer at pH 7.4.

70 80
Temperature (°C)

4A 16: Thermal denaturation curves of stDNA (150 pM) in 10 mM phosphate buffer, pH 
7.4, in the absence and presence of 70 at P/D = 25 (m) P/D = 10 (A ) and P/D = 5 
(>P). Inset: The T,„ values from first derivative plots of the melting curve.
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4A 17: Thermal denaturation curves of stDNA (150 /uM) in 10 mMphosphate buffer, pH 
7.4, in the absence (k.) and presence of 70 (m) and 71 (^) at a P/D ratio of 10.

4A 18: Circular dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of 71 at varying ratios.
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4A 19: Confocal Laser Scanning Microscopy live cell images of 70 (50pM) with HcLa 
cells. Shown is the image obtained with cells (A) stained with 70 (red), (B) overlay of 70 
(red) and the bright field view, (C) overlay of 70 (red) and nuclear co-stain DAPI (blue) 
and (D) overlay of 70 (red) , nuclear co-stain DAPI (blue) and the bright field view after 
4 hrs of incubation.
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4A 20: Confocal Laser Scanning Microscopy live cell images of 71 (50pM) with HeLa 
cells. Shown is the image obtained with cells (A) stained with 71 (red), (B) overlay of 
71 (red) and the bright field view, (C) overlay of 71 (red) and nuclear co-stain DAPI 
(blue) and (D) overlay of 71 (red) , nuclear co-stain DAPI (blue) and the bright field 
view after 4 hrs of incubation.
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Appendix 5:

SA 1: The changes in the excitation spectra of 48 (lex = 615 nm) in MeCN in the 
absence and presence of AcO , Cl and as their TEA salts

0.5

250 350 450
Wavelength (nm)

550

5A 2: The changes in the absorption spectrum of 48 (1.15 x 10~^M) in MeCN upon 
titration with AcO (0 850 eq., [9 mM]). Inset: The relative absorption decrease at
432 nm as a function of AcO concentration.
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900

5A 3: The changes in the emission spectrum of 48 (1.18 x 10'^M) in MeCN upon 
titration with H2PO4 (0 615 eq., [6.6 mM]). Inset: The integrated fluorescence
decrease measured at 615 nm
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SA 4: The changes in the absorption spectrum of 48 (1.13 x 10'^M) in MeCN upon 
titration with Cl (0 —>■ 825 eq., [8.5 mMJ). Inset: The relative absorption decrease at 
432 nm as a function of Cl concentration.
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SA 5: The changes in the emission spectrum of 48 (1.13 x 10~^M) in MeCN upon 
titration with Cl (0 ^ 825 eq., [8.5 mM]). Inset: The integrated fluorescence decrease 
measured at 615 nm
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Appendix 6:

6A I: The ’H NMR spectra of 100 (600 MHz, DMS0-d6)
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6A 2: The 'H NMR spectrum of89 (600 MHz, CDjCN.)
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6A 3: The C-H COSY spectrum oj 90 (600 MHz, CDjCN) showing the interaction of the 
methylene protons of the diazocetie bridge with their corresponding resonances

2190

2175 2180 2185 2190
m/z

6A 4: Comparison between the calculated (blue) and obtained (black) isotopic 
distribution pattern for 90 from high resolution mass spectrometry analysis.
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6A 5: The UV/Visible, excitation and emission spectra of 100 in CH2C12.

Wavelength (nm)

6A 6: The UV/Visihle, excitation and emission spectra of HO in 10 mMphosphate hiffer 
at pH 7.4.
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40

6A 7: Change in the UV/Visible spectrum of 90 (4pM) upon addition of stDNA (0- 
187pM). Inset: Plots of the change in integrated MLCT absorption as a function of P/D 
ratio.

6A 8: Change in the fluorescence emission spectrum of 89 (Ae.x 460 nm) (4pM) upon 
addition of stDNA (0-187pM). Inset: Plots of the change in integrated MLCT emission 
as a function of P/D ratio.
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6A 9: Thermal denaturation curves of stDNA (150 juM) in 10 mMphosphate buffer, pH 
7.4, in the absence (4) and presence of 89 ('x) and 90 (^) at P/D - 25.

