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Abstract

Gold nanoparticles (AuNps) are some of the most extensively studied 

nanomaterials. Because of their biocompatibility, unique size- and shape- 

dependence, optoelectronic and catalytic properties, AuNps have attracted 

enormous amount of interest for applications in biological and chemical detection 

and analysis. Similarly, Ru (ll)-polypyridyl complexes have been intensively 

studied due to their photophysical properties, where they have been employed for 

example in luminescent recognition and sensing as well as sensitive and structure 

specific DNA probes. The combination of Ru (Il)-polypyridyl complexes, spatially 

separated from the surface of AuNps by a covalent spacer, were investigated as 

luminescent probes/imaging agents and photodynamic therapy agents w ith  the 

results discussed herein.

Biocompatibility and intracellular fate of these AuNp complexes were studied in 

the human cervical cancer cell line (HeLa] and the Mesothelioma cell lines 

[CRL5195 and ONE58). Cell viability tests showed that there was no significant 

difference between light and dark toxicity of the AuNp-Ru (II) complexes, however 

differences in toxicity were seen between the three different cell lines, w ith  the 

0NE58 Mesothelioma cell line being the most sensitive. Free compounds Re 75/77 

showed an increase in cytotoxicity upon light activation, suggesting potential as 

PDT agents. Further investigation into the mechanism of the observed cytotoxicity 

suggested apoptosis is induced upon treatment w ith both the free and AuNp 

bound complexes but the light-dependent cytotoxicity is mainly due to necrosis. 

Cellular uptake and localization studies were then carried out using confocal 

fluorescence microscopy and transmission electron microscopy (TEM). As 

anticipated both the free and the AuNp bound complexes undergo rapid cellular 

uptake and can be seen localized w ith in  the cytoplasm and near the nucleus after 

2hrs. This rapid uptake was further confirmed by fluorescence-activated cell 

sorting (FACS). Further investigation into the uptake mechanism confirmed the 

involvement of endocytosis.
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These results confirm the potential use of such Ru [11) polypyridyl functionalized 

AuNps as highly sensitive cellular imaging agents and free Ru (II) polypyridyl 

complexes as PDT or anti-cancer agents.

Antidepressants, amphetamines and other neuroactive compounds have been 

previously shown to have a range o f anti-inflammatoiy affects both in vitro and in 

vivo w ith  Toll-like receptors (TLRs) proposed as the speculated targets. It has 

previously been discovered that recognition of LPS by TLR-4 during an acute 

infection plays a key role in the pathogenesis of sepsis, thus making TLRs an 

attractive target for therapy. Neuroactive compounds have also been shown to 

possess anticancer activity in several cancerous cells lines in vitro. In this study a 

number of novel amphetamine analogues namely a range of 1, 3-bis (aryl)-2-nitro- 

1-propenes were tested for TLR inhibition and anti-cancer potential.

A number of 1, 3-bis [aryl)-2-nitro-l-propenes displayed potent TLR inhibition in 

the low micromolar range. Of these compound 12 was the most potent inh ib itor 

and therefore chosen as the lead compound. Compound 12 did not display 

specificity but inhibited NFkB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) activation via TLRs 2, 3 and 4 in a dose dependent manner. 

Compound 12 also inhibited production of the pro-inflammatory cytokine TNF-a. 

A second generation of compounds were synthesised based on the lead compound 

12. Several of these second generation compounds also inhibited NFkB activation 

via TLRs in the micro m.olar range. The compounds also inhibited the production 

of the pro inflammatory cytokines TNF-a and RANTES. 107, a second generation 

compound, appeared to show specificity towards TLR-3 at lower concentrations. 

Similar to the Ru (11) complexes discussed above the second generation of 

compounds were also screened for cytotoxic effects in the two mesothelioma 

cancer cell lines. All compounds showed potent cytotoxic effects in both cell lines 

in the low micromolar concentration range. Compound 12 was found to be the 

most potent. Further investigation confirmed the induction of apoptosis in a time 

and concentration dependent manner in response to treatment.

These results suggest that neuroactive compounds such as amphetamines and 

their analogues show potential as anti-cancer agents as well as anti-inflammatory
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agents due the the ir  ability to inhibit both NFkB and pro-inflam m atory cytokine 

activation.

Taken together, results  from the studies of both Ru (II) polypyridyl and 

neuroactive com pounds help to increase our unders tand ing  of the  mechanism  of 

action of these compounds, furthering the ir  potential for biological and clinical 

applications
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Chapter 1: Introduction
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1.1 The Cell Cycle

The cell cycle of a eukaryotic cell refers to its life, beginning from the division of a 

parent cell until its own division into two identical daughter cells. Cell division 

[reproduction) is the basis of life and is also essential for growth and repair. The 

rate at which cells divide and the timing of cell division varies between certain cell 

types. For example skin cells are constantly dividing and replacing each other 

whereas once mature, nerve cells cease to divide. These differences in the rate of 

cell division are due to a very specific series of control mechanisms at a m.olecular 

level. It is generally a failure in cells to respond to these control mechanisms that 

can lead to cancer.

The cell is said to be in the interphase 90% of its lifetime. This prolonged period is 

when the cell can grow and prepare for cell division. The interphase can be 

subdivided into Gl, S and G2 phase. Both G1 and G2 are growth [or gap] phases 

and the S [Synthesis) phase refers to chromosome duplication and preparation for 

division. Once a cell has duplicated its DNA and synthesized all the necessary 

components to divide it enters the M [Mitotic) phase. The M phase can be further 

subdivided into mitosis and cytokenesis. Mitosis refers to the division of the 

original parent nucleus into two identical daughter nuclei whereas cytokenesis is 

the division of the parent cytoplasm and its components into two daughter cells

Figure 1-1. Phases of the Eukaryotic cell cycle. The cell cycle can be divided into 
the interphase and the mitotic [M] phase. The interphase is further subdivided

(Figure 1.1) [1].
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into two growth phases (G1 and G2) and S phase (DNA repHcation). The mitotic 
phase refers to the process of mitosis (cell division) [2].

These phases of the cell cycle are regulated by a series of checkpoints which are in 

turn regulated by both internal and external cellular controls. The G1 checkpoint 

or ‘restriction’ checkpoint is considered the most important as once the cell passes 

here it will continue to proceed through the phases and divide. However if for 

some reason the cell reaches this checkpoint and has not completed the relevant 

processes needed to proceed, it will enter a phase known as GO. When in GO cells 

do not grow or divide but go into hibernation like state e.g. non dividing mature 

nerve cells [3].

1.2 Apoptosis

Apoptosis or programmed cell death is responsible for the elimination of cells that 

could be potentially harmful due to mutations or alterations in control elements. 

This pathway leads to rapid cell death, which is controlled by proteolytic enzymes 

known as caspases. Apoptosis is easily recognised due to its distinct 

morphological characteristics [4]such as cell shrinkage, chromatin condensation, a 

collapsed cytoskeleton and the formation of membrane-enclosed apoptotic bodies, 

which then become engulfed by macrophages in vivo.

Apoptosis is an energy-dependent cascade of molecular events. There are two 

main pathways, the extrinsic and intrinsic. These pathways are capable of 

influencing each other in order to amplify the death signal. They are both linked 

via the execution pathway, which is the cleavage of effector caspases leading to the 

cleavage of death substrates.
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1.2.1 The Intrinsic Pathway

The intrinsic (or mitochondrial] pathway of apoptosis is activated in response to 

non-receptor-mediated stimuli such as drug challenge, radiation, toxins or free 

radicals. These stimuli cause changes in the mitochondrial inner membrane 

leading to the opening of the mitochondrial permeability transition [MPT] pore 

and release of cytochrome C (cyt C] and Smac/DIABLO [5][Figure 1.2]. These 

proteins activate the caspase-dependent mitochondrial pathway. Upon release, cyt 

C interacts with dATP [2-deoxyadenosine 5-triphosphate] and apoptotic protease 

activating factor [APAFl] forming a complex known as an ‘apoptosome’ which 

recruits procaspase-9 [6]. The clustering of pro-caspase-9 in this manner leads to 

caspase-9 activation. Smac/DIABLO promotes apoptosis by blocking inhibitor of 

apoptosis protein [lAP] activity.

A second group of pro-apoptotic proteins, AIF, endonuclease G and CAD, are 

released from the mitochondria during apoptosis, after the cell has committed to 

die. AIF causes DNA fragmentation in the nucleus and condensation of chromatin

[7]. Endonuclease G cleaves nuclear chromatin to produce oligonucleosomal DNA

[8], CAD becomes cleaved by caspase-3, which leads to DNA fragmentation and 

chromatin condensation. AIF and endonuclease G both function in a caspase- 

independent manner.

The control and regulation of these apoptotic mitochondrial events occur through 

members of the Bcl-2 family of proteins [9], The Bcl-2 family of proteins governs 

mitochondrial membrane permeability and these proteins can be either pro- 

apoptotic or anti-apoptotic. Some anti-apoptotic proteins include Bcl-2, Bcl-XL and 

Bcl-x while some pro-apoptotic proteins include Bax, Bid and Bad. The main 

function of the Bcl-2 family of proteins is the regulation of cyt C release by 

alteration of mitochondrial membrane permeability.

Bcl-2 and Bcl-XL inhibit the release of cyt C from the mitochondria, however Bad 

can bind these proteins and neutralize their protective effect.
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1.2.2 The Extrinsic Pathway

The extrinsic [or receptor mediated) pathway of apoptosis involves a series of 

trans-membrane receptor-mediated interactions. These death receptors and their 

ligands are members of the Tumour Necrosis Factor (TNF) family. These receptors 

contain a cysteine-rich extracellular domain and a cytoplasmic "death domain". 

This "death domain" is responsible for transmitting the death signal from the 

surface of the cell to the extrinsic pathway. Apoptosis inducing ligands (FasL, 

TRAIL, TNF) bind to the death receptors (TNFRl, FasR, DR4/5) leading to 

clustering of the receptors. This clustering of receptors recruits FADD (FAS 

associated death domain) (Figure 1.2) and the death-inducing signalling complex 

(DISC) is formed. Procaspase 8 interacts with DISC and becomes activated by 

proteolytic cleavage. Caspase 8 goes on to activate caspase 3 leading to a 

proteolytic cascade resulting in cell death.

1.2.3 Caspases

Caspases are a family of aspartate-specific cysteine proteases involved in the 

apoptotic pathway. Caspases are found within the cell as inactive zymogens 

known as pro-caspases [10]. These zymogens consist of a prodomain and a small 

and large subunit. The subunits contain the catalytic domain and substrate 

recognition domain. Pro-caspases can become activated by proteolytic cleavage, 

which leads to the separation of the large and small subunits and then the 

assembly of a new homotetrameric structure containing two small and two large 

domains. Caspases are divided into upstream initiator caspases and downstream 

effector caspases. Initiator caspases become activated due to either dimerization 

or proximity-induced activation. Once activated, initiator caspases (caspase-2, 8, 9 

and 10) activate the effector caspases (caspase-3, 6 and 7), which go on to degrade 

a wide variety of structural and regulatory proteins resulting in the morphological 

characteristics of apoptosis (Figure 1.2) [11]. A well-known target of this protease 

activity is the PARP enzyme (poly [ADP-ribose] polymerase), whose degradation is 

not essential, but is a useful diagnostic marker of apoptosis [12].
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1.3 Necrosis

Necrosis, in contrast to apoptosis, is not a clearly defined signalling pathvay. 

Necrosis is often referred to as ‘accidental’ cell death induced by either physical 

(e.g. force) or chemical damage (e.g. heat, cold or stress) to a cell [14]. Kecro:is is 

fast and has morphological features of plasma m embrane rupture, cef sweling 

and intracellular organelle damage all leading to the release of the entire confents 

of the cell into the extracellular matrix which can then induce inflamm;tion 

(Figure 1.3)[14]. A proposed theory called 'secondary necrosis’ suggests that if 

late apoptotic cells are not phagocytosed by immune cells, for example in cell 

culture, these cells may begin to show necrotic features [15].

In the literature Zong and Thompson have reported that there are no/v several 

findings that conclude necrosis can be a regulated cell death pathway, vene 

products activated during necrosis have been shown to not only increase anost 

response by being secreted into the extracellular matrix but also have the alility 

to irreversibly damage the cell’s bioenergetics resulting in cell death [15]. Aswell 

as having distinct morphological features, several molecular events have leen 

identified to coincide with necrosis. Reports of an increase in reactive ox'gen 

species (ROS) production via the mitochondria, an increase in non-apop:otic 

proteases within a cell and an increase in calcium uptake suggest a cdl is 

undergoing necrosis ([15]).

Necroptosis and pyroptosis are two forms of programmed necrosis reportfd in 

the literature. Pyroptosis is a regulated form of cell death mediated by ;a sp se - l  

and results in the activation of pro-inflammatory cytokines [16]whereas 

necroptosis is mediated by receptor-interacting protein kinase 3 ard  is also 

involved in inflammation [17],
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1.4 Innate Immunity

Innate im m unity  is a prim ordial form of host defence against infection and is 

considered to act as a sentinel for the im m une system [18]. Inflammation is 

induced in response  to microbial infection via activation of Toll-like receptor 

(TLR) signalling pathways. TLR4 was the first recep tor  to be identified as an 

orthologue o f Drosophila Toll [19]. Similarities w ere  found w hen  cytokine-induced 

activation of nuclear factor kB (NF-kB) in m am m als and activation of the 

m orphogen  dorsal in Drosophila em bryos show ed striking structura l ar.d 

functional similarities.

TLR signalling is activated by the binding of pathogen-associated  molecular 

pa t te rn s  [PAMPs) which include bacterial cell wall components 

(lipopolysaccharides (LPS)), bacterial flagellins and viruses double s tranded  RNAs 

[20]. TLRs are  t ran sm em b ran e  receptors  characterised  by an extracellular 

leucine-rich rep ea t  binding dom ain and an intracellular Toll/lL-1 recep to r  (TIR) 

signalling domain. Ten TLRs have been identified to date  in humans. Figure 14 

shows th a t  TLR expression and ligand specificity varies. TLR ligands can be 

g rouped  into th ree  general categories; nucleic acids, p ro te ins  and lipid based 

elem ents[21]. TLR4 recognises the gram-negative cell wall com ponent LFS. 

Com ponents from gram-positive bacteria such as lipoteichoic acid are recognised 

by TLR2 or TLR2 can form a he trod im er with TLRl to recognise triacylated 

lipopeptides and  TLR6 to recognise diacylated lipopeptides [22]. Bacterial flagell n 

b inds and  activates TLRS. TLRs 3 / 7 / 9 / S  are  expressed  in the endosom es jf  

im m une cells. TLR9 binds CpG motifs on both bacterial and  viral DNA and TLRS is 

activated by double s tranded  viral RNA. Finally both  TLRS and  TLR7 recognise 

s ingle-stranded viral RNA.
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Upon activation of the receptor by ligand binding, an intracellular coTiplex is 

formed between the receptor’s signalling TIR domain and downstream adaptor 

proteins containing TIR domains [24], One of the first adaptors to be discovered 

was MyD88 (Myeloid differentiation primary response protein 88' /vho'e 

pathway is common to most TLRs [25]. However TLR3 uses only TRIF (T’R 

domain-containing adapter inducing interferon-P) for signalling (MyD^8 

independent) while TLR4 can act via both pathways [26]. MyD88 associates wi:h 

the TIR domain via MAL (MyD88-adapter like protein) leading to the rec"uitmeit 

of IRAK-4 (IL-lR-associated kinase 4) which allows association of IRAKI ard 

IRAK2. Phosphorylated IRAKI becomes activated resulting in recruitment )f 

TRAF6 (tum our necrosis factor receptor associated factor 6) to the re:eptor 

complex. IRAKI and TRAF6 then dissociate to form a complex with TAH 

(transforming growth factor-p-activated kinase), TAB2 (TAKl- binding proteii) 

and TABS [26]. Through phosphorylation and ubiquitination, this coTiplex is 

translocated from the receptor TIR domain to the cytosol where it activates tie 

IKK complex (inhibitor of nuclear factor-KB (iKB)-kinase complex), which is mace 

up of IKK-a, IKK'P and IKK-y. The IKK complex then phosphorylates IkB causiig 

its ubiquitylation and subsequent degradation, allowing NF-kB to move to tie 

nucleus and induce the expression of inflammatory genes [26].

TNF-a and lL-1 are the inflammatory cytokines released upon activation of NFfB 

via TLR4 signalling which in turn activates a second level of inflamnatoy 

cascades [27] which leads to the migration of inflammatory cells into the t ssuts. 

These pro-inflammatory cytokines also induce the release of neutrophils fron 

bone m arrow  into blood and increase vascular permeability to allow rec:u;tmeit 

of leukocytes to the site of infection. This increase in blood flow and cell lumbe’s 

is responsible for the heat, redness and other "flu-like" symptoms associated wi h 

inflammation [28]. Once they arrive at the site of infection neutrophils ard 

macrophages engulf and destroy any micro-organisms or damaged cells. Ths 

process is referred to as phagocytosis [29]. TNF-a aids blood clotting which 

prevents the infection from spreading and begins the repair process [30].
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Minor injury stimulates a localised inflammatory response as described above. 

However upon severe infection or in the case of severe tissue damage the immune 

system may mount a systemic inflammatory response. A systemic response will 

generally initiate a fever which can facilitate phagocytosis and inhibit the growth 

of many microorganisms. However an over-active systemic response may lead to 

sepsis and even septic shock.

l.S Sepsis

Sepsis is defined as a systemic inflammatory response due to infection which can 

progress to organ failure, hypotension or mortality [31], Around 750,000 cases of 

sepsis are treated in the US annually, half of which are admitted to intensive care 

units resulting in hospital costs of several billion dollars [32]. The most common 

causes of sepsis are intra-abdominal or respiratory infections caused by 

microorganisms such as bacteria, viruses or fungi [33]. In sepsis these infections 

lead to an over-activation of immune cells which results in an increased 

expression of pro-inflammatory cytokines such as TNFa, lL-18, lL-1 and lL-12. 

This over expression of cytokines causes systemic inflammation, multiple 

organ/tissue damage leading to septic shock and in some cases mortality [27]. 

This reaction is referred to as SIRS or systemic inflammatory response syndrome. 

At present there are no therapeutics which specifically control or trea t sepsis. 

Researchers are currently focusing on the immune mechanisms activated in sepsis 

to develop therapies to reduce the num ber of deaths associated with the disease.