6A 10; Thermal denaturation curves of stDNA (150 pM) in 10 mM phosphate buffer +
50 mM NaCI, pH 7.4, in the absence (*) and presence of 89 (M) and 90 (A) at P/D = 
in
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6A II: Confocal Laser Scanning Microscopy live cell images of 90 (25pM) with HeLa 
cells. Shown is the image obtained with (A) control cells and (B) the bright field view of 
cells treated with 90 after 4 hrs incubation, stained with DAPI (blue), (C) overlay of 90 
(red) and nuclear co-stain DAPI (blue) and (D) overlay of 90 (red) , nuclear co-stain 
DAPI (blue) and the bright field view.
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7A I: ‘HNMR spectra of 106 (600 MHz, MeOD)
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7A 2: ’HNMR spectra of 107 (600 MHz, MeOD)
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7A 3: Comparison between the estimated (blue) and actual (black) isotopic distribution 
pattern for 105 from high resolution mass spectrometry analysis.

m/z

7A 4: Comparison between the estimated (blue) and actual (black) isotopic distribution 

pattern for 107 from high resolution mass spectrometry analysis.
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7A 5: UV/Visihle, excitation and emission spectra oj 106 (10 pM) in 10 mMphosphate 

buffer, pH 7.4.
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7A 6: UV/Visihle, excitation and emission spectra of 107 (10 pM) in 10 mM phosphate 

buffer, pH 7.4.
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0.16 7 nm

***** * * * *

7A 7: Changes in the UV/Visihle spectrum of 106 (10 pM) with increasing additions of 
stDNA (0-285pM) in I OmM phosphate buffer, (pH 7.4). Inset: Plots of the change in 
integrated MLCT absorption using data with a P/D between 0-10.

3e 4 3e 4

Wavelength (nm)

7A 8: Changes in the UV/Visible spectrum of 107 (10 pM) with increasing additions of 
StDNA (0-285pM) in 1 OmM phosphate buffer, (pH 7.4). Inset: Plot of (Ea-sf/eh-Sf) vs. 
[DNA](M' , P) using data with a P/D between 0-15 and the best fit of the data (—) using 
the Bard Eqn.
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7A 9: Changes in the emission spectrum oj 105 (10 pM) (Xex 450 nm) with increasing 
concentration of stDNA (0-290pM). Inset: Plot of the change in integrated MLCT 
emission intensity as a function of P/D ratio.
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7A 10: Changes in the emission spectrum of 106 (10 pM) (lex 450 nm) with increasing 
concentration of stDNA (0-285pM). Inset: Plot of the change in integrated MLCT 
emission intensity as a function of P/D ratio.
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7A II: Circular dichroism spectra ofstDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of 105 at varying ratios.

7A 12: Circular dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of 106 at varying ratios.
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7A 13: (A) TEM image of AuNP-106 after deposition on copper grids and (B) The 
corresponding particle size distribution calculated from the TEM data.
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7A 14: (A) TEM image of AuNP-107 after deposition on copper grids and (B) The 
corresponding particle size distribution calculated from the TEM data.
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7A 15: L'V/Visible, excitation and emission spectra of AuNP-106 in 10 mMphosphate 

buffer (it pH 7.4

(/)c

7A 16: U'^/Visible, excitation and emission spectra of AuNP-107 in 10 mM phosphate 

buffer dfiH 7.4
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7A 17: UV/Visible spectra showing the comparison between the free complex 106 and 

the gold conjugates AuNP-106

7A 18: UV/Visible spectra showing the comparison between the free complex 107 and 

the gold conjugates AuNP-107
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7A 19: Changes in the UV/Visihle spectrum of AuNP-106 (1.79 x 10'^ M) with 
increasing additions of stDNA (0-245 pM) in WmM phosphate buffer, (pH 7.4). Inset: 
Plot of the change in integrated MLCT absorption as a function of P/D ratio.