Sepsis develops when the patients' initial immune response to PAMPs such as LPS 

be:ome deregulated and amplified as shown in Figure 1.5. PAMPs stimulate 

various immune cells to release inflammatory cytokines which in turn activates 

more cytokines as well as lipid mediators and oxygen radicals. PAMPs may also 

induce expression of tissue factor [TF) by endothelial cells causing a 

prDcoagulation effect leading to coagulation disorders. Coagulation disorders are 

known to lead to impaired tissue oxygenation and cellular damage which 

contribute to organ failure. Organ failure is a result of several factors and 

signalling cascades which are not all fully understood [27].
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the pathogenesis of sepsis and multiple organ failure [27].
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While TLRs are central to the body’s immune system in fighting non-self-entities, 

TLRs have been reported to play substantial roles in inflammatory and immune 

diseases. In order to identify the role of TLR signalling during sepsis, humans 

containing polymorphisms in TLR genes have been analysed and several 

polymorphisms identified within the extracellular ligand recognition domain of 

TLR4 [34]. One example is the D229G mutation which has been proven to cause a 

decrease in LPS induced inflammation of airways by a known TLR4 ligand, 

syncytical respiratory virus [35]. Studies in C3H/HeJ mice which contain 

mutations in the TIR domain of TLR4 genes have been shown to be resistant to 

sepsis development implicating TLR4 playing a key role in the onset of sepsis [36]. 

Using TLR4 deficient mice which were generated by homologous recombination 

the above results could be confirmed [37]. Resistance to septic shock can also be 

shown in mice where adaptor proteins such as TIRAP/Mal, TRIF or MyD88 have 

been knocked out [38-40]. Feterowski et al, suggested that depletion of MyD88 

could possibly reduce inflammatory injury and prevent the effects of 

polymicrobial sepsis in mice [41]. Thus TLR signalling via MyD88 and TRIF is 

essential for activation of tissue damaging hyper-inflammatory response during 

sepsis [42], MD-2 is a cell-surface molecule essential for TLR-4 signalling and 

translocation from the golgi to the plasma membrane. Mice deficient in MD-2 are 

resistant to sepsis and do not respond to LPS [43]. Increased expression of TNFa 

has been shown to correlate with cardiovascular collapse and is an important 

mediator of SIRS and multi-organ dysfunction syndrome [44].

1.6 Targeting TLRs for Therapy

There have been many advances in the understanding of the pathways and 

molecules involved in the pathogenesis of sepsis. Current approaches to the 

treatm ent of sepsis have not worked effectively and the development of new 

therapies has not been very successful. Many new emerging therapies are focused 

on modulation of the innate immune response during sepsis. Cationic 

antimicrobial peptides have the ability to neutralize LPS, for example LL-37 binds 

to CD-14 stopping development of sepsis and BPl can prevent the expression of
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pro inflammatory cytokines [45, 46]. Attempts have been made to inhibit TLR4 

and its signalhng pathway due to its ability to recognise LPS and contribute to the 

induction of sepsis. One example is Eritoran, a TLR4 antagonist, shown to have an 

effect in sepsis patients which is now in phase 2 of clinical trials [47]. Van der Poll 

etal ,  proposed that inhibition of both IRAKI and 1RAK4 kinases through silencing 

by siRNA may block proinflammatory cytokine production [48], showing 

IRAK1/1RAK4 inhibitors to possibly be successful in the treatment of sepsis. Methe 

et al, [49] have shown that statins have the ability to reduce downstream 

signalling involved in sepsis by decreasing TLR4 surface expression. Statins have 

also been shown to prevent the release of inflammatory cytokines suggesting they 

have the ability to reduce tissue damage during sepsis. Oligonucleuotides which 

target NFkB were tested and resulted in an improved outcome in sepsis mice 

models[50].

Despite the recent advances in understanding the pathogenesis and underlying 

causes of sepsis it is still an un-controllable disease which leads to mortality in 

intensive care units all over the world and costs health systems billions in 

intermediate care. Numerous efforts are being made to target various components 

of the innate immune system, especially TLR4 and its signalling cascade. Aimfully 

these innate immune system modulatory compounds will work well in clinical 

trials and will someday be available as novel therapeutics for sepsis treatment

1.7 Endocytosis

Endocytosis can be simply described as the method by which particles are actively 

taken up by cells. Particles are surrounded by the plasma membrane which then 

fuses to form a membrane bound vesicle, referred to as an endosome, which 

becomes separated from the plasma membrane and moves inside the cell. Once 

cleaved from the membrane the endosome is free to move within the cell and 

transport the particles to a second vesicle structure which sorts the particles and 

delivers them to different intracellular compartments or sends then back towards

32



the plasma membrane to be removed from the cell, a separate process referred to 

exocytosis[51].

Endocytosis can be subdivided into two categories; phagocytosis and pinocytosis. 

Phagocytosis is the uptake mechanism responsible for the uptake of large particles 

and therefore is mainly used by macrophages and other phagocytes for the 

ingestion of opsonized particles from the blood stream [51]. Pinocytosis in 

contrast is the uptake of smaller molecules such as fluids and solutes and is the 

mechanism preferred by the majority of cell types. Pinocytosis can be further 

subdivided into clathrin dependent and clathrin independent endocytosis.
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Figure 1.6 Phagocytic and Pinocytotic Endocytosis pathways. Diagram 
outlines the pathways involved in the various mechanisms of endocytosis.
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Clathrin-dependent endocytosis is the classical route of cellular uptake and is 

responsible for the uptake of essential nutrients by cells. It is often referred to as 

receptor m ediated endocytosis as it is initiated by the binding of nutrients to 

membrane receptors which are located within a clathrin coated pit. Upon receptor 

binding the pit forms a vesicle and is cleaved from the plasma membrane by 

Dynamin, a GTPase. The vesicle then sheds its clathrin coat and fuses with early 

endosom es w here the nutrients are sorted and passed on to the lysosome, Golgi 

apparatus or exocytosed [52].

Caveolae-m ediated endocytosis is an example of clathrin independent 

endocytosis. Unlike clathrin mediated endocytosis caveolae-m ediated endocytosis 

does not require receptors instead the particle binds directly to the caveolae 

surface. Caveolae are similar to lipid rafts, they have a flask like structure and are 

found at the plasma membrane[53]. As for clathrin-mediated endocytosis 

dynamin is also involved in the cleaving of caveolae vesicles from the plasma 

membrane. The vesicles then fuse with structures within the cell called 

caveosom es which contain a neutral pH. An advantage of caveolae med;ated 

uptake for particles is that it usually allows them to bypass the lysosom es[54].

Lastly m acropinocytosis is both a clathrin and caveolae independent uptake 

mechanism. In general growth factors bind receptors on the plasma membrane 

and induce a signalling cascade which results in ruffling of the plasma membrane. 

This ruffling allows the membrane to extend and surround particles and form a 

vacuole, not an endosom e, w ithout the need for cleavage by dynamin [55]. This is 

a non-specific uptake mechanism and for exam ple can be activated by either 

apoptotic bodies or necrotic cells which are morphologically very different [51].

1.8 Cancer

Cancer is one of the m ost lethal diseases in the world. It is a disease in whi:h 

transformed cells proliferate continuously and develop the ability to evade ceath 

due to mutations within their DNA. As parent cells divide into daughter cells they
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pass on any mutations within the DNA leading to increasing numbers of cells 

which are proliferating continuously. Eventually these cells accumulate and form a 

large cell mass referred to as a tumour. Many tumour cells also obtain the ability 

to migrate into nearby organs or tissues and form new areas of growth. There are 

6 known hallmarks of cancer which are involved in the transformation of a normal 

cell into a tumour cell. These hallmarks involve evading growth suppressors, 

enabling; replicative immortality, inducing angiogenesis, an inflammatory 

microenvironment, resisting cell death, activating invasion and metastasis and 

sustaining proliferative signalling [Figure 1.7) [56, 57].
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Figure 1.7. Diagram showing the seven hallmarks of a cancerous cell. There 
are seven hallmarks associated with the transformation of a cell into a cancer cell. 
These are the ability to evade apoptosis, self-sufficiency in growth signals, 
insensitivity to anti-growth signals, an Inflammatory microenvironment sustained 
angiogenesis, tissue invasion and limitless replicative potential [57, 58].
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Depending on the cell type involved, cancer can be grouped into several different 

categories. The most common forms of cancer involve epithelial cells and are 

referred to as carcinomas, for example colon, breast and lung cancer. Sarcomas are 

cancers within fat, muscles or bone whereas leukaemias describe cancer in the 

bloodstream.

Cancer is the leading cause of death in developed countries and the second highest 

cause in developing countries. The incidence rate for cancer in Ireland is estimated 

to rise by on average 3% each year leading to a total increase of 90% between 

2002 and 2020 [59], The National Cancer Registry Ireland has predicted an 

increase from 17-18,000 new cases in 2015 to 20-21,000 new cases in 2020. For 

males the most common diagnosed cancers are liver, prostate, kidney and testis, 

whereas in women the most common are breast, lung, liver and kidney [59]. 

Cancer treatm ent can vary depending on the categories and aggressiveness of the 

tumours. Current treatm ent of cancer is limited to chemotherapy, radiotherapy, 

surgery or a combination of two or more of the previous.

Chemotherapy is the treatm ent of cancer with drugs in the aim of halting cell 

growth or inducing cell death. Many chemotherapeutic drugs target DNA for 

damage as transformed cells generally have insufficient DNA repair pathways and 

hence upon damage the cells can no longer replicate and die. However, as 

chemotherapy is systemic and administered intra-venous (i.v) it reaches all sites 

within the body and can cause severe side effects and toxicity. Common side 

effects of chemotherapy include nausea and vomiting, gastrointestinal damage, 

alopecia and cardiac ischemia [60]. Cisplatin is the most commonly prescribed 

anticancer agent however it has many of the side effects mentioned previously and 

several cancers have begun to develop resistance towards it. Chemotherapy 

resistance occurs when a tum our ceases to respond to treatment. Many factors 

may be responsible for resistance such as genetic changes within the tumour, 

changes within a tumours micro environment or reduction in drug activation or 

uptake [60]. Therefore new drugs are continuously being screened and entering 

clinical trials for their potential as anti-cancer therapeutics. Many of these new
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drugs are metal-based anticancer agents like cisplatin but with less associated 

toxicity.

Up to 50% of cancer patients are said to receive radiotherapy at one point during 

anticancer therapy [61]. Radiotherapy involves the treatm ent of tumours with 

gamma rays which once absorbed by tissues can induce ionized atoms and free 

radicals leading to DNA damage. Radiotherapy is generally delivered as low doses 

which are repeated several times throughout course of treatm ent in order to 

a ttem pt to minimize normal tissue damage as it can be lethal [61]. It can also have 

latent side effects such as tertogenicity (birth defects), mutagenecity and 

carcinogenicity. Radiotherapy can be palliative, which is treatm ent to relieve any 

symptoms associated with the cancer or the treatm ent can be radical, which aims 

to control tum our growth by reducing the num ber of cancerous cells [61]. Hence 

radiotherapy is not only important to prolong survival in patients but it is also 

im portant to improve patients suffering and quality of life.

Surgery plays an important role in the treatm ent of cancer as it is often effective as 

a curative therapy. It has become popular to administer surgery as well as either 

chemotherapy or radiotherapy as these adjuvant treatments can generally reduce 

the scale of the surgical procedure required. There are many different surgical 

procedures used to not only a ttem pt to treat cancer but also to aid diagnosis, help 

determine the staging of the cancer, downsize tumours causing obstruction and as 

a palliative treatm ent to aid pain relief [62].

1.9 Malignant Pleural Mesothelioma (MPM)

MPM is an aggressive, highly resistant tum our with a poor prognosis. It is found in 

the pleural lining of the lungs (Figure 1.8) with 80% of cases due to prolonged 

exposure to asbestos fibres. MPM was once a rare cancer however due to a 

widespread exposure to asbestos in the past the number of cases has begun to rise 

[63]. Although asbestos is now banned in the developed world, its use is not yet 

prohibited in developing countries or in certain areas of Asia. Also, due to the 

latency of disease onset, (20-50 years after exposure) the incidence of this disease 

is rising and has not yet reached its peak. Symptoms of MPM can include chest

37



pain and shortness of breath due to a build-up of liquid between the lungs and 

chest walls know as pleural effusion [64]. To confirm diagnosis of MPM both a 

biopsy and immunohistochemical studies are extremely important. Patients 

generally present with late stage tumours and have a median survival time of 12 

months.

Pleural Mesothelioma

H e a l th y  L u n g  D is e a s e d  L u n g

L u n gL u n g

Fig 1.8. Diagrammatic representation of Malignant Pleural Mesothelioma 
tumour [65]. Pleural Mesothelioma specifically develops in the pleural lining of 
the lungs in response to asbestos fibre exposure.

Upon inhalation, asbestos fibres puncture mesothelial cells of the lungs' pleural 

lining. The fibres are thought to induce DNA damage, the production of ROS and 

an inflammatory environment within the cell [66]. The asbestos fibers are too 

large to be taken up by the cells via phagocytosis therefore frustrated 

phagocytosis occurs [67]. Frustrated phagocytosis can lead to the release of pro- 

inflammatory cytokines such as TNF-a into the surrounding environment [68]. An 

induction of NFkB (a transcription factor) signalling by TNF-a perpetuates cell 

proliferation [69]. After successive DNA repair and pro-inflammatory signalling, 

the mesothelial cell is transformed into a malignant tumour cell.

MPM is a highly resistant tumour disease with little response to radiotherapy or 

surgery in most patients. The current first line treatment is cisplatin in 

combination with the anti-folate pemetrexed. This combination has been shown to 

significantly improve patient survival in comparison to treatment with cisplatin
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alone [64], A 2.8 month increase in median survival of patients vi âs observed 

(from 9.2-12 months). There is no evidence as of yet which suggests surgery may 

be of benefit in the treatm ent of MPM. Radiotherapy alone does not affect the 

median survival of patients however it is used as a method to relieve any pain a 

patient may be experiencing due to the tumour [63], Possibilities for future 

therapies include inhibitors of angiogenesis [the growth of new blood vessels), 

proteosome [protein degradation complex) inhibitors and molecules which can 

re-induce apoptosis in tumours.

1.10 InflammatiGn and Cancer

Inflammation is an important feature of the development of disease. As discussed 

in Section 1.5 of this thesis Chapter, Sepsis is an untreatable fatal disease due to 

systemic inflammation. Inflammation has also been shown to play a role in the 

pathogenesis of MPM with the induction of the pro-inflammatory cytokine TNf-a 

in response to asbestos fibres, as discussed in Section 1.9 of this Chapter. 

Inflammatory responses have been shown to be involved in many stages of 

tum our development including initiation right through to metastases as well as 

also having the ability to affect the outcome of several current cancer therapeutics 

[70].

In general it is accepted that chronic inflammation can be associated with 

increased cancer risk whereas acute inflammation can be beneficial in cancer 

trea tm ent [70]. When tumours outgrow their blood supply they become starved of 

oxygen and nutrients which can induce necrosis within the tum our and lead to the 

release of pro-inflammatory molecules [71]. The inflammation recruits immune 

cells which supply the tumour cells with growth factors and can aid the 

production of a new blood supply [72]. An inflammatory response within a 

tum our can also be induced by necrosis in response to chemo- or radio-therapy. 

This can aid tumour growth as before but it has also been shown to have the 

ability to improve antigen presentation and hence illicit an anti-tumour immune 

response [73].
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The tum our microenvironment is known to contain immune cells with tumour 

associated macrophages [TAMs) being the most popular. An increase in the TAMs 

present in the tum our microenvironment can be associated with a poor prognosis 

[74]this is likely due to the fact TAMs promote tum our growth and are thought to 

be involved in angiogenesis as well as metastasis [75].

The discoveries discussed above have generated an interest in the development of 

anti-inflammatory drugs for both cancer therapy and possibly prevention. There 

are several different strategies to target inflammation, one is to try and inhibit the 

molecules activated by inflammatory cytokines which are responsible for tumour 

growth and survival. The development of therapies which induce apoptosis, a 

non-inflammatory form of cell death, instead of necrosis and therefore prevent 

therapy associated inflammation may also be beneficial. Another approach is the 

selective of inhibition of cytokines responsible for the recruitment of immune cells 

or tumour-promoting cytokines [76].

1.11 Photodynamic Therapy (PDT)

Photodynamic therapy is the administration of a photosensitiser [PS) which is 

excited by low energy light penetrating tissue resulting in the production of ROS 

which can induce apoptotic/necrotic cell death (Figure 1.9). The PS localises to a 

specific tum our or tissue and upon activation is promoted from its ground state to 

the first excited singlet state from which point a chain of further electronic 

transitions can occur [77]. The key ROS produced is generally singlet oxygen 

making PDT highly selective due to the localised effect produced. ROS are 

generally produced in the mitochondrial inner membrane and an increase in ROS 

production can induce oxidative stress, damage to intracellular structures and 

finally necrosis[4], PS may locate to the mitochondria or endoplasmic reticulum 

and induce apoptosis while others which localise to the cytoplasm, plasma 

mem brane or lysosomes are thought to cause necrosis [77, 78]. In most cases the 

nucleus and nuclear m embrane are not damaged and it is the damage to the 

intracellular organelles listed above which is responsible for cell death via
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apoptosis, necrosis, autophagy or a combination of all. As well as PS localization, 

other factors such as PS concentration, oxygen concentration, wavelength and 

intensity of light and the cell type can all influence the mechanism of cell death 

induced [14].

PDT Scheme

PDT effect kills cells 
Light activated PS dnig 
makes siiiglet oxygen 
from molecular oxygen

Laser light source 
Directed at target tissue

PDT effect kills cells

Figure 1.9. Schematic representation of Photodynamic Therapy. A
photosensitiser is activated by a targeted light source leading to the formation of 
singlet oxygen/ROS which selectively kills surrounding cells. Right: 
Representation of how PDT can be used clinically to specifically target tumour 
mass whilst having little or few side effects elsewhere in the body [79].

PDT has many advantages which make it an attractive anti-cancer therapy; it is 

cost effective, highly localised, can be an outpatient therapy and allows a 

repetition of treatment without associated cumulative toxicity [78]. PDT has the 

potential to be a localised and selective form of cancer therapy [80]. PDT agents 

for clinical application are also targeted towards vasculature, killing the blood 

supply which can result in long term cures compared to individual targeting [77].
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As well as inducing various cell death mechanisms and vasculature damage, PDT 

agents generally also induce an acute inflammatory response by activating the 

release of cytokines which also leads to an invasion of immune cells Vv'hich further 

aid tumour destruction in response to PDT [14]. Similar to cell death induction in 

response to PDT the degree of inflammation induced is dependent on several 

factors such as PS localization, composition and concentration, both the light 

source and intensity, levels of ROS produced and the cell type [81].

Ideal PSs have high purity, are only cytotoxic in the presence of light, have an 

activation of about 600-850nm, cost availability and selectivity [77], Photofrin was 

one of the first and most common PDT agents; however it is not an ideal 

photosensitizer as it is an undefined mixture of dimeric and oligomeric 

compounds derived from the acid treatment of haematoporphyrin. It is referred to 

as the gold standard in PDT, it has an absorption maximum of 630nm and a low 

molar extinction coefficient meaning high concentrations of both photofrin and 

light are required for tumour eradication. It is administered intra-venously as it 

has poor tissue penetration [77]. A study in HT29 colon cancer cells by Hajri e ta i ,  

showed the uptake of Photofrin was time dependent and induced cytotoxicity 

which was both light and dose dependent. Photofrin was also shown to induce 

PARP and DNA cleavage in the HT29 cells but only upon light activation, not in the 

dark [82]. These results lead to the conclusion that Photofrin induced apoptosis in 

the HT29 cell line in vitro. Gallagher et al, presented evidence for a non-porphryin 

photosensitiser for PDT. They showed compound ADPMOl to be taken up rapidly 

by HeLa cells, induce dose and light dependent cytotoxicity and induce apoptosis 

upon light activation similar to results discussed above for Photofrin [80].
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1.12 Biological Imaging agents

Imaging has becom e an indispensable tool in cancer research, clinical trials and 

medicinal practise. Advances in both the imaging technologies available for in vivo 

imaging com bined vv̂ ith the progress  in the chem istry  involved in the synthesis  of 

new  imaging probes  is leading to an increase in the developm ent of novel 

medicinal imaging agents [83]. With the developm ent of new  alternative probes  

anatom ic imaging will continue to be used for detection and analysis of tum ours  as 

well as to aid the confirmation of tum our response  to t rea tm e n t [84].

Currently it is possible to observe the location of cancerous cells w ith in  a pa tien t 

using imaging molecules bu t w ith  time the aim is to be able to follow the 

expression and  activity of molecules involved in tum our developm ent, function 

and  also tum our resistance to cu rren t therapeutics  [85]. In 1942 the in travenous 

adm in is tra tion  of porphyrins allowed the imaging of tum ours  using red 

fluorescence [85] and  ever since there  has been a key in teres t in the developm ent 

of novel fluorescent probes for diagnostic imaging. Currently the re  are  two 

fluorescent molecules th a t  have been  approved  for medical use by the US food and 

drug adm inistration, Indocyanine green and  fluorescein [83]. There are  several 

requ irem en ts  which are  optimal for potential fluorescent biological imaging 

agents which are  discussed herein [83].

F luorescent molecules require  excitation in o rd e r  to em it fluorescence. The 

excitation and  emission wavelengths have certain requ irem en ts  for in vivo 

imaging. The excitation wavelength need to be up near  the  infrared range 

(>600nm ) as w avelengths dow n in the lover UV range can dam age tissues. The 

em ission wavelength is also im portan t and it determ ines  how  far the fluorescence 

can travel or how  well it can be seen in vivo. For example molecules which have 

blue o r  green fluorescence are  only suitable for surface imaging w hereas  deep red 

em ission (>650nm) is capable of penetra ting  through tissue allowing d eeper  

imaging in vivo. The brightness or intensity  of the  fluorescence re leased  can also 

affect the  tissue depth  tha t can be imaged. The m ore fluorescence em itted  also 

allows for less excitation light to be used. Lastly the stability of the molecules in
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vivo will often be different to that in vitro and therefore need to be considered and 

investigated[83].

1.13 Ruthenium (II) Polypyridyl Complexes

Ruthenium [Ru) is a rare transition metal belonging to the platinum group of the 

periodic table of elements. Ruthenium (II) polypyridyl complexes have many 

varied applications from anti-cancer therapeutics to spectroscopic probes due to 

unique photophysical and electrochemical properties [86]. Generally these 

complexes have a positive charge allowing them to bind to the negative phosphate 

backbone of DNA via electrostatic interactions. The complexes may bind to DNA 

grooves or intercalate depending on the ligands attached to the Ru centre [87]. By 

binding to DNA the complexes are proposed to prevent DNA replication within 

cancer cells and induce cell death [88]. Ru (11) complexes have also been proposed 

as alternative anti-cancer agents as they can display similar ligand exchange 

kinetics to those of Platinum while displaying relatively low cytotoxicity [89]. The 

uptake of ruthenium into cells could be due to receptor mediated endocytosis as 

well as protein mediated transport. Ruthenium complexes not only bind to DNA 

but have also been shown to localise within alternative cellular organelles. 

Ruthenium complexes are considered relatively photostable and hence are 

attractive as PDT photosensitizing agents as well as biological imaging agents.

Mononuclear Ru(ll) complexes have been previously shown to fluoresce upon 

excitation due to their metal-to-ligand charge-transfer (MLCT) excited state [90]. 

This triplet MLCT excited state allows properties such as luminescence 

wavelength, quantum yield and lifetime to be altered by tuning the structure of 

complexes. Excitation into the singlet MLCT absorption band is followed by an 

intersystem crossing (ISC) to the lowest lying triplet MLCT excited state. The 

triplet MLCT state refers to three very close energy states and a fourth higher 

energy state. The observed fluorescent emission, in the region of 600nm, results 

from radiative deactivation of the triplet state (Figure 1.10) [91].
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Figure 1.10. Energy level diagram for the excited states of ruthenium. Upon 

excitation [Blue arrow] into MCLT singlet state, energy is transferred to MCLT 

triplet state via intersystem crossing [ISC). Upon deactivation of the triplet state to 

the ground state [GS) emission [red arrow) occurs in the wavelength region of 

600nm.

There are numerous studies within the literature which have investigated the 

potential of Ruthenium complexes as biological imaging, anti-cancer, PDT agents 

and also the potential as dual therapeutic agents combining two of the above. For 

example Rajendiran etal,  showed dicationic Ru (11) complexes are unable to enter 

live cells but upon the induction of cell death and disruption of the cell membrane 

the complex can enter the cell and stain the nuclei [92].In contrast a separate 

study by Srishailam etal,  showed mononuclear Ru (II) complexes to interact with 

DNA, induce dose-dependent cytotoxicity and activate apoptosis in HeLa cells. 

These results lead to the conclusion that the complexes possessed anti-tumour 

activity due to their ability to bind DNA and thereby induce apoptosis [93]. Lastly 

a Ruthenium (11) polypyridyl appended porphryin was confirmed to possess the 

potential to be both a tumour imaging and photodynamic agent. The complex 

displayed fluorescence upon cellular uptake, lysosomal localisation and potent 

cytotoxicity upon light activation [94],
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1.14 Gold Nanoparticles (AuNps)

Nanoparticles (NPs) offer great potential for diagnostic and therapeutic 

application in the biomedical field. The small size of NPs [<100nm) is 

advantageous for getting closer to physiological targets and their large surface 

area allows a variety of ligands to be attached. Gold is chemically inert and gold 

based compounds have a history in clinics as anti-inflammatory agents used for 

the treatment of rheumatoid arthritis. Gold NPs (AuNps) exhibit many favourable 

chemical and physical properties for use in biology and medicine. AuNps are 

stable structures which are generally water soluble and are easily synthesized 

[95]. AuNps are thought to be relatively non-cytotoxic as the bulk form of the 

metal is chemically inert [96]. Mirkin et ai, have suggested the use of AuNps as 

drug carriers, photo-responsive therapeutics, imaging agents and gene regulating 

agents [97]. Chithrani et al, have previously shown cellular localization of 

functionalized AuNps in living HeLa cells and proposed endocytosis as the method 

of uptake (Figure 1.11) [98].

Figure 1.11 TEM images showing internalization of AuNps within HeLa cells.
A) Graph of number of AuNps per vesicle diameter for various nanoparticles sizes. 
B-F) TEM images of AuNps with sizes of 14, 30, 50, 74 and lOOnm, respectively 
trapped inside vesicles of HeLa cell [98].
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An interesting emerging field referred to as cancer theragnostics focuses on using 

NPs as a way of simultaneously detecting early stages of cancer and delivery of 

anticancer agents. The enhanced permeation and retention (EPR) effect proposes 

that NPs will accumulate significantly in solid tumours, however NP size, charge 

and surface chemistry also have an effect on in vivo biodistribution [99]. Kim e ta i ,  

took chitosan-based nanoparticles [CNPs] and loaded them with a near infra-red 

fluorescent dye, Cy5.5, for imaging and an anticancer drug, paclitaxel (PTX), for 

cancer treatment. They were able to show successful accumulation of the PTX-NPs 

in tum our tissues, reduction of tum our size and reduction of the severe toxicity 

associated with PTX alone. The fluorescent Cy5.5 label allowed the in vivo 

biodistribution of the PTX-NPs to be monitored in mice, thus presenting 

theragnostics as a possible new' strategy in cancer therapy [99].

Although several studies involving AuNps with metal conjugates have been 

published it is still a relatively new idea and unexplored field. There is limited 

research so far on the application of transition-metal AuNps in the biomedical 

industry. Pope et ai, have synthesized AuNps which are w ater soluble and 

luminescent when functionalized with triplet MLCT emitting rhenium complexes. 

These complexes displayed favourable characteristics for biomedical applications 

including fluorescence microscopy and nanoelectronic devices [100].

The studies discussed above suggest great potential for the use of NPs 

functionalized with luminescent, anti-cancer compounds or both in the biomedical 

field as well as the new theragnostics field.

1.15 Luminescent Ru (II) polypyridyl functionalised gold nanoparticles

The Gunnlaugsson group envisaged the combination of Ru (Il)-polypyridyl 

complexes, spatially separated from the surface of AuNps by a covalent spacer, 

could be employed as luminescent imaging/therapeutic agents for various 

biological applications (Figure 1.12). Two different size AuNps were synthesized 

in order to investigate the effects of AuNp size on complex uptake and localization.
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The small AuNps were approx. 4nm and named sAuNp and the big AuNps were 

approx. 15nm and named bAuNp.

AuNP-69 AuNP-77AuNP-75

Fig.1.12 Diagram showing both Ruthenium polypyridyl chemical free and 
AuNp bound structures with bpy, phen and TAP ligands, circled [101].

Characterization of the complexes RE69-77 by the Gunnlaugsson group showed 

them all to be soluble in w ater and their photophysical properties were 

investigated in lOmM phosphate-buffered aqueous solutions at pH 7.4 (Appendix 

1.1]. The spectra showed characteristic MLCT transitions of the Ru (11] centre at 

450nm (RE69/75] and 415nm (RE77]. Excitation into these MLCT bands gave rise 

to MLCT based emission at 610nm, 605nm and 635nm, for RE69-77 respectively. 

Upon being bound to the AuNp surface the complexes were found to be stable in
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aqueous-buffered solution at pH 7.4 and excitation into the MCLT absorption 

bands resulted in emission at the same wavelengths as their equivalent free 

compounds. The near infrared luminescent emissions from the compounds in 

excited states, suggest potential of these compounds as cellular imaging agents.

The DNA binding affinities of the free and AuNp bound compounds in lOmM 

phosphate buffer at pH 7.4 using salmon testes DNA (st-DNA) were also 

investigated by the Gunnlaugsson group. Changes in the emission spectrum of 

both the free and the AuNp bound compounds upon addition of st-DNA confirmed 

the compounds bind to DNA [Appendix 1.2). To further confirm this, ethidium 

bromide [EtBr] displacement assays were performed and as anticipated the 

compounds successfully displaced EtBr (Appendix 1.3). The ability of the 

compounds to cleave DNA with and without light activation was also investigated. 

When incubated in the dark none of the free or bound compounds showed any 

DNA cleavage activity however upon illumination all free compounds showed 

significant DNA cleavage with RE77 showing the most effective cleavage (100% 

cleaved form). sAuNp bound RE77 showed some DNA cleavage however sAuNp 

bound RE69 and RE75 did not show any activity (Appendix 1.4). These results 

suggest the potential of some of these compounds to act as PDT agents.

1.16 Amphetamines

Amphetamines are a distinct class of compounds used medically since early in the 

twentieth century. Amphetamine (AMPH) was first synthesised in 1887 as 1- 

methyl-2-phenethylamine and was the first of a group of compounds referred to 

collectively as ‘amphetamines' due to their similar structures and biological 

properties [102]. AMPH is currently used for the treatm ent of juvenile ADHD and 

narcolepsy. Amphetamines act as substrates for the monoamine transporter 

resulting in reverse transport and inhibition of neurotransmitters leading to the 

production of euphoria, increased alertness and awareness and appetite 

suppression. However there are also many undesirable side effects such as 

paranoia, agitation, depression and increased heart rate.
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The structural features of the class of compounds referred to as amphetamines are 

an unsubstituted phenyl ring, an amine (primary or secondary) separated by a 

two-carbon chain and a-methyl group [103], A broad range of psychoactive 

derivatives of AMPH have been synthesised, for example MDMA [Ecstasy) and 

methamphetamine (METH). Due to their ability to induce a euphoric state and 

increase alertness amphetamines are a class of compounds which have become 

highly abused. In 1971 the sale and manufacture of AMPH and METH was classed 

as a Schedule 11 illegal substance by the United Nations Convention on 

Psychotropic Substances, which classifies them as "having an accepted medical use 

, but are tightly monitored due to potential for abuse that can lead to severe 

psychological and physiological dependence"[102]. MDMA was classified as a 

Schedule 1 controlled drug by the US drug enforcement administration in 1985 due 

to its popularity as a recreational drug of abuse [104].

NH2
A m phetam ine

H

CH

H

'C H , M e th a m p h e ta m in e

MDMA

Figure 1.13. Amphetamines. The chemical structures of amphetamine (AMPH), 
methamphetamine (METH) and MDMA (Ecstasy).

1.17 Tricyclic antidepressants

Tricyclic antidepressants (TCAs) are a group of potent compounds used in the 

treatment of depression and are named after their tricyclic structure. TCAs act by
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inhibiting the reuptake of the neurotransmitter norepinehrine leading to an 

increase in its levels at receptor sites and potentiation of transmitter action [105]. 

There are numerous side effects associated with TCAs such as fever, weight gain, 

daytime sedation, potential cardiac conduction impairment and orthostatic 

hypertension. Another major drawback of TCA use is that an overdose leads to 

death in many cases [106]. These and other toxic effects are a result of four main 

pharmacological properties: inhibition of norepinehrine reuptake, direct a 

adrenergic block, a membrane stabilising effect on myocardium and 

anticholinergic action [107].

Antidepressant drugs within the tricyclic drug group include: desipramine, 

imiprimine, amitriptyline and clomipramine [Figure 1.14]. Imiprimine is 

prescribed for the treatment of major depression and panic disorders, is said to 

have an analgesic effect and inhibits serotonin reuptake. Amitriptyline is used in 

the treatment of migraines as well as depression and is both a serotonin and 

norepinehrine reuptake inhibitor [108].

A m i t r v p t i l i n e I m i p r a m i n e

Figure 1.14 Tricyclic Antidepressants (TCAs). The chemical structures of the 
tricyclic antidepressants (TCAs) Amitriptyline and Imiprimine.

1.18 Antidepressants as alternative therapeutics

Hutchinson et al, carried out experiments which showed that both opioids and 

TCAs effected TLR signalling. In the case of TCAs they showed that imipramine 

caused moderate inhibition of TLR4 and amitriptyline caused strong inhibition of
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TLR4 [109]. The same group also showed that opioids such as morphine had the 

ability to activate TLR4 [110]. This evidence suggests that other small molecules 

which are already clinically relevant may also possess an unknown effect on TLR 

signalling. Hence the results discussed in this project explored w hether a group of 

amphetamine structural analogues have the ability to alter TLR signalling.

A previous study carried out within our research group showed the potential of 

novel 4-MTA analogues to act as chemotherapeutic agents in both breast cancer 

and Burkitt's lymphoma cell lines [111]. Several of the novel compounds showed 

anti-proliferative activity and the ability to induce apoptosis in the various cell 

lines tested. The compounds were shown to have less cytotoxicity towards blood 

cells isolated from a healthy patient sample. Based on the lead compound from 

this previous study (l,3-bis(aryl)-2-nitro-l-propene] a second generation library 

of novel compounds was synthesised and the cytotoxic effects investigated [112]. 

The second generation compounds also showed potent cytotoxic effects in 

Burkitt’s lymphoma cell lines. Further investigation into the mechanism of cell 

death resulted in evidence of PARP cleavage, formation of apoptotic bodies, 

caspase activation and chromatin condensation, all indicative of apoptosis.
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1.19 Objectives

Both Cancer and  Sepsis are  two serious diseases th a t  result in a high n um ber  of 

fatalities. Sepsis is currently  untrea tab le  w hereas  different cancers respond 

differently to cu rren t  therapeutics  with m any now  beginning to develop resistance 

to the therapies , therefore increasing the need for new  therapeutics  for both 

diseases. Hence the objectives of this project w ere  to screen a diverse range of 

novel com pounds for the ir  potential as anti-cancer, biological imaging or an ti

inflam m atory  agents.

Currently  researche rs  are  focusing on developing po ten t PSs tha t are  only 

cytotoxic upon  light irradiation and localize within tum o u r  cells in the aim there  

will be very  little or no side effects unlike cu rren t anti-cancer therapeutics. Due to 

the ability of Ru (II] polypyridyl free and sAuNp bound  complexes to fluoresce 

upon excitation we anticipated they would have potential as biological imaging 

agents, PDT PSs or both in vitro.

To investigate the anti-cancer potential of a series of free and AuNp bound  Ru (II) 

com plexes in vitro  cytotoxicity will be assessed  in the cervical cancer cell line, 

HeLa, and the m esotheliom a cell lines CRL5195 and ONE58. These viability assays 

will be carried  ou t both  with and w ithout light to evaluate the potential of these 

com pounds as PDT agents also. If the complexes w ere  to induce ligh t-dependent 

cell death  fu r ther  investigation into the mechanism  of cell death  would be carried 

ou t to fu r ther  confirm the potential as PDT agents. It w ould  also be im portan t to 

te s t  the ability of the complexes to induce light d ependen t cell death  in non-cancer 

cell m odels such as PBMCs and probe the ir  interaction with im m une cells such as 

m acrophages. Due to the ability of Ru (II) polypyridyl complexes to fluoresce upon 

excitation w e anticipated they would also have potential as imaging agents in vitro. 