7A 20: Changes in the UV/Visihle spectrum of AuNP-107 (2.54 x 10~^ m') with 
increasing additions of stDNA (0-77 pM) in WmM phosphate buffer, (pH 7.4). Inset: 
Plot of the change in integrated MLCT absorption as a function of P/D ratio.
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7A 21: Changes in the fluorescence emission spectrum of AuNP-105 (1.98 x 10' M ) 
with increasing additions of stDNA (0-185pM) in lOmM phosphate buffer, (pH 7.4). 
Inset: Plot of the change in integrated MLCT absorption as a function of P/D ratio.

7A 22: Changes in the fluorescence emission spectrum of AuNP-106 (1.79 x ]0'^ M ) 
with increasing additions of stDNA (0-77pM) in lOmM phosphate buffer, (pH 7.4). 
Inset: Plot of the change in integrated MLCT absorption as a function of P/D ratio.
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7A 23: Thermal denaturation curves ofstDNA (150 /.iM) in 10 mMphosphate buffer, pH 
7.4, in the absence (^) and presence of AuNP-105 (m), AuNP-106 (k.) and AuNP-107 
(^) at P/D = 5.

7A 24: Circular dichroism spectra ofstDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of AuNP-105 at varying ratios.
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7A 25: Circular dichroism spectra of stDNA (150 pM) in 10 mM phosphate buffer, at 
pH 7.4, in the absence and presence of AuNP-107 at varying ratios.
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I Open form 

I Supercoiled form
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H
7A 26: Agarose gel electrophoresis of pBR322 DNA (Img/ml) after 30 min irradiation 
(2 J cm'') in 10 mMphosphate buffer, pH 7. 4; Lane 1: Plasmid DNA control ;Lane 2: 
Ru(bpy)3^ (P/D 20); Lane 3: 105 in the dark (P/D 10); Lane 4 : AiiNP-105 in the dark 
(P/D 10); Lanes 5-6: 105 and AuNP-105 (P/D 20); Lanes 7-8: 105 and AuNP-105 
(P/D 10); Lanes 9-10: 105 and AuNP-105 + lOmMNaN} (P/D 10).
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I Open form 

I Supercoiled form

Lane % Open % Supercoiled Lane % Open

H
7 A27: Agarose gel electrophoresis of pBR322 DNA (Img/ml) after 30 min irradiation 
(2 J cm ') in 10 mMphosphate buffer, pH 7. 4; Lane 1: Plasmid DNA control ;Lane 2: 
Rifhpy)}^* (P/D 20); Lane 3: 106 in the dark (P/D 10); Lane 4 : AuNP-106 in the dark 
(P/D 10); Lanes 5-6: 106 and AuNP-106 (P/D 20); Lanes 7-8: 106 and AuNP-106 
(P/D 10); Lanes 9-10: 106 and AuNP-106 + lOmMNaNs (P/D 10).
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7A 28: Confocal Laser Scanning Microscopy live cell images of AuNP-106 (20pM) with 
HeLa cells. Shown is the image obtained with cells (A) stained with AuNP-106 (red), 
(B) overlay of AiiNP-106 (red) and nuclear co-stain DA PI (blue), (C) the bright field 
view and (D) overlay of AuNP-106 (red), nuclear co-stain DAPI (blue) and the bright 
field view.

7A 29: Confocal z-section live cell images of AuNP-106 (20 uM) with Hela cells 
showing luminescence in 3 dimensions. Shown is the image obtained with cells co­
stained with nuclear stain DAPI (blue) and AuNP-106 (red)
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7A 30: Confocal Laser Scanning Microscopy live cell images of AuNP-107 (20pM) with 
lleLa cells. Shown is the image obtained with cells (A) stained with AuNP-107 (red), 
(B) overlay of AuNP-107 (red) and nuclear co-stain DAPI (blue), (C) the bright field 
view and (D) overlay of AuNP-107 (red), nuclear co-stain DAPI (blue) and the bright 
Held view.

7A 31: Confocal z-section live cell images of AuNP-107 (20 uM) with Hela cells 
showing luminescence in 3 dimensions. Shown is the image obtained with cells co­
stained with nuclear stain DAPI (blue) and AuNP-107 (red)
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7A 32: Confocal z-section live cell images of AuNP-105 (20 uM) with Hela cells 
showing luminescence in 3 dimensions. Shown is the image obtained with cells co­
stained with nuclear stain DAPI (blue) and AuNP-105 (red)
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