We aim to visualize the free and  sAuNp bound complexes w ithin live HeLa cells 

using fluorescence confocal microscopy and evaluate the ir  intracellular 

localization and  effects on cellular morphology. Unfortunately it is impossible to 

quantify the uptake of the com pounds by cells using the confocal microscope. 

Therefore w e aim to develop an in-house assay to enable the quantification of the 

increase in com pound uptake overtime. Upon confirmation of uptake of the
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compounds we aim to be able to carry out further investigations and determine 

the mechanism behind the cellular uptake and localisation of the complexes. As 

w ith  PDT agents, investigations into the interaction of the compound w ith  non

cancer cell models and immune cells would be o f interest for potential imaging 

agents. By carrying out these experiments we aim to evaluate the potential of a 

series of free and AuNp bound compounds as either therapeutic agents, imaging 

agents or both.

The future development of new agents for sepsis treatment relies on the 

identification and exploitation of targets w ith in  the inflammatory response. 

Previously it  has been reported that some neuroactive compounds can also 

display the ab ility  to inh ib it TLR-4 signalling and also show anti-cancer activity 

both in vitro and in vivo. The idea that a neuroactive compound could inh ib it TLR 

signalling led to the conclusion they may also exhibit an anti-inflammatory effect 

which is essential for an anti-sepsis agent. Therefore a second aim was to 

investigate the anti-inflammatory and anti-cancer activity of a range of novel 

neuroactive amphetamine compounds.

We aimed to investigate the anti-inflammatory activity of a range of neuroactive 

amphetamine analogues by testing the ir ability to inh ib it TLR-4 signalling. TLR-4 

not only plays a key role in inflammation but also has been shown to be implicated 

in the pathogenesis of sepsis, thus making it  a popular target for therapy. If the 

compounds were to show any effect on TLR-4 signalling it  would be im portant to 

investigate the specificity of the compounds for TLR-4. To do this we have chosen 

to test the effects of the compounds on TLR-3 and TLR-2 also using NFkB/ISRE 

reporter assays and ELlSAs to measure the activation of pro-inflammatory 

cytokines such as TNF-a and RANTES. We also aimed to screen a second 

generation library, based on the above amphetamine analogues, for TLR-4/3 and 2 

inh ib ito ry  effects in vitro using the same experiments as previously discussed. We 

also aimed to investigate the anti-cancer activity o f the same neuroactive 

compounds by testing the ir ability to induce cell death in two mesothelioma cell 

lines. These v iab ility  assays w ill be carried out varying both the concentration of
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compound and the treatm ent time to assess the time and dose dependency of any 

observed cytotoxicity. Identification of any agents that have potent selective 

activity towards TLRs could ultimately lead to the development of a novel anti

inflammatory agent. And likewise identification of any compound which induces 

cell death could lead to the discovery of a novel anti-cancer agent.
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Chapter 2: Materials and Methods
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2.1 Materials

Materials Supplier

24 well p late Cruinn

4',6-diamidino-2-phenylindole [DAPI] Invitrogen

6 well p late Cruinn

96 well p late Cruinn

Acetic acid Sigma-Aldrich

Alamar blue (AB) Biosciences

A m m onium  persu lphate Sigma-Aldrich

Ampicillin Sigma-Aldrich

Annexin V FITC conjugate Sigma-Aldrich

BCA assay Therm o Pierce

BSA Sigma-Aldrich

Brom othenol blue Sigma-Aldrich

Calcium chloride [CaCb) Sigma-Aldrich

CellTox™ green  cytotoxicity assay Promega

Chloroform Sigma-Aldrich

Collagen, from ra t  tail Sigma-Aldrich

Confocal wells Cruinn

Cryogenic tubes Therm o-Fisher

DCFH-DA Sigma-Aldrich

DMEM Biosciences
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DMSO Sigma-Aldrich

Dried milk Marvel

DTT Sigma-Aldrich

Dynasore hydra te  Sigma -Aldrich

EGTA Sigma-Aldrich

ELISA kit R&D system s

ELISA micro ti tre  96 well plates Sigma-Aldrich

Eppendorfs Cruinn

Ethanol Sigma-Aldrich

FACS tubes  [5ml Polystyrene round  bottom ed tube) Becton Dickinson 

FBS Sigma-Aldrich

Gene Juice Merk Millipore

G lutaraldehyde Sigma-Aldrich

Glycerol Sigma-Aldrich

Glycine Sigma-Aldrich

GSH-Glo™ glutath ione assay  Promega

HEK BLUE selection Invivogen

HEPES Sigma-Aldrich

W este rn  chem ilum inescent HRP subs tra te  (ECL) Millipore

Isopropanol Sigma-Aldrich

JC-1 Invitrogen

LB b ro th  Sigma-Aldrich
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LDH cytotoxicity assay Pierce

LPS Sigma-Aldrich

Lymphoprep™ Stemcell Technologies

Methanol Lennox

Molecular w eight m arke r  rainbow™ Sigma-Aldrich

N-acetyl cysteine Sigma-Aldrich

Nevre Growth Factor Invivogen

NFkB/ISRE dual luciferase rep o r te r  assay Invivogen

Pamcsk Invivogen

Paraform aldehyde Sigma-Aldrich

PBS [sterile) Biosciences

PBS tab lets Therm o-Fisher

Penicillin/Streptom ycin Biosciences

pHrodo™ green  dextran Molecular probes

Pierce LDH cytotoxicity assay kit Therm o Scientific

Pipettes (sterile] Sterilin

POLYI:C Invivogen

Propidium  iodide Sigma-Aldrich

Protease inhibitors Sigma-Aldrich

Protogel™ acrylam ide mix National Diagnostics

PVDF m em b ran e Sigma-Aldrich

Qiagen endofree  maxi plasmid purification kit Biosciences

59



Quanti blue detection media Invivogen

RNAase A Sigma-Aldrich

RPMl 1640 m edium Sigma-Aldrich

Sodium chloride (NaCl] Sigma-Aldrich

Sodium dodecyl su lphate Sigma-Aldrich

Sterile tubes Cruinn

Streptavidin-HRP R&D system s

Sucrose Sigma-Aldrich

Syringe d isposab le -lm l Sigma-Aldrich

Syringe needle 21G Sigma-Aldrich

Taxol Sigma-Aldrich

TEMED Sigma-Aldrich

Tissue culture flasks Cruinn

TM B/hydrogen peroxide Therm o-Fisher

Trizma-base Sigma-Aldrich

Trypsin EDTA Biosciences

Tw een 20 Sigma-Aldrich
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2.1.1 Source of cell lines

M esothelioma cell lines CRL 5195 and One 58 w ere  obta ined from Prof. Kevin 

O’Byrne from the Institute of Molecular Medicine (St. James’s Hospital, Trinity 

College Dublin, Ireland). HeLa cells w ere  provided by P rof Mary Meegan from the 

school of Pharm acy and Pharmaceutical Sciences (Trinity College Dublin, Ireland). 

The Murine RAW264.7, HEK-Blue™ and U373-MG cell lines w ere  sourced from 

Prof. Luke O’Neill’s lab from the School of Biochemistry and Immunology (Trinity 

College Dublin, Ireland). MDA-MB-231-luc-D3Hl cells w ere  provided by P rof 

William Gallagher (School of Biomolecular and Biomedical Science, University 

College Dublin, Ireland). PC-12 cell lines w ere  obtained from P ro f  Ken Mok lab in 

the School of Biochemistry and Immunology (Trinity College Dublin, Ireland).

2.2 Methods 

2.2.1 Cell Culture

HeLa cells are  an  im m orta lized ad h eren t  cell line derived from a biopsy taken 

from a visible lesion on the cervix of a w om an with cervical cancer. HeLa cells 

w ere  cu ltu red  in DMEM m edium  with phenol red indicator supp lem en ted  with 

10% (v /v) Foetal Calf serum  (FCS) and penicillin and strep tom ycin  (200ug/m l).

ONE 58 is a hum an ad h e re n t  m alignant Mesothelioma cell line, derived from 

pleural effusions. CRL 5915 is also a hum an adheren t m alignant Mesothelioma cell 

line derived from lung effusions. ONE58 cells are  m ore sensitive to chem otherapy  

than  CRL5195 cells. CRL 5195 and ONE 58 cells w ere  cu ltu red  in RPMl 1640 

m edium  w ith  phenol red  indicator supplem ented  with 10% (v/v) FCS and 

penicillin and  strep tom ycin  (200|ig/m l).

MDA-MB-231-D3H1 is a luciferase expressing cell line tha t w as derived from 

MDA-MD-231 hum an adenocarcinom a cells by stable transfection of the North 

American Firefly Luciferase gene expressed from the SV40 prom oter. MDA-MB- 

231-D3H1 cells are  derived from a prim ary  ortho trop ic  tu m o u r  of MDA-MB-231- 

luc-D3 cells. This cell line can be used in vivo to establish an experim ental
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metastasis model (intravenous and intracardiac) and an orthotropic mammary fat 

pad model with metastasis. MDA-MB-231-D3H1 cells were cultured in DMEM 

medium with phenol red indicator supplemented with 10% (v/v) PCS and 

penicillin and streptomycin (200ug/ml).

Murine RAW 264.7 is an adherent cell line originally established from the ascites 

of a tum our induced in a male mouse by intraperitoneal injection of Abselon 

Leukaemia Virus [A-MuLV). Cells have receptors for immunoglobulin and produce 

lysozyme. They are used in metabolic, inflammation and apoptosis studies. The 

RAW 264.7 cell line was cultured in DMEM medium with phenol red indicator 

supplemented with 10% (v/v) PCS and penicillin and streptomycin (200ug/ml).

The U-373 MG cell line is an adherent cell line originally established from a human 

glioblastoma astrocytoma derived from a malignant tum our by explant technique. 

The U-373 MG cell line was cultured in DMEM medium with phenol red indicator 

supplemented with 10% (v/v) PCS and penicillin and streptomycin (200ug/ml).

HEK-Blue™-hTLR4 cells are designed for studying the stimulation of human TLR4 

(hTLR4) by monitoring the activation of NPkB. These cells were obtained from 

InvivoGen by co-transfection of the hTLR4 and MD-2/CD14 co-receptor genes and 

an optimised secreted embryonic alkaline phosphatase (SEAP) reporter gene 

under a prom oter fused to five NPkB binding sites. Upon stimulation of TLR4 with 

suitable ligands NPkB is activated and induces the production of SEAP, which in 

turn can be measured with QUANTl-Blue™ a detection medium that turns 

purple/blue in the presence of alkaline phophatase. HEK-BLUE™ cells were 

cultured in DMEM medium with phenol red indicator supplemented with 10% 

(v/v) Heat Inactivated PCS and penicillin and streptomycin (200ug/m l).,

PC-12 cell line is a suspension cell line derived from a transplantable rat adrenal 

phaeochromocytoma. The cells respond reversibly to nerve growth factor (NGP) 

by induction of a neuronal phenotype. PC-12 cells synthesise and store 

catecholamine, dopamine and NPP. They are commonly used in neurobiological 

and neurochemical studies. When the cells are grown with collagen and NGP they 

differentiate into neuronal fibroblast and without collagen - spherical clusters. The
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PC-12 cell line was cultured in RPMl medium with phenol red indicator 

supplem ented with 10% (v/v) FCS and penicillin and streptomycin (200ug/ml).

The growth medium for all cell lines was stored at 4°C until needed, when it was 

heated to 37°C in a water bath. Cells were sub-cultured every 2-3 days and re 

suspended in fresh medium to maintain a cell density of approximately 3x10^ 

viable cells/ml. All cells were maintained at 37°C in 75cm^ tissue culture flasks 

and incubated at 37°C in a humidified atmosphere of 95% oxygen and 5% carbon 

dioxide.

2.2.2 Cryopreservation of cells

6-7 million cells were suspended in 60% growth media, 30% FCS and 10% DMSO 

and aliquoted into cryotubes, each containing l-1.5mls. The cryotubes were 

incubated overnight in a polycarbonate container containing isopropyl alcohol in a 

-80°C freezer and then stored at -180°C in a liquid nitrogen tank.

When required cells were defrosted in a 37°C water bath, centrifuged for 5 min at 

300xg [l,200rpm ) and re-suspended in 5mls of growth media in a sterile 25cm^ 

flask. Once confluent the cells were transferred to a 75cm^ tissues culture flask 

and grown as described above in cell culture techniques.

2.2.3 Collagen coating plates/flasks

The Collagen was dissolved in 0.25% (v/v) acetic acid solution and made up to a 

concentration of O.lmg/ml in a fume hood. The solution was sterilized by adding 

chloroform, mixing and leaving the solution overnight at 4°C standing upright. The 

collagen layer (top layer) was then removed aseptically into a sterile tube and 

stored at 4°C. Collagen was then added to a flask/plate aseptically and incubated 

at 37°C overnight. Excess collagen was removed and the flask/plate was washed 

using ethanol once and PBS three times, all aseptically. Collagen coated 

plates/flasks were stored at 4°C until needed.

2.2.4 PC-12 cell differentiation

63



PC-12 cells were harvested by centrifugation at l,200xg for 5 min and re

suspended in differentiating medium containing RPMl, 1% pen/strep , 1% FCS and 

0.1% NGF. The cells were seeded on collagen coated plates at a concentration of

1.5 X 10^ cells/ml and every second day the cells were washed with PBS and fresh 

differentiating media was added. After 1 week PC-12 cells should have become 

differentiated and should assume neuronal morphology (see Figure 2.1).

U n -D iffe ren tia ted  
PC-12 cells

D iffe ren tia ted  
PC-12 cells

Figure 2.1 Phase contrast Image comparing the morphology of 
undifferentiated PC-12 ceils and differentiated PC-12 cells.

2.2.5 Peripheral blood mononuclear cells (PBMC) isolation

Fresh aliquots of PBMCs (IxlO^cells/ml) isolated from healthy donor blood 

samples were received from Dr. Sinead Keating, of the Gardiner lab within the 

School of Biochemistry and Immunology, Trinity College Dublin. The blood was 

collected in anti-coagulant/EDTA tubes, anonymously, with informed consent. The 

blood was transferred to a clean sterile tube and diluted at least 1:3 with non-

DAPI + P h ase  c o n tr a s tDAP I
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supplemented RPMl medium. The diluted blood was added to a tube containing 

lymphoprep (half the total volume of diluted blood) drop by drop while being very 

careful not to mix the layers. The tube was then centrifuged at ISOOrpm for 30min 

to form a Ficoll gradient. The top layer which contained the platelets was 

removed. The buffy layer of PBMCs found at the interface of platelets and 

lymphoprep was transferred to a clean 50ml tube and RPMl added to make a total 

volume of 50ml. The tube was centrifuged at 300xg [1200rpm) for 10 min. The cells 

were then resuspended in supplemented medium at a density of 1 x 10^ cells/m l 

and treated straight away.

Platelets

' WBCs 

Lymphoprep

RBCs

Figure 2.2. Separation of PBMCs from fresh peripheral blood using a Ficoll 
gradient

2.2.6 Irradiation of cells
Cells were irradiated using a xenon lamp (figure 2.3) at 6Mw/cm2 which over an 

hour gave a dose 12.66J/cm2 (measured by a 1LT1400-A photometer). A sodium 

nitrate (NaN0 2 ) liquid filte r was used to exclude light at wavelengths lower than 

390nm. The temperature w ith in  the chamber was 37°C.

X«nonlamp

BNO jR qyM fm ]

Figure 2.3 Xenon lamp and liquid filter used to irradiate cells.
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2.2.7 Alamar Blue fluorescence assay

Alamar Blue (AB) is a safe, non-toxic aqueous dye that is used to assess cell 

viability and cell proliferation and is supplied as a sterile indigo coloured liquid. It 

consists of an oxidation-reduction (REDOX) indicator that yields a colourimetric 

change and a fluorescent signal in response to a metabolic activity. The oxidised 

form of the AB enters the cytosol and is converted to the reduced form by 

mitochondrial enzyme activity by accepting electrons from NADPH, FADH, FMNH, 

and NADH as well as from the cytochromes. This redox reaction is accompanied by 

a shift in colour of the culture medium from indigo blue to fluorescent pink, which 

can be easily measured by colourimetric or fluorometric reading. Viable cells will 

therefore take up the dye and allow the redox reaction to occur. The num ber of 

viable cells correlates with the magnitude of dye reduction and is expressed as 

percentage of AB reduction [113],[114].

0.5 xlO'’̂ cells were seeded in 200nl/well of a 96-well plate and treated with the 

relevant compound for the required time and incubated at 37°C in a humidified 

atmosphere of 95% oxygen and 5% carbon dioxide. For FDT experiments the cells 

were exposed to a xenon lamp after 24h treatm ent for Ih  at a dose of 12.66J/cm^ 

and re-incubated for 24h. Cells were treated with 10|al of AB pre-warmed to 37°C, 

covered in tin foil and re-incubated. Once the control untreated cells turned light 

purple [3-6h depending on cell type) each plate was read on a fluorescent plate 

reader with emission 590nm, excitation 544nm. The background fluorescence of 

the media without cells but with Alamar blue was taken away from each group 

and the control cells represented 100% viability.

2.2.9 Cell cycle analysis using FACS

FACS analysis, also known as flow cytometry, is used to measure different physical 

and chemical components of individual cells. The cells, which are in suspension, 

are passed one by one past a sensing point. By using this method to measure the 

DNA content of a cell it can provide a great deal of information about the position 

of a cell in its cell cycle. Fropidium iodide [PI) is a fluorescent molecule tha t is
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used in FACS analysis when analysing the cell cycle. Pi binds to DNA and 

intercalates in its major groove and produces a highly fluorescent adduct that can 

be excited at 488nm and has an emission at about 600nm. The stage at which a cell 

is in its cell cycle will have a characteristic DNA profile consisting of a series of 

different peaks as illustrated below in Figure 2.4.
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Figure 2.4 Phases of the cell cycle characterised by PI FACS analysis. Ml

represents pre-Gl phase, M2 represents G1 phase, M3 represents S phase while 

M4 represents G2/M phase.

250,000 cells were seeded in 5ml and treated with the relevant compound for the 

required time and incubated at 37°C in a humidified atmosphere of 95% oxygen 

and 5% carbon dioxide. After the required treatm ent time the cells were harvested 

by centrifugation at SOOxg for 5 min and washed with 5ml of ice cold PBS. The 

pellet was re-suspended in 200^1 PBS and 2ml of ice-cold ethanol. The cells were 

then left to fix either on ice for 2-4h or overnight at 4°C. The cells were pelleted by 

centrifugation at 500xg for 5 min and the ethanol removed without disturbing the 

pellet. The pellet was re-suspended in 200^1 PBS and 12.5^1 of RNAse (lOmg/ml) 

and 37.5^1 PI (Im g/m l stock in PBS] were added. The cells were covered in tinfoil 

and incubated for 30 min at 37°C. The cells were then analysed by FACS.
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2.2.10 Annexin V PI (Cell death analysis) FACS

One of the earlier events of apoptosis includes translocation of membrane 

phosphatidylserine from the inner side of the plasma membrane to the surface. 

Annexin V, a Ca2+-dependent phospholipid-binding protein, has high affinity for 

PS, and fluorochrome-labeled Annexin V can be used for the detection of exposed 

phosphatidylserine using flow cytometry. Propidium iodide stains necrotic/late 

stage apoptosis cells with red fluorescence. After treatm ent with both probes, 

apoptotic cells show green fluorescence, dead cells show red and green 

fluorescence, and live cells show little or no fluorescence.

Early
ApoptoticLive

= Plasm a m em brane

■  •  Phosphatidyl serine 

•  = PI or 7AAD Apoptotic 
•  /Necrotic

AnnexinV-FITC

Figure 2.5 Detection of Early Apoptotic and Late Apoptotic /Necrotic cells 
using the Annexin V /  PI FACS assay

Cells were set up and treated with the required compound for the required time 

and harvested as for cell cycle analysis. After the cells were washed with ice cold 

PBS and centrifuged the pellet was resuspended in 0.5ml Ix  Annexin V binding 

buffer (20x; 10.9mM Hepes, 140mM NaCl, 2.5mM CaCL2, pH7.4) and centrifuged at 

l,200xg for 5 min. The pellet was resuspended in anti-Annexin V antibody (diluted 

1:50 in Ix binding buffer), vortexed and left on ice in the dark for 10 min. IX
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binding buffer was then added to the samples and the cells harvested by 

centrifugation as before. The supernatant was discarded and the pellet 

resuspended in PI [Im g/m l diluted 1:2000 in binding buffer), placed on ice and 

analysed immediately.

Annexin V PI FACs was repeated in the presence of the known ROS scavenger N- 

acetyl cysteine (NAC) to investigate the involvement of ROS in the observed 

cytotoxicity. Cells were set up as for previous experiments and pre-treated with 

50mM NAC for Ih. Cells were then treated, harvested and analysed as described 

above.

2.2.11 Investigation of AuNp uptake using FACS

250,000 cells were seeded in a 25cm.^ flask containing 3ml medium and treated 

with the relevant compound for the required time and incubated at 37°C in a 

humidified atmosphere of 95% oxygen and 5% carbon dioxide. After the required 

trea tm ent time the cells were harvested by centrifugation at SOOxg for 5 min and 

washed with 5ml of ice cold PBS. The pellet was then re-suspended in 400|il of 

PBS and 2% FCS. The cells were then analysed by FACS using the 488nm 

activation laser.

For tem perature  dependent studies cells were set up as above and after treatm ent 

were either incubated at 37°C or at 4°C for 4h. The cells were then harvested and 

analysis as for the time dependent uptake studies.

2.2.12 Determination of intracellular reactive oxygen species using FACS

DCFH-DA is a dye, which is permitted to cross the cell m embrane and can be used 

to determine H2O2 status in a cell. DCFH-DA becomes oxidised to 

dichloroflourescein [DCF) in the presence of ROS and in this state is unable to 

leave the cell. Fluorescence intensity of DCF can be quantified by a flow cytometer. 

DCF is excited between 492-495nm and emits fluorescence at 517-527nm.
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Figure 2.6 Schemactic repesentation of the ROS measurement using DCF 
assay .

Cells w ere set up and treated with the required compound for the required time as 

for previous FACS experiments. The cells were washed with warm PBS, pre

w arm ed phenol red free media containing lO^M DCF-DA was added and then the 

cells were incubated for 30 min at 37°C. After incubation the cells were scraped 

from the wells and harvested by centrifugation at 300xg (1200rpm) for 5 min. The 

pellets of cells were re-suspended in ice cold PBS and analysed using FACS. The 

488nm  laser was used to excite the DCF and the emission in FL-1 recorded.
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2.2.13 Confocal Microscopy (Live cell Imaging)

1.7 X 10^ cells/well were plated in glass bottom wells (10 mm), incubated 

overnight at 37°C in a humidified atmosphere of 95% oxygen and 5% carbon 

dioxide. The wells were treated with the relevant compound for the required time. 

The cells were then washed with PBS and fresh media added, DAPl was then 

added 15 min before imaging. DAPl is a blue fluorescent nucleic acid stain which 

associates with AT clusters in the minor groove of DNA. The cells were imaged 

using an Olympus FVIOOO point scanning confocal microscope with a 60x oil 

objective. A 488nm argon laser was used to excite the compounds (emission 

620nm) and a 405nm laser to excite the DAPl (emission 461nm).

For tem perature dependent studies cells were set up as above and after treatm ent 

we either incubated at 37°C or at 4°C for 4h. The cells were then imaged using 

confocal microscopy using the same settings as above.

2.2.14 Mitochondrial co-localisation studies using live confocal microscopy

]C-1 is a cationic dye that exhibits potential dependent accumulation in the 

mitochondria. Cells with high mitochondrial membrane potential will form JC-1 

aggregates which fluoresce red; those with low mitochondrial membrane 

potential will contain monomeric ]C-1 and fluoresce green. Both forms can be 

activated using the 488nm laser with the monomer (green) emission measured at 

529nm and the J-aggregate form (red) measured at 590nm. JC-1 dye can also be 

used as an indicator of mitochondrial membrane potential in a variety of cell 

types, including myocytes and neurons, as well as in intact tissues and isolated 

mitochondria. For our experiment the red fluorescence would overlap with the 

ruthenium complexes therefore the emission of the JC-1 monomer was measured 

and allowed mitochondria visualisation within live HeLa cells.

1.7 X 10^ cells/well were plated in glass bottom wells (10 mm), incubated 

overnight at 37°C in a humidified atmosphere of 95%oxygen and 5% carbon 

dioxide. The wells were treated with the relevant compound for the required time. 

The cells were then washed with PBS and fresh media. DAPl and JC-1 were then 

added 15mins before imaging. A 488nm argon laser was used to excite the
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compounds [emission 620nm) and the JC-1 monomer [emission 529nm). The 

405nm laser was used to excite the DAPI (emission 461nm).

2.2.15 Isolation of Rat Liver Mitochondria and Nuclei

The liver of a euthanized rat was dissected and placed in ice-cold STE buffer 

[250mM Sucrose, 5mM Trizma-base, and ImM EGTA, pH 7.4) on ice. The liver was 

roughly chopped into several pieces using a scissors and washed several times 

with ice cold STE buffer to remove any excess blood. The liver was then finely 

chopped using the scissors and transferred to the homogeniser tube and placed on 

ice. The liver was then homogenised by passing a loose (0.26 inch) clearance 

pestle up and down 10 times. The homogenate was then centrifuged at 750xg for 5 

min at 4°C. The resulting pellet from this spin contained nuclei, unbroken cells and 

cellular debris and was re-suspended in STE buffer and kept on ice until needed. 

The supernatant from the above spin was passed through a sieve into a fresh 

centrifuge tube on ice and centrifuged at 10,000xg for lOmin at 4°C. The resulting 

pellet for this spin contained a mitochondrial-rich fraction which was resuspended 

in a small volume of STE buffer and kept on ice until needed.

2.2.16 Confocal Microscopy of Isolated Nuclei and mitochondria

The nuclear and mitochondrial fractions of rat livers were diluted in STE buffer to 

increase transparency and aliquoted into 200|il aliquots and treated  with the 

relevant compounds for 20 min on ice. The nuclear fractions were centrifuged at 

750xg for 5 min at 4°C, re-suspended in STE buffer and transferred to confocal 

wells. The mitochondrial fractions were centrifuged at 10,000xg for lOmin at 4°C, 

re-suspended in STE buffer and transferred to a confocal well.

JC-1 dye was used as a positive control in this experiment to confirm the isolation 

of mitochondria and the nuclear stain DAPI was used to confirm the isolation of 

nuclei. The organelles were imaged using the confocal microscope as previously 

described in section 2.2.12
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2.2.17 Transmission Electron Microscopy (TEM)

7.5 X 10^ cells were seeded in 10ml of media and incubated overnight at 37°C in a 

humidified atmosphere of 95% oxygen and 5% carbon dioxide. The cells were 

treated with the relevant compound and re-incubated for the required time. The 

cells w ere  treated with trypsin (Ix) for 5 min at 37°C, washed with PBS, 

centrifuged at 300xg for 5 min and re-suspended in filtered PBS.

One part room temperature [rt) fix solution (16% paraformaldehyde, 25% Em 

Grade Glutaraaldehyde, 0.666M Hepes pH 7.5) was mixed with one part cell 

suspension at r t  After 30 min incubation at r t  the cells were collected by 

centrifugation and washed with PBS. The final pellet was re-suspended in 500|il 

PBS in an eppendorf and passed on to the Centre for Microscopy and Analysis 

(CMA) TCD for TEM processing. A sample of the compound alone was also passed 

on to the CMA for analysis.

2.2.18 Enzyme-Linked Immunosorbent assay (ELISA)

Enzyme-Linked Immunosorbent assay (ELISA) is a common immunoassay for 

accurately measuring protein (e.g. cytokine) expression levels. The ELISA 

technique is based on the antibody sandwich principle. The Sandwich ELISA 

measures the amount of antigen between two layers of antibodies (i.e. capture and 

detection antibody) (Fig. 2.7).

A 96 well plate was set up to contain 1x10^ cells/ml and incubated overnight at 

37°C in a humidified atmosphere of 95% oxygen and 5% carbon dioxide. The cells 

were treated with various concentrations of the compounds for Ih  and either 

stimulated with known ligands of the TLR under investigation overnight or left un

stimulated. For PDT studies the cells were exposed to xenon lamp for Ih  after Ih  

trea tm ent with the relevant compounds and then stimulated. After incubation the 

media was removed from the wells and transferred to a clean plate.
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Figure 2.7 Diagram outlining th e  various in te rac tions  in a Sandwich ELISA protocol, 

figure a d a p te d  from  R&D sys tem s Duo-set ELISA protocol.

First, the capture antibody was diluted to the required working concentration in 

PBS and 50|il of the capture antibody, specific to the protein of interest, was bound 

to a microtiter plate to create the solid phase. The plate was then sealed and 

incubated overnight at RT. Unbound antibody was removed by washing the plate 

with wash buffer [0.05% Tween 20 in PBS, pH7.2-7.4) three times and 150^1 of 

blocking reagent (1% BSA in PBS, pH7.2-7.4) was added. The plate was then 

incubated at RT for Ih. Following a wash, 50[il of samples, standards and controls 

were then incubated with the solid phase antibody for Ih. After washing away 

unbound proteins, 50^1 of the conjugated detection antibody (diluted to the 

required working concentration in blocking reagent) was added. This detection 

antibody binds to a different epitope of the molecule being measured, completing 

the sandwich. Following a wash to remove unbound detection antibody, 50|il of 

the detection reagent streptavidin-HRP (1 /200  dilution in blocking reagent) was 

added. The plate was washed, 50|il of the substrate solution TMB/hydrogen 

peroxide (1 in 2 dilution in blocking reagent) was added and a blue colour 

developed in proportion to the amount of bound protein. Colour development was
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s topped  by adding 50^1 of stop solution [2N H2 SO4 ) and  the absorbance  was 

m easured  a t 450nm  using a m icroplate reader. A s tandard  curve w as created 

using the averages for each s tandard  and  used to de term ine  the concentra tion  of 

the p ro te in /cy tok ine  in the sam ple wells.

2.2.19 Preparation of Whole Cell lysates for Western Blotting

At experim ental endpoin t the m edia w as replaced w ith  ice cold PBS and the cells 

scrapped  from the  flask /d ish  using a plastic cell scraper. The cells w ere  then  

pelleted by centrifugation at SOOxg for 5 min. The pellets w ere  re -suspended  in 

60ul PBS and 60|il lysis buffer (Laemmli buffer; 62.5mM Tris-HCl, 2% w /v  SDS, 

10% glycerol, 0.01% w /v  brom ophenol Blue, p ro tease  inhibitors, pH 6 .8 ) and  

sonicated for 15s to shear  DNA and reduce sam ple viscosity. The samples w ere  

diluted in lysis buffer (with 5% DTT) so tha t each sam ple contained an equal 

am oun t of pro tein  (50|ig) and heated  at 95°C for 3 min.

2.2.20 Protein concentration determination

The BCA assay from Pierce for protein  concentration de term ina tion  was used to 

de term ine  the am oun t of pro tein  in each of the p rep a red  samples. The BCA 

Protein Assay is a detergent-com patib le  formulation based on bicinchoninic acid 

(BCA) for the colourimetric detection and quantification of total pro tein  [115]. All 

sam ples w ere  kep t on ice. For each sam ple l)il w as diluted in 20|il of distilled 

water. 200|il of BCA reagen t (1:50 dilution of BCA reagen t A in BCA reagen t B) was 

added to the 20^1 diluted pro tein  sam ples in triplicate and incubated  a t r t  for 30 

min. A range of bovine serum  albumin (BSA) s tandard  pro tein  concentrations 

(0 .0625m g/m l-2m g/m l)  w as also added  to BCA reagen t and  left to incubate at RT 

for 30 min. The absorbance of all samples w as read  a t 650nm  and unknow n 

diluted sam ples w ere  com pared  to known BSA standards.
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2.2.21 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was carried out on 12% resolving gel (30% Protogel™ acrylamide mix, 

1.5M Tris pH 8.8, 10% ammonium persulphate, 10% SDS, H2 O and TEMED). The 

resolving gel was poured between two glass plates and a layer of isopropanol was 

added to the top of the resolving gel to allow the gel set rapidly and remove any air 

bubbles. Once the gel was set the isopropanol was removed. A 5% stacking gel 

(30% Protogel™ acrylamide mix, IM Tris (pH 6.8], 10% SDS, 10% ammonium 

persulphate, H2 O and TEMED) was poured on top of the resolving gel and a comb 

was inserted. Once the stacking gel had polymerised the comb was removed and 

the gel was then placed into an ATTO Electrophoresis Unit (Model AE6450), filled 

with running buffer (192mM Glycine, 25mM Tris, 0.1% (w/v) SDS). The samples 

were loaded into the wells. Pre-stained Molecular Markers were added to one of 

the lanes to allow determination of molecular weights of the resolved proteins. A 

current of 80V was applied to allow the proteins to travel through the stacking gel 

then 175V was applied to the gel for approximately 90 min, until all of the tracking 

dye had reached the bottom of the resolving gel.

Solution
components

12% resolving gel 
(ml)

17% resolving gel 
(ml)

5% stacking gel 

(ml)

H2 O 4.9 1.3 3.4

30% acrylamide 
mix 6 4.3 0.83

1.5M Tris (pH8.8) 3.8 1.9 -

IM Tris (pH6.8) - - 0.63

10% ammonium 
persulphate 0.15 0.07 0.05

TEMED 0.006 0.005 0.005

10% SDS 0.15 0.07 0.05

Table 2.1. Required solution components for preparing resolving and 
stacking gels for SDS-PAGE.
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2.2.22 Western Blotting

A PVDF membrane was cut to size and activated by soaking in 100% methanol for 

30 sec. The membrane was then washed with distilled w ater and soaked for 10 

min in cold transfer buffer (192mM Glycine, 25mM Tris and 10% (v/v] glycerol] 

along with six pieces of filter paper cut to the same size. The proteins were 

resolved by SDS-PAGE then transferred onto the PVDF m embrane by a wet 

transfer method.

2.2.23 Wet transfer

Two sponges were soaked in cold transfer buffer along with the membrane and 

filter paper. These components were placed into a transfer sandwich in the 

following order: black side of clamp, a sponge, three layers of filter paper, gel, 

PVDF membrane, three layers of filter paper, and a sponge then closed over the 

white top of clamp. This sandwich was placed in a w et transfer Bio-Rad Mini 

transfer Blot unit and the unit was filled with cold transfer buffer. A 60V current 

(200mA) was applied to the electro blot for 90min to facilitate protein transfer to 

the PVDF membrane.

2.2.24 Probing the blot

Once transfer was complete, in both cases, the m embrane was placed in blocking 

solution (Marvel 5% (w/v] in TBS Tween) to block any sites on the membrane 

without bound proteins. The membrane was blocked at RT for Ih  and then 

washed in TBS Tween twice for 5 min.

Once blocked the membrane was incubated with primary antibody for Ih  at RT or 

overnight in the cold room. The membrane was then washed in TBS Tween three 

times for 10 min at a time to remove any unbound primary antibody. A HRP- 

conjugated secondary antibody specific for the primary antibody was applied and 

incubated for Ih  at RT. The membrane was once again washed with TBS Tween
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three times for 10 min at a time. The membrane was then washed for 10 min with 

TBS to ensure all excess secondary antibody had been removed.

2.2.25 Development of Blot by Enhanced Chemiluminesence (ECL)

Chemiluminesence is the production of light by a chemical reaction. The HRP 

linked secondary antibody is directed against the primary antibody, and in the 

presence of hydrogen peroxide [H2O2) oxidises the chemiluminescent substrate 

luminol with production of light. The blot was incubated with a mixture of ECL 

reagent A (1ml) and ECL reagent B (1ml) for about 1 min. The light emission was 

detected by exposing the blot to a photographic film. The film was fixed and 

developed in a dark room using an automatic developer. The Blot was then 

washed again and re-probed for loading control (3-Actin.

2.2.26 Stripping the blot

To strip the blot for re-probing a mild stripping buffer was used. The buffer was 

made up fresh by adding: 15 g glycine, 1 g SDS, 10 ml TweenZO, the pH adjusted to 

2.2 and the volume brought up to 1 L with ultrapure water. The blot was 

incubated in enough mild stripping buffer to cover it at RT for 10 min. Fresh 

stripping buffer was added and the membrane incubated for a further 10 min. The 

m embrane was then washed in PBS for 10 min at RT twice followed by TBST for 5 

min at RT, twice. The m embrane was then blocked using Marvel as described 

previously and ready for re-probing.

2.2.27 Antibodies

(3-Actin (45kDa)

A 1:5000 dilution of mouse anti-(3-Actin antibody was prepared in Marvel 5% 

(w/v) in 0.1% TBS-Tween (lOmM Tris and 150mM NaCl). A goat anti-mouse 

secondary antibody (1:5,000 dilution) was used to detect any bound anti-p-Actin 

antibody.

PARP(116kDa)
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A 1:2500 d ilu tion of mouse anti-p-Actin antibody was prepared in Marvel 5% 

(w /v ) in 0.1% TBS-Tween (lOmM Tris and ISOmM NaCl). A goat anti-mouse 

secondary antibody [1:5,000 dilution) was used to detect any bound anti-^-Actin 

antibody.

Caspase-3 (35kDa)

A 1:1000 d ilu tion of mouse anti-p-Actin antibody was prepared in Marvel 5% 

(w /v ) in 0.1% TBS-Tween (lOmM Tris and 150mM NaCl). A goat anti-mouse 

secondary antibody (1:5,000 dilution) was used to detect any bound anti-^-Actin 

antibody.

2.2.28 Thermo Scientific™ Pierce™ LDH cytotoxicity Assay Kit

The Thermo Scientific™ Pierce™ LDH cytotoxicity Assay Kit provides a 

colourimetric method for quantifying cellular release o f the cytosolic enzyme 

lactate dehydrogenase (LDH) using a coupled enzymatic reaction. LDH is released 

into cell culture media upon plasma membrane damage. LDH catalyses the 

conversion of lactate to pyruvate, reducing NAD+ to NADH in the process. The 

enzyme diaphorase then uses NADH to catalyse the reduction of a tetrazolium salt 

(INT) to a red formazan product that can be measured at 490nm. Therefore the 

level of formazan absorbance at 490nm is directly proportional to the quantity of 

LDH released from the cells, which is indicative of membrane damage or 

cytotoxicity (Fig. 2.8).

Damaged cells

Pyruvate NADH INT(( \  
VV J) Lactate

>  LDH Diaphorase

Formazan
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Figure 2.8 Schematic representation of LDH cytotoxicity assay mechanism, 
adapted from the assay protocol.

Cells w ere  seeded  a t  a concentra tion  of 10,000 cells /w ell in 100|il of m edia in a 96 

well tissue culture plate. A com plete  media control w ithou t cells w as  se t up in 

triplicate to de te rm ine  LDH background levels. Spontaneous (un trea ted  cells) and 

m axim um  (lysed cells) LDH activity controls w ere  also se t up in triplicate. The 

cells w ere  incubated  overnight a t  37°C and  5% CO2 to allow the cells to adhere  to 

the plate. The control wells w ere  left un trea ted  and the  res t  of the cells w ere  

trea ted  w ith  the  re levan t complex in triplicate and  re-incubated  for 24h. The cells 

w ere  then  e i the r  exposed to light for I h  [12.6Jcm2) or left in the dark  and  re 

incubated  for 24h. lOx Lysis buffer w as added  to the m axim um  LDH activity 

control wells and  re-incubated  45 min before the 24h endpoint. 50|il of m edia was 

rem oved from each sam ple  well and  transfe rred  to a new  clear bo ttom  96 well 

plate. 50^1 of reaction  m edium  w as then  added  to each sam ple m edia well and 

mixed. The plate w as then  covered in tinfoil and  incubated a t r t  for 30min. 50|il of 

Stop Solution w as then  added  to each sam ple well and  mixed. The absorbance  of 

the plate w as read  a t 490nm  and 680nm. LDH activity w as calculated by 

sub trac ting  the 680nm  abs values from the 490nm  abs readings before calculation 

of the  % cytotoxicity. % cytotoxicity w as calculated using the formula below:

% Cytotoxicity = (Com pound -  t rea ted  LDH activity) -  Spontaneous LDH activity x 

100

Maximum LDH activity -  Spontaneous LDH activity 

2.2.29 Promega CellTox™ Green Cytotoxicity Assay

The Promega CellTox™ Green Cytotoxicity Assay allows the m e asu re m en t  of 

changes in m em b ran e  perm eability  in cultured cells in response  to trea tm en t.  The 

assay  uses a cyanine dye th a t  is excluded from viable cells bu t is able to stain dead 

o r  dying cell’s DNA due to an increase in m em brane  perm eability  .The dye's
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fluorescence is enhanced greatly upon binding to DNA, therefore the fluorescent 

signal is due to DNA binding and hence is proportional to cytotoxicity (Figure 2.9).

viable Cell

Low Fluorescence

N onv iab le  Cell

i
IHigh F luorescence

Figure 2.9. CellTox™ Green dye becomes fluorescent upon binding of DNA 
from cells with impaired membrane integrity, adapted from the assay 
protocol.
Cells w ere seeded at a concentration of 10,000 cells /well in lOO^il of media in a 96 

well tissue culture plate. A complete media control without cells was set up in 

triplicate to determine background levels. An untreated control and maximum 

cytotoxicity control [lysed cells) were also set up in triplicate. The cells were 

incubated overnight at 37°C and 5% CO2 to allow the cells to adhere to the plate. 

The control wells were left untreated and the rest of the cells were treated with 

relevant complexes in triplicate and re-incubated for 24h. The cells were then 

either exposed to light for Ih  [12.6Jcm2) or left in the dark and re-incubated for 

24h. lOx Lysis buffer was added to the m.aximum cytotoxicity control wells and re 

incubated 45 min before the 24h endpoint. 50^1 of media was removed from each 

sample well and 50(il of CellTox™ Green Reagent (2x) added to each well. The 

plate was covered in tinfoil and incubated at r t  for ISmin. The fluorescence at 

490nmEx/525nmErn was measured using a fluorescence plate reader.

2.2.30 Promega GSH-Glo™ Glutathione Assay

The GSH-Glo™ Glutathione assay is a luminescence based assay for the detection 

and quantification of glutathione (GSH) in cells. GSH is the major antioxidant 

produced by cells and participates directly in the neutralization of free radicals
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and unstable reactive oxygen species. GSH is a non-protein thiol where the thol 

acts as a proton donor and therefore is responsible for the biological activity of 

GSH. In the presence of reactive oxygen species GSH can become oxidised ^nd 

therefore a decrease in GSH levels is associated with oxidative stress w hch 

generally leads to apoptosis and cell death. The assay is based on the conversior of 

a luciferen derivative into luciferen in the presence of GSH. The lucifense 

produced is proportional to the amount of GSH in the sample and therefore is a 

coupled reaction (Fig. 2.10).

Figure 2.10 The GSH-Glo™ glutathione Assay coupled reaction, adapted frim  
the assay protocol.

Cells were seeded at a concentration of 10,000 cells /well in lOO^il of media in a 96 

well tissue culture plate. A complete media control w ithout cells was set up in 

triplicate to determine background levels and an untreated control was also set up 

in triplicate. The cells were incubated overnight at 37°C and 5% CO2 to allow the 

cells to adhere to the plate. The control wells were left untreated and the res: of 

the cells were treated with the relevant complexes in triplicate and re-incubated 

for 24h. The cells were then either exposed to light for Ih  (12.6]cm2) or left in the 

dark and re-incubated for 24h. All of the media was removed from each sarrple 

well and 100|il of GSH-Glo™ Reagent (Ix] added to each well. The plate was mixed 

briefly and incubated at r t  for 30min. 100|^1 of reconstituted luciferen detection 

reagent was then added to each well, the plate was mixed and incubated at rt for 

15 min. The luminescence of the plate was then measured using a luminescence 

plate reader.

L u c ile rin

+ ATP + O. Luciferase

CH
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2.2.31 Inhibition of Endocytosis using the Dynamin inhibitor Dynasore

Dynamin is a GTPase responsible for the cleavage of the endosome from the 

cytoplasmic membrane during both clathrin and caveolae dependent endocytosis, 

but not macropinocytosis. Dynasore in a non-competitive small molecule inhibitor 

of dynamin and thus upon treatment prevents endosomes from being cleaved 

from the plasma membrane and the uptake of particles within the cell (Figure 

2.11, [116]). The effect of Dynasore is completely reversible. To confirm the ability 

of Dynasore to block endocytosis in vitro the fluorescent probe pHrodo™ dextran 

[Molecular probes, Life technologies) was used as a positive control. Dextran is 

known to be taken up via clathrin mediated apoptosis. pHrodo™ dextran is a pH 

sensitive fluorescently labelled version of dextran which, upon a decrease in pH 

fluorescence undergoes an increase in fluorescence, it has an excitation maxima of 

509nm and an emission maxima of 533nm.

A Vfthicls

%f * . 7

-  V

a
■ -

*

fo: -

-5.

..

• -  o  •
♦

Dynasore

Figure 2.11. Stabilization of Clathrin-Coated Pits by Dynasore at Early and 
Late Stages of Formation. (A and B) Representative electron micrographs of 
membrane invaginations decorated with the bristle cytosolic layer characteristic 
of clathrin coats obtained from BSCl cells in the (A) absence or (B) presence of 
Dynasore. The cells were exposed to DMSO [vehicle) or 80 |iM Dynasore for 10 
min before fixation and processing for electron microscopy. The scale bar is 100 
nm. [116].
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1 X 10^ cells /m l w ere plated in confocal wells and were incubated overnight at 

37°C and 5% CO2 to allow the cells to adhere to the plate. The cells were either 

pre-treated with lOO^M Dynasore for 3h or left untreated. The cells were then 

treated with 40|ig/ml pHrodo™ dextran green for 30 min or the test compound for 

4h. DAPl was added to all the wells before imaging using the fluorescent confocal 

microscope. Alternatively, the cells were harvested by centrifugation at 300xg for 

5 min and washed with 5ml of ice cold PBS. The pellet was then re-suspended in 

400^1 of PBS and 2 % FCS. The cells were then analysed by FACS using the 488nm 

activation laser to m easure the mean fluorescence per cell.

2.2.32 Transformation of bacterial culture and plasmid isolation

50/zl of DH5a E.coli cells and 5^1 of plasmid DNA containing either Renilla/ Firefly 

Luciferase insert were added to a sterile eppendorf. The eppendorf was placed on 

ice for 30 min then transferred to a 42°C w ater bath for 2 min, and then back on 

ice for 2 min. 1ml of sterile LB broth was then added and placed in a 37°C w ater 

bath for 30min. The solution was plated on to an LB agar plate containing 

Ampicillin (amp), using sterile technique. The plates were incubated overnight at 

37°C.

After incubation a second culture was set up to amplify the plasmid. One colony 

from each plate was added to 4ml sterile LB broth (with amp) and grown 

overnight at 37°C in a shaker. The plasmids were then isolated from the overnight 

cultures using a Qiagen EndoFree Maxi Plasmid Purification Kit. For this, bacterial 

cells were harvested via centrifugation and subjected to a modified alkaline-SDS 

lysis procedure during which the DNA absorbed onto a Qiagen Anion-Exchange 

resin in the presence of low-salt and pH conditions. Contaminants were  then 

removed by a medium salt wash step. Bound DNA was eluted in a high salt buffer, 

concentrated and desalted by isopropanol precipitation.

2.2.33 NFkB/ISRE Dual Luciferase Reporter assay

The luciferase family of enzymes generates bioluminescent signals through m ono

oxygenation of luciferen, utilising oxygen and ATP as co-substrates. Firefly and 

Renilla luciferase are commonly used for reporter assays. In a dual reporte r  assay,
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both firefly and Renilla luciferase enzymes are expressed simultaneously in a cell 

to achieve a more accurate and reproducible result. Renilla luciferase acts as a 

control reporte r which normalises variability which may be due to transfection 

efficiency, off targeted effects or cytotoxicity. The Firefly luciferase is the 

experimental reporter which in this experiment is designed to measure either 

NFkB/ISRE activation within the cell (Fig. 2.12).

Drug Candidates
or Any Stimuli

Receptor

Reporter
Pi^ein

iignal Transduction 
Proteins

mRNA

Reporter Gene

Figure 2.12 Illustration displaying principal of cell based reporter assays.

A 24 well plate was set up to contain 0.1 x 10^ cells/ml and left to incubate 

overnight at 37°C in a humidified atmosphere of 95% oxygen and 5% carbon 

dioxide. Cells were transfected with Renilla Plasmid and either NFkB or ISRE 

Luciferase reporter plasmid using Gene Juice™. Each well contained 18^1 of serum 

free media (SFM), 2\i\ Gene Juice™, 80ng/nl of Renilla and either 160ng/iil ISRE or 

160ng/|il NFkB. The SFM and Gene Juice™ were incubated for 5 min at r t  before 

adding the plasmids and incubating for a further 20min, this mixture was then 

added to the cells. After a 24h incubation the cells were  treated with the relevant 

compound at various concentrations for an hour and then stimulated with the 

ligands corresponding to the Toll receptor being tested. After a further 24h the 

supernatants were removed, passive lysis buffer was added directly to the wells 

and the plates were shaken at high speed for 15 min at RT. 20^1 of each sample
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well was added to two white plates, one to measure Renilla reporter and the other 

to measure Firefly Luciferase reporter. 40^1 of coelentrazine [diluted 1 /1000  in 

PBS) was added to each well of the Renilla plate and 40|il of Luciferase [Ix  in 

w ater] was added to the Firefly Luciferase plate. The luminescence of each plate 

was read immediately using a luminescence plate reader. The results were 

analysed by luciferase values/coelentrazine values, finding the average of the 

untreated  wells (stimulated and unstimulated] and dividing the remaining test 

wells by the average value to give 'fold increase’ of either NFkB or ISRE activation.

2.2.34 HEK-Blue™ -  HTLR4 SEAP Reporter assay

IxlO^cells/ml were seeded in a 96 well plate and incubated overnight at 37°C in a 

humidified a tm osphere of 95% oxygen and 5% carbon dioxide. The cells were 

then treated with various concentrations of compounds for Ih  and stimulated 

with lOOng/ml LPS for 4-6h. 20^1 of the supernatant was then removed and added 

to a new well containing 180^1 of QUANTI-Blue™ detection media. The plates were 

covered in tinfoil and incubated at 37°C for approximately Ih  or until the control 

stimulated wells turned purple/blue. The absorbance of each well was read at 

635nm. Results were determined by subtracting the value of media alone to 

correct for any background absorbance, finding the average of the untreated wells 

(stimulated and unstimulated] and dividing the remaining test wells by the 

average value to give ‘fold increase’ of TLR4 activation.
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Chapter 3: Investigation of Ruthenium (II) 
Polypyridyl Functionalised Gold 

Nanoparticles as Cellular Imaging and 
Photodynamic Therapy Agents
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3.1 Introduction

Photodynamic therapy [PDT) as described previously in Section 1.8 is the 

administration of a photosensitizer (drug] which localizes in cancer cells and 

produces reactive oxygen species (ROS) upon irradiation. Different 

photosensitizers require different wavelengths of light to become activated which 

is important as this wavelength determines the depth of tissue the light can 

penetrate to any tumour location. Thus different sensitizers are proposed for 

specific areas of the body. The photosensitizer is generally administered 

intravenously (i.v) 24-72 h before the tumour is exposed to light allowing the drug 

to be cleared from any healthy cells and to accumulate in the cancerous cells. Once 

activated by light the photosensitizer can kill nearby cancer cells by producing 

ROS. PDT has also been shown to cause tumour damage by inducing an immune 

response and /o r  damaging a tumours blood supply.

The U.S Food and Drug Administration (FDA) have approved the photosensitizer 

Photofrin® to treat or relieve the symptoms of non-small cell lung cancer and 

esophageal cancer. Clinical trials are currently underway for the use of PDT in 

skin, prostate, brain, cervical and peritoneal cavity cancers. There are also many 

researchers attempting to develop novel photosensitizers which are more specific, 

more powerful and are activated by deeper tissue penetrating wavelengths.

Malignant pleural mesothelioma (MPM) is a cancer located in the lung resulting 

from prolonged asbestos exposure. As described in Section 1.2, MPM currently has 

no cure and shows very little response to either chemotherapy, surgery or a 

combination of both. The resistance of MPM to current treatm ent as well as the 

inability to safely remove many tumours makes it an ideal cancer for selective PDT 

for which phase two clinical trials are underway in the U.S. PDT cannot be used by 

itself to treat bulky tumours therefore it may be useful in treating MPM after 

surgical debulking when the remaining disease is microscopic.

Experimental studies by Ris e ta l ,  suggest PDT may be successful in the treatment 

of MPM in combination with surgery. This study investigated the effects of 

intraoperative PDT after surgery with meso-tetra-(hydroxyphenyl)-chlorin
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(mTHPC) for diffuse malignant mesothelioma in four patients[117]. Post 

treatment biopsies confirmed tumour necrosis. From the results obtained Ris et 

al, concluded that large surface PDT is possible with minimal side effects and that 

tumour selectivity and efficacy of the PDT agent is crucial. They also concluded 

that additional investigations are necessary to evaluate the role of PDT in the 

treatment of mesothelioma.

Clinical studies carried out by Takita etai ,  and Moskal etai ,  looked at Photofrin®- 

mediated PDT as an adjuvant therapy to debulking surgery in patients with stage 

I- IV mesothelioma [118, 119]. Both studies showed little or no effect on stage 111 

or stage IV patients however patients with stage I and stage II of disease 

benefitted from the additional use of PDT.

Ru (II) complexes show many properties that make them a possible class of 

photosensitizers for PDT such as water solubility, photostability , significant DNA 

binding properties and reduced toxicity[120]. These complexes are also known for 

their attractive photochemistry and display reactivity with DNA upon excitation, 

important for PDT. Previous studies have confirmed that by changing the 

combination of ligands surrounding the Ru centre one can alter the photoredox 

processes of the complexes [121]. Ruthenium complexes have also been employed 

for luminescent sensing and recognition as well as sensitive DNA probes[90] or as 

useful fluorophores for cellular imaging.

As discussed in Section 1.14 of this thesis there are many studies investigating the 

development of functionalized gold nanoparticles (AuNps) for use in both 

biological and medical applications. This is largely due to their many favorable 

properties which include water solubility, unique size and shape dependence and 

biocompatibility. With the sensitivity and wide spread use of fluorescence 

spectroscopy, fluorophore-bound AuNps have been proposed as useful probes for 

bimolecular imaging, with such hybrid probes offering the possibility of using 

complementary sensing via fluorescence confocal microscopy and electron 

microscopy.

In a bid to combine the attractive properties of both gold nanoparticles and Ru(II) 

polypyridyl complexes , there have been several examples in the literature which
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have functionalised gold with Ru(II) polypyridyl complexes[122, 123]. However to 

the best of our knowledge these examples of functionalized gold complexes have 

not yet been utilized for biological applications and we expect that such 

luminescent AuNp complexes could be ideal candidates for cellular imaging.

The objectives of the research presented in this Chapter is to investigate the 

uptake, localisation and effects on cell viability of both free Ru(ll) complexes and 

AuNp bound versions. The Ru(II) complexes studied in this thesis (RE69, RE75 

and RE77) were synthesised by Dr. Robert Elmes from the Gunnlaugsson group in 

the School of Chemistry, Trinity College Dublin [101]. The complexes contain a Ru 

(II) centre surrounded by various ligands including bipyridine (bpy) (RE69), 

phenathroline (phen) (RE75) and tetraazaphenanthrene [TAP) [RE77) as well as a 

terminal alkyl thiol group [Fig.3.1). Barton eta/., have shown that both [Ru(bpy)]2+ 

and [Ru(phen)]2+damage DNA through ROS production suggesting RE69 and RE75 

may have potential as DNA targeting agents [124]. TAP is an electron accepting 

ligand which results in the Ru (II) complex having a strongly oxidizing state and 

hence the potential to bind to DNA.

The main aims/objectives of this Chapter were therefore to examine the effects of 

conjugating the free compounds to Au nanoparticles and to investigate whether 

these novel compounds were better suited for PDT or as imaging agents in MPM 

and cervical cancer in vitro.
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3.2 Experimental Results

3.2.1 Investigation of cellular uptake of free ruthenium- and AuNp bound 
complexes into HeLa cells using confocal microscopy

All of the free and AuNp bound complexes have been shown to emit luminescence 

between 600nm-640nm when excited between 415-500nm, as previously 

determined by our collaborators using UV-Vis spectroscopy. This luminescence 

allows the compounds to be viewed in vitro using a confocal microscope. Based on 

this characteristic, confocal microscopy can be used to observe, for the first time, 

the uptake and cellular localisation of the compounds over time and to investigate 

the compounds potential as imaging agents. However the confocal microscope has 

its limitations; for example it is not quantitative but gives a qualitative end point 

and also it does not take into account any differences between the fluorescent 

intensities of different compounds. HeLa cells were chosen due to their previous 

use in similar experiments in our laboratory (manuscript in preparation).

HeLa cells were treated  at 37°C with ZÔ iM of either the free, small AuNp (sAuNp) 

or big AuNp (bAuNp) bound complexes for various time periods (2h, 6h, 24h) in 

o rder to investigate the uptake of the compound over time (as in Section 2.2.13). 

The cells were also treated with the nuclear stain DAPI and observed using an 

Olympus FVIOOO Point-Scanning Confocal Microscope. A 488nm argon laser was 

used to excite the compounds (emission 620nm) and a 405nm laser to excite the 

DAFl (emission 460nm). A representative luminescent Ruthenium compound is 

shown in Figure 3.1.
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405 + 488 Laser 488 Laser Phase contrast + 405 + 488 Lase

Figure 3-1 Confocal Microscopy can be used to successfully visualise the 
uptake of luminescent Ruthenium complexes in HeLa cells

0.5 X 10^ HeLa cells were left untreated (top) or treated with a representative 
luminescent Ruthenium compound [bottom), washed twice with warm media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software.
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3.2.2 Free ruthenium compounds RE69, 75 and 77 show rapid cellular uptake in 
live HeLa cells

Using confocal microscopy the free ruthenium compounds RE69-77 could be 

visualised within the cytoplasm of HeLa cells after 2h incubation. This rapid 

uptake and bright fluorescence suggests great potential for the compounds as 

biological imaging agents as anticipated. The compounds appeared to have been 

taken up by all cells in the field of view and to be distributed evenly throughout 

the cytoplasm of the cells. By 6h the compounds displayed no change in cellular 

localization however after 24h incubation the compounds appeared as more 

distinct spots of red fluorescence surrounding the nucleus of the cells. There was 

no evidence of any of the compounds localising within the nucleus of the HeLa 

cells in any of the images. Within several of the images the compounds appear to 

cluster on one side of the nuclei with the nuclei appearing to have a bean-shape 

morphology (for example Figure 3.10 (24h RE77 20|iM)).

The phase contrast images of the cells allow us to compare the overall morphology 

of the treated samples to that of the untreated control. For all the treatments the 

HeLa cells displayed similar morphology to the untreated healthy control cells, 

suggesting the treatm ents are relatively non-toxic at the concentration and time 

points investigated. No or low cytotoxicity is an attractive characteristic for a 

potential biological imaging agent [Figure 3.2, 3.6, 3.10).
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3.2.3 sAuNp69-77 and bAuNp69-77 display similar rapid cellular uptake in HeLa 
cells as seen for the free RE compounds
For sAuNp69, sAuNp75 and sAuNp77 (lOuM) the complexes had been taken up by 

the cells after a 2h incubation and could be seen in the cytoplasm (Figure 3.4, 3.8, 

3.12). This confirmed the compounds rapid uptake and potential as cellular 

imaging agents as well as the free ruthenium versions of the compounds. In 

comparison to that shown by the free versions of the compounds, the phase 

contrast images showed the fluorescence to overlap with dark /dense  

spots/patches throughout the cells perhaps due to high density of the AuNps and 

their ability to aggregate freely within the cytoplasm or their accumulation within 

vesicles. The AuNps fluorescence intensity had increased and was localised close 

to the nucleus of the cells with several nuclei displaying bean shape morphology 

by 24h. However sAuNp69-77 did not appear to localise within the nuclei of cells 

as the red fluorescence did not overlap with the nuclear stain DAPI [blue 

fluorescence) in any of the images. At this point the cells were still healthy and 

showed similar morphology to the untreated HeLa cells [Figure 3.1). Similar 

results were seen for cells treated with 20[iM sAuNp69-77 [Figure 3.3, 3.7, 3.11).

For bAuNp69-77 (20nM) the AuNps had been taken up by the cells and after 4h 

could be seen in the cytoplasm, displaying rapid uptake similar to sAuNp69-77 

[Figure 3.5, 3.9, 3.13). bAuNp69-77 are seen in the phase contrast images [BF) as 

dark spots within the cytoplasm of the cell and as red spots in the fluorescence 

images [FL). The overlay of these two images show that the dark spots and red 

fluorescent spots overlap as demonstrated for the small AuNps suggesting a 

similar uptake mechanism independent of particle size. These spots are too big to 

be from individual particles therefore they were thought to be intracellular 

vesicles containing several NPs. After 24h there appears to be an increase in the 

denseness of the dark spots and fluorescence of bAuNp69-77 which had moved 

and accumulated at the nuclear edge. As for sAuNp69-77, bAuNp69-77 could not 

be seen to overlap with the nuclear stain DAPI [blue fluorescence) in any of the 

images suggesting the compounds do not get into the nucleus of cells. The cell 

morphology remained similar to the untreated HeLa cells after treatm ent v /̂ith 

bAuNp69-77 displaying potential as a non-toxic cellular imaging agent.
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DAPI + RE69 RE69 D A P I+ R E 6 9  + BF
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Figure 3-2 RE69 uptake in HeLa ceils is rapid and time dependent

0.5 X 10^ HeLa cells were treated w ith  20|iM RE69 for 2h, 6h or 24h and were 
washed twice w ith  warm media, incubated w ith  DAPl and viewed using an 
Olympus FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  
an NA o f 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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DAPI + sAuNp69 sAuNp69 DAPI + sAuNp69 + BF
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Figure 3-3 sAuNp69 uptake in HeLa cells is rapid and time dependent

0.5 X 10^ HeLa cells treated w ith  20|iM sAuNp69 for 2h, 6h or 24h were washed 
twice w ith  warm media, incubated w ith  DAPI and viewed using an Olympus 
FVIOOO po in t scanning microscope w ith  a 60x oil immersion lens w ith  an NA of 
1.42. The software used to collect images was FluoView Version 7.1 software. 
These images are representative o f three independent experiments.



DAPI + sAuNp69 sAuNp69 DAPI + sAuNp69 + BF

Figure 3-4 sAuNp69 uptake in HeLa cells is still rapid and time dependent at 
lower concentration

0.5 X 10^ HeLa cells were treated w ith  lOfiM sAuNp69 for 2h, 6h or 24h were 
washed twice w ith  warm media, incubated w ith  DAPI and viewed using an 
Olympus FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  
an NA o f 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.



bAuNp69 + BF + DAPIbAuNp69

Figure 3-5 bAuNp69 displays rapid and time dependent uptake in HeLa ceils

0.5 X 10^ HeLa cells were treated w ith  20pM bAuNp69 for 4h or 24h, were washed 
twice w ith  warm media, incubated w ith  DAPI and viewed using an Olympus 
FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  an NA of 
1.42. The software used to collect images was FluoView Version 7.1 software. 
These images are representative of three independent experiments.
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DAPI + RE75 RE75 DAPI + RE75 + BF

Figure 3-6 RE75 uptake in HeLa cells is rapid and time dependent

0.5 X 10^ HeLa cells w ere  trea ted  w ith  20|iM RE75 for 2h, 6h or 24h w ere  w ashed  
twice w ith  w arm  m edia incubated with DAPI and viewed using an Olympus 
FVIOOO poin t scanning microscope w ith  a 60x oil im m ersion  lens w ith  an NA of 
1.42. The softw are  used to collect images w as FluoView Version 7.1 software. 
These images are  rep resen ta tive  of th ree  independen t experim ents.
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DAPI + sA u N p 7 5 sAuN p75  DAPI + sA u N p 7 5  +BF

Figure 3-7 sAuNp75 displays rapid and time dependent uptake in HeLa cells

0.5 X 10^ HeLa cells were treated with sAuNp75 for 2h, 6h or 24h and were 
washed twice with w arm  media, incubated with DAPI and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens v/ith 
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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DAPI + sAuNp75 sAuNp75 DAPI + sA uN p75 + BF

Figure 3-8 sAuNp75 uptal^e in HeLa cells is still rapid and time dependent at 
lower concentration

0.5 X 10^ HeLa cells were treated with 10|iM sAuNp75 for 2h, 6h or 24h were 
washed twice with warm media, incubated with DAPI and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens with 
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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bAuNp75 BF + DAPI bAuNp75 + BF + DAPl

Figure 3-9 bAuNp75 uptake is rapid and time dependent in HeLa cells

0.5 X 10^ HeLa cells were treated w ith  20nM bAuNp75 for 4h or 24h, were washed 
twice w ith  warm media, incubated w ith  DAPl and viewed using an Olympus 
FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  an NA of 
1.42. The software used to collect images was FluoView Version 7.1 software. 
These images are representative of three independent experiments.
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DAPI + RE77  RE77  DAPI + R E77  + BF
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Figure 3-10 RE77 uptake in HeLa cells is rapid and time dependent

0.5 X 10^ HeLa cells were treated with 20|iM RE77 for 2h, 6h or 24h and were 
washed twice with warm media, incubated with DAPl and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens with 
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments
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DAPI + sAuNp77 sAuNp77 DAPI + sAuNp77 + BF
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Figure 3-11 sAuNp77 uptake in HeLa cells is rapid and time dependent

0.5 X 10^ HeLa cells were treated w ith  20|iM sAuNp77 for 2h, 6h or 24h and were 
washed twice w ith  warm media, incubated w ith  DAPI and viewed using an 
Olympus FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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DAPI + s A u N p 7 7  sA u N p 7 7  DAPI + sA u N p 7 7  + BF

Figure 3-12 sAuNp77 uptake in HeLa cells remains rapid and time 
dependent at lower concentration

0.5 X 10^ HeLa cells were treated with lO^iM sAuNp77 for 2, 6h or 24h and were 
washed twice with warm media, incubated with DAPI and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens with 
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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b A u N p 7 7 BF + DAPI b A u N p 7 7  + BF + DAPI

Figure 3-13 bAuNp77 uptake in HeLa cells is rapid and time dependent

0.5 X 10^ HeLa cells were treated with 20|iM bAuNp77 for, 4h, 6h or 24h, were 
washed twice with warm media, incubated with DAPI and viewed using an 
Olympus FVIOOO point scanning microscope with a 60x oil immersion lens with 
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative of three independent experiments.
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3.2.4 Investigation of cell viability after uptake of free and AuNp bound compounds

Having shown that all the complexes were taken up by live cancer cells in vitro, the 

imaging and anticancer potential of free and AuNp bound compounds was 

evaluated by testing the complexes in three cancer cell lines; two mesothelioma 

cell lines, CRL 5195 and ONE 58, and the cervical cancer cell line, HeLa. Cells were 

treated with the relevant compound and incubated in the dark for 24h then either 

left in the dark or exposed to a xenon lamp for Ih  [illumination). 24h after light 

exposure the viability of the treated cells was assessed using Alamar Blue assay 

(Section 2.2.6-7).

3.2.5 sAuNp69 and RE69 but not bAuNp69 showed light dependent cytotoxicity

Re69 and sAuNp69 showed concentration dependent cytotoxicity in all three cell 

lines without illumination however the larger AuNp bound complex bAuNp69 did 

not [Figure 3.14-16). The ICso values for RE69 ranged between 12-19|ilVI whereas 

the ICso values for sAuNp69 ranged between 9-40|iM [Table 3.1) w ithout 

illumination.

Upon illumination both Re69 and sAuNp69 showed an increase in cytotoxicity 

[Figure 3.15-17). With Re69 the light-dependent ICso values ranged from 10-16nM 

and for sAuNp69 the light-dependent ICso values were between 5-13^iM [Table 

3.1). Due to synthesis limitations, bAuNp69 could only be tested at 1 

concentration, 20nM in HeLa cell line, results no cytotoxicity with or without 

illumination.

For Re69 treatm ent the difference between light and dark cytotoxicity was 

significant in the HeLa and ONE58 cells line. The difference between light and dark 

cytotoxicity upon sAuNp69 treatm ent was significant in HeLa and CRL5195 cells 

(Table 3.1).
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Re69 sAuNP 69
Cell line Dark Light Cell line Dark Light

HeLa 18.6 10.5 HeLa 20 12.5

O ne 58 18.52 11.27 O ne 58 9.4 4.7

CRL 12.1 15.8 CRL 40 10

Re69 20^M sAuNp69 20|iM
Cell line P va lue P su m m ary Cell line P value P su m m ary

HeLa 0 .0034 **
HeLa 0 .0010 * *

CRL5195 0 .819 non
significant

CRL5195 <0.0001 * * *

ONE58 0.0152 * ONE58 0.1015 non  significant

bAuNp69 20^M
Cell line R v alu e  P su m m a ry

HeLa 0 .5426  Non significant

Table 3-1 Summary of IC50 and P values (p< 0.05) values for free , sAuNp 
and bAuNp bound Re69 in CRL5195, One 58 and HeLa cells with and without 
illumination (Light).

P Values were evaluated using a two tailed paired t-test analysis to compare the 
percentages of viable cells after 20|iM trea tm ent of compound with and w ithout 
illumination. The analysis was carried out in Graphpad Prism 5 using values from 
three independent experiments carried out in triplicate.
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Figure 3-14 RE 69 displayed light activated cytotoxicity in HeLa and ONE58 
cancer cell lines

A 96-well plate was set up to contain 0.5x10'^ cells/well [200|il) and treated w ith  a 
range of d ifferent concentrations lOOuM) of Re69 for 24h w ith  or w ithout
illum ination for Ih . Alamar blue was added to the plates 24h after illum ination 
and fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence of the media 
w ithou t cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are the means 
from three independent experiments carried out in trip licate and were graphed 
using Graphpad PrismS. (A) HeLa cells; (B) ONE 58 cells and (C) CRL 5195 cells.
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Figure 3-15 sAuNp69 displayed light activated cytotoxicity in three cancer 
cell lines

A 96-well plate was set up to contain 0.5x10'*^ cells/well (200|il) and treated w ith  a 
range o f d ifferent concentrations ( l|iM - lOOuM) o f sAuNp69 for 24h w ith  or 
w ithout illum ination for Ih . Alamar blue was added to the plates 24 h after 
illum ination and fluorescence was read at 544nm excitation wavelength and 
590nm emission wavelength using a microplate reader. The background 
fluorescence o f the media w ithou t cells -i- Alamar Blue was taken away from each 
group, and the control untreated cells represented 100% cell viability. The results 
shown are the means o f three independent experiments carried out in trip licate 
and were graphed using Graphpad PrismS. (A] HeLa cells; (B) ONE 58 cells and [C) 
CRL 5195 cells.
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Figure 3-16 bAuNp69 did not show light activated cytotoxicity in HeLa ceils

A 96-well plate was set up to contain 0.5x10''^ HeLa cells/well (200|il) and treated 
with 20|iM of bAuNp69 for 24h with or without illumination for Ih. Alamar blue 
was added to the plates 24h after illumination and fluorescence was read at 
544nm excitation wavelength and 590nm emission wavelength using a microplate 
reader. The background fluorescence of the media without cells + Alamar Blue was 
taken away from each group, and the control untreated cells represented 100% 
cell viability. The results shown are the mean of three independent experiments 
carried out in triplicate and were graphed using Graphpad PrismS.
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3.2.6 Re75, sAuNp75 and bAuNp75 showed light dependent cytotoxicity

Re75 and sAuNp75 showed concentration dependent cytotoxicity in all three cell 

lines w ithout illumination (Figure 3.17-18]. bAuNp75 also displayed cytotoxicity 

in HeLa cells without illumination (Figure 3.19). The ICso values for RE75 ranged 

betw een 16-35nM whereas an I C s o  value for sAuNp75 could only be determined in 

ONE58 cells and was approximately 18|iM (Table 3.2). bAuNp75 (20nM) caused 

approximately 30% reduction in HeLa cell viability without illumination (Figure

3.19).

Upon illumination Re75, sAuNp75 and bAuNp75 showed an increase in 

cytotoxicity (Figure 3.17-19). With Re75 the light-dependent I C s o  values ranged 

from 2-17[iM and for sAuNp75 the light-dependent I C s o  value in One 58 cells was 

reduced to approximately 8[iM (Table 3.2). bAuNp75 (20nM) induced a significant 

further reduction in HeLa cell viability (approx. 20%) upon illumination (Figure

3.19).

For Re75 trea tm ent the difference between light and dark cytotoxicity was 

significant in the HeLa and ONE58 cells lines (as for Re69). The difference between 

light and dark cytotoxicity upon sAuNp75 trea tm ent was of small significance in 

ONE58 and CRL5195 cells (Table 3.2).
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Re 75 sAuNP 75
Cell line Dark Light Cell line Dark Light

HeLa 34.5 8.8 HeLa -

One 58 15.6 1.99 One 58 17.7 7.9

CRL 17.09 17.09 CRL -

Cell line P value P summary Cell line P value P summary

HeLa 0.0011 HeLa 0.8552 non significant

CRL5195 0.205 non significant CRL5195 0 .0480 ♦

ONE58 0.009 *  * ONE58 0.0157 *

Cell line P value P summary

HeLa 0.0113 *

Table 3-2 Summary of IC50 and P values (p< 0.05) values for fre e , sAuNp 
and bAuNp bound Re75 in CRL5195, One 58 and HeLa cells with and without 
illum ination (Light).

P Values were evaluated using a two tailed paired t-test analysis to compare the 

percentages of viable cells after 20|aM treatment of compound w ith  and w ithout 

illum ination. The analysis was carried out in Graphpad Prism 5 using values from 

three independent experiments carried out in triplicate.
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Figure 3-17 Re 75 showed light activated cytotoxicity in HeLa and ONE58 cell 
lines

A 96-well plate was set up to contain 0.5x10^ cells/well (200|il) and trea ted  with a 
range of different concentrations (l^M- 100|iM) of Re 75 for 24h with or w ithout 
illumination for Ih. Alamar blue was added to the plates 24 h after illumination 
and fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence of the media 
without cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are the mean of 
three independent experiments carried out in triplicate and were graphed using 
Graphpad PrismS. (A) HeLa cells; (B) One 58 cells and [C) CRL 5195 cells.
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Figure 3-18 sAuNp75 showed light activated cytotoxicity in ONE58 and 
CRL5195 cell lines

A 96-well plate was set up to contain 0.5x10'^ cells/well (200^1) and treated with a 
range of different concentrations 100|iM) of SAuNp75for 24h with or
without illumination for Ih. Alamar blue was added to the plates 24 h after 
illumination and fluorescence was read at 544nm excitation wavelength and 
590nm emission wavelength using a microplate reader. The background 
fluorescence of the media without cells + Alamar Blue was taken away from each 
group, and the control untreated cells represented 100% cell viability. The results 
shown are the mean of three independent experiments carried out in triplicate 
and were graphed using Graphpad PrismS. (A) HeLa cells (B] One 58 cells and (C) 
CRL5195 cells.
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Figure 3-19 bAuNp75 induced cytotoxicity in HeLa cells

A 96-well plate was set up to contain 0.5x10'^ HeLa cells/well (200^1) and treated 
with 20|iM bAuNp75 for 24h with or without illumination for Ih. Alamar blue was 
added to the plates 24h after illumination and fluorescence was read at 544nm 
excitation wavelength and 590nm emission wavelength using a microplate reader. 
The background fluorescence of the media without cells + Alamar Blue was taken 
away from each group, and the control untreated cells represented 100% cell 
viability. The results shown are the mean of three independent experiments 
carried out in triplicate and were graphed using Graphpad PrismS.
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3.2.7 Re77 and bAuNp77 but not sAuNp77 showed light dependent cytotoxicity

Re77 and sAuNp77 showed concentration dependent cytotoxicity in all three cell 

lines without illumination (Figure 3.20-21). bAuNp77 did not display cytotoxicity 

in HeLa cells without illumination (Figure 3.22). The ICso values for RE77 ranged 

between 16-63nM whereas the ICso values for sAuNp77 ranged between 20-40^M 

(Table 3.3).

Upon illumination Re77, bAuNp77 but not sAuNp77 showed an increase in 

cytotoxicity (Figure 3.20-22). With Re77 the light-dependent ICso values ranged 

from 3-28|iM and for sAuNp77 the light-dependent ICso values remained between 

19-40|iM (Table 3.3). bAuNp77 (20|iM) induced a significant reduction in HeLa 

cell viability (approx. 10%) upon illumination (Figure 3.22).

For Re77 trea tm ent the difference between light and dark cytotoxicity was 

significant in all three cells lines. The difference between light and dark 

cytotoxicity upon sAuNp77 trea tm ent was not significant in any of the three cell 

lines whereas bAuNp77 trea tm ent was significant in HeLa cells (Table 3.3).
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RE 77 AuNp77

Cell line Dark Light Cell line Dark Light

HeLa 39 .8 13.8 HeLa 40 38

O n e  58 15 .8 2.5 O ne  58 19 .8 18.5

CRL 63 27.8 CRL 39.8 3 9 .8

RE77 20|iM ■  sAuNp77 20mM

Cell line P va lue P su m m a ry Cell line P value P s u m m a r y

HeLa < 0 .0001 * * * HeLa 0 .812 n o n  significant

CRL5195 0 .0 0 0 5 CRL5195 0 .661 n o n  significant

ONE58 0 .009 ** ONE58 0 .1 6 5 9 non  significant

bAuNp77 20^M
Cell line R va lue  P s u m m a r y

HeLa 0 .0 0 4 5  **

Table 3-3 Summary of IC50 and P values (p< 0.05) values for free , sAuNp 
and bAuNp bound Re77 in CRL5195, One 58 and HeLa cells with and without 
illumination (Light).

P Values were evaluated using a two tailed paired t-test analysis to compare the 
percentages of viable cells after 20|iM trea tm ent of compound with and without 
illumination. The analysis was carried out in Graphpad Prism 5 using values from 
three independent experiments carried out in triplicate.
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Figure 3-20 Re 77 showed light activated cytotoxicity in all three cancer cell 
lines

A 96-well plate was set up to contain 0.5x10“’̂ cells/well (200^1) and treated with a 
range of different concentrations (l^M- lOOuM] of Re 77 for 24h with or without 
illumination for Ih. Alamar blue was added to the plates 24 h after illumination 
and fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence of the media 
without cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are the means 
of three  independent experiments carried out in triplicate and were graphed using 
Graphpad PrismS. (A) HeLa cells; [B] One 58 cells and (C) CRL 5195 cells.
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Figure 3-21 sAuNp77 did not show light activated cytotoxicity in three 
cancer cell lines

A 96-well plate was set up to contain 0.5x10“̂ cells/well [200(il] and trea ted  with a 
range of different concentrations (l|iM- lOO^M) of sAuNp77 for 24h with or 
w ithout illumination for Ih. Alamar blue was added to the plates 24 h after 
illumination and fluorescence was read at 544nm excitation wavelength and 
590nm emission wavelength using a microplate reader. The background 
fluorescence of the media without cells + Alamar Blue was taken away from each 
group, and the control untreated cells represented 100% cell viability. The results 
shown are the means of three independent experiments carried out in triplicate 
and were graphed using Graphpad PrismS. (A] HeLa cells [B) One 58 cells and (C) 
CRL 5195 cells.

120



Figure 3-22 bAuNp77 showed minimal cytotoxicity in HeLa ceils

A 96-well plate was set up to contain 0.5x10“’̂ HeLa cells/well (200|il) and treated 
with 20|iM of bAuNp77 for 24h with or without illumination for Ih. Alamar blue 
was added to the plates 24h after illumination and fluorescence was read at 
544nm excitation wavelength and 590nm emission wavelength using a microplate 
reader. The background fluorescence of the media without cells + Alamar Blue was 
taken away from each group, and the control untreated cells represented 100% 
cell viability. The results shown are the mean of three independent experiments 
carried out in triplicate and were graphed using Graphpad PrismS.
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3.2.8. Investigation into the effects of varying light intensity on the free and AuNp 
bound complexes’ light dependent cytotoxicity

To investigate if the cytotoxic effects seen with the compounds were light intensity 

dependent HeLa cells were set up as for cytotoxicity assay, treated  with the 

compounds (10|iM) for 24h and exposed to the xenon light for various time points 

(dark/Omin, 30min[~5J/cm2), 60min(~13]/cm2), IZOmin [~24J/cm2) and 60min 

with lamp moved closer to plate (~20J/cm2)). The cells were then incubated at 

37°C for 24h and the cell viability was assessed using the Alamar Blue assay as for 

the cytotoxicity experiments.

3.2.9. 60min is the optimal light dose for light-dependent cytotoxicity in HeLa cells 
treated with Re75, 77 and sAuNp69

Cells treated  with sAuNp69 showed a slight decrease in cell viability between 60 

and 120 min light exposure suggesting that increasing the light exposure could 

possibly affect the difference between the light and dark toxicities of sAuNp69 

(Figure 3.23). However cells treated with free compound Re69 showed almost no 

variation in percentage of cell viabilities upon variation of the duration of light 

exposure, confirming that sAuNp69 shows light activated cytotoxicity as shown in 

previous section and Re69 does not.

For the free compounds Re75 and Re77, both showed a decrease in cell viability 

upon light activation, as seen in previous cytotoxicity studies, but showed little 

variation between 60min, 120min or 60 min closer doses. As anticipated from 

previous results the small AuNp bound compounds sAuNp75 and sAuNp77 did not 

show an increase in cytotoxicity upon light activation and hence no variation 

between the different light doses.

These results confirm that a 60min exposure is therefore optimal for light 

activation of the compounds as it had no effect on untreated cell viabilities and 

compounds Re75 and Re77 show a distinct decrease in cell viability upon light 

activation a t this dose. They also confirm the potential of Re75, Re77 and sAuNp69 

as PDT agents.

122



sAuNp69

100-

■  Dark 
■ I  30min
□  60min
□  120min
O  60min cbser

Re75 sAuNp75

Re77 sAuNp77

Figure 3-23 Varying light intensity had little effect on HeLa cells viability 
when treated with free and sAuNp bound complexes

A 96-well plate was set up to contain 0.5x10''^ HeLa cells/well (200^1) and treated 
w ith  10|iM of complex for 24h w ith  or w ithout illum ination for various durations 
[0-120min]. Alamar blue was added to the plates 24 h after illum ination and 
fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence o f the media 
w ithou t cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are the mean of 
three independent experiments containing trip licate wells and were graphed 
using Graphpad PrismS. A]Re69 + sAuNp69, B] Re75 + sAuNp75, C) Re77 + 
sAuNp77.
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3.2.10 Nanoparticle size and intracellular localisation investigation using 
Transmission electron microscopy (TEM)

Due to the ability of AuNp species to be visualised by TEM microscopy, it was 

anticipated tha t the analysis of HeLa cells treated with AuNps would expand the 

confocal microscopy cellular uptake studies described previously in this Chapter. 

Also due to the higher resolution and magnification available with TEM it was 

envisaged that this experiment would provide more detail on the cellular 

localisation of the AuNps and aid in the characterisation of the uptake mechanism 

of the AuNps.

Size distribution studies were carried out by dropping the nanoparticle solutions 

onto a grid and imaged using a TEM by the CMA facility in TCD. To investigate 

intracellular localisation HeLa cells were treated with the nanoparticle solution, 

the samples were fixed and processed for TEM imaging by the CMA facility in TCD 

(Section 2.2.17]. Due to sample num ber limitations sAuNp69 and bAuNp77 were 

chosen as representative compounds due to their availability.

3.2.11 sAuNp69 was shown to have diameters between 3-4nm in solution using 
TEM

Figure 3.24 A and B show a solution of sAuNp69 (20^M) alone. These TEM images 

showed spherical nanoparticles with diameters ranging from l-8nm , which did 

not appear to form aggregates in solution and showed a homogenous size 

distribution. Figure 3.24 C showed that 50-60% of the AuNps was 3nm in 

diameter.

3.2.12 bAuNp77 was shown to have diameters between 14-15nm in solution using 
TEM

Figure 3.25.A shows a solution of bAuNp77 (20|iM) alone. These TEM images 

showed spherical nanoparticles with diameters ranging fro m ll-4 9 n m , which did 

not appear to form aggregates in solution and showed a homogenous size 

distribution. Figure 3.25.B showed that approx. 50% of the AuNps was 14-15nm in 

diameter.
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Figure 3-24 sAuNp69 TEM size distributions.

(A, B) A solution o f 20nM SAuNp69 dropped onto a grid and imaged using a TEM 
by the CMA facility in TCD. [C) Quantitative analysis of 2 independent experiments 
graphed using Graphpad PrismS.
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Figure 3-25 bAuNp77 TEM size distribution.

(A) 20|iM bAuNp77 dropped onto a grid and imaged using a TEM by the CMA 
faciUty in TCD. (B) Quantitative analysis of 2 independent experiments graphed 
using Graphpad PrismS.

126



3.2.13 sAuNp69 and bAuNp77 were shown to accumulate within vesicle like 
structures in HeLa cells

TEM images for sAuNp69 treated HeLa cells showed a healthy morphology after 

6h (Figure 3.26.B), similar to the healthy control untreated cells (Figure 3.26.A). 

sAuNp69 can be seen at the cellular edge as aggregates and appear to be getting 

engulfed by the cell into vesicle like structures characteristic of endocytosis 

(Figure 3.26.C). AuNp aggregates (about SOOnm in diameter) could also be seen 

within vesicle like structures inside the cytoplasm (Figure 3.26.D, F) or adjacent to 

the nucleus (Figure 3.26.D, E). There did not appear to be any evidence for 

sAuNp69 in the nuclei of the cells however the nuclei stained much denser than 

the cytoplasm making it difficult to see individual AuNps if present. These results 

coincide with those mentioned previously by confocal imaging and re-affirm the 

potential use of the complexes as cellular imaging agents. Unfortunately at the 

maximum resolution of the TEM it was difficult to see individual AuNps with an 

average diameter of 4nm; however aggregates could be easily distinguished from 

the surrounding cytoplasm.

bAuNp77 can been seen in Figure 3.28 as individual particles taken up by HeLa 

cells and localised within m embrane bound vesicles similar to sAuNp69 (Figure 

3.26]. However unlike sAuNp69, bAuNp77 does not appear to be aggregated but 

uniformly distributed and importantly the AuNps are still all of similar size to 

when imaged alone (Figure 3.24.A). After only Ih  (Figure 3.27.B) and 2h (Figure 

3.27.C) treatm ent the particles are clearly seen at the outer edge of the plasma 

membrane and also within vesicles close to the inner edge of the plasma 

membrane. The particles are only seen within single m embrane vesicular 

structures which have moved adjacent to the nuclear m embrane in most cells by 

4-6h (Figure 3.24.D, E]. Similar results are seen for 24h treatm ent also (Figure 

3.24.F). As mentioned above the nuclei stain denser than the cytoplasm of the cells 

making it difficult to confirm if the bAuNp77 is localised within the nuclei.
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Figure 3-26 sAuNp69 accumulation in HeLa ceils.

7.5 X 10^ HeLa cells were treated w ith  20pM sAuNp69 for 4h [B- F) or left 
untreated (A].The samples were fixed and processed for TEM imaging.
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Figure 3-27 bAuNp77 accumulation in HeLa cells.

7.5 X 10^ HeLa cells were treated with 20|iM bAuNp77 for Ih  [B], 2h (C), 4h (D), 
6h (E], 24h (F) or left untreated [A). The samples were fixed and processed for 
TEM imaging.
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3.2.14 Investigation into cellular retention of ruthenium bound AuNps in HeLa cells 
using confocal microscopy

HeLa cells were set up and imaged using the conditions outlined previously in 

Section 3.2.1. Cells were treated with 10|iM or ZO^M for 24h, washed twice with 

PBS, to remove any free compound in the media, and fresh media and DAPI added. 

The cells were then imaged at 37°C with 5% CO2, After imaging the cells were re

incubated at 37°C with 5% CO2 until 48h time point and the above wash and 

imaging step repeated. The wash and imaging step was repeated again at the 72h 

time point.

An Alamar blue assay was carried out at the 24, 48 and 72h to confirm HeLa cells 

remained viable (Section 2.2.6-7).

3.2.15 Both free and AuNp bound ruthenium compounds are retained in HeLa cells 
after 72h

After 24h incubation both the free and AuNp bound ruthenium complexes were 

seen as bright red spots surrounding the nuclei of HeLa cells [Figure 3.28-38). The 

small and big AuNp bound complexes could also be seen in the phase contrast 

images as dense spots which co-localised with the red fluorescence. The treated 

HeLa cells remained healthy and showed similar morphology to the untreated 

control cells from previous studies (Figure 3.1).

All of the complexes appear to have been retained by the cells after the 72h time 

point. Neither the fluorescence nor the dense patches appeared to decrease over 

time and importantly the cells were still alive and displayed similar morphology to 

the untreated control cells. Suggesting both the free and AuNp bound complexes 

are contained in similar vesicles within the cells which do not expel the 

compounds immediately which may be advantageous for repeated imaging or 

trea tm ent in vivo.
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Figure 3-28 Re69 is retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated with lO^iM RE69 and imaged after 24h, 48h or 
72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.

131



24h 48h 72h

f

30pm 30 pm 30pm

Figure 3-29 sAuNp69 is retained in HeLa ceils over a 72h period

0.5 X 10^ HeLa cells w ere  treated with 20|iM sAuNp69 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-30 sAuNp69 is still retained in HeLa cells over a 72h period at a 
lower concentration

0.5 X 10^ HeLa cells were treated with 10|iM sAuNp69 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-31 bAuNp69 is retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated  with ZO îM bAuNp69 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-32 Re75 is retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated with 20|iM RE75 and imaged after 24h, 48h or 
72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used to 
collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-33 sAuNp75 was retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated with 20|iM sAuNp75 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-34 sAuNp75 is still retained in HeLa cells over a 72h period at a 
lower concentration.

0.5 X 10^ HeLa cells were treated with 10|iM sAuNp75 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-35 Re77 is retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated with lO^M RE77 and imaged after 24h, 48h or 
72h. At each imaging time point the cells were washed twice with w arm  media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-36 sAuNp77 is retained in HeLa cells over 72h period.

0.5 X 10^ HeLa cells were treated with 20^M sAuNp77 and imaged after 24h, 48h 
or 72h, at each imaging time point the cells were washed twice with warm media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-37 sAuNp77 is still retained by HeLa cells over a 72h period at a 
lower concentration.

0.5 X 10^ HeLa cells were treated  with 10(iM sAuNp77 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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Figure 3-38 bAuNp77 is retained in HeLa cells over a 72h period.

0.5 X 10^ HeLa cells were treated with 20(iIVl bAuNp77 and imaged after 24h, 48h 
or 72h. At each imaging time point the cells were washed twice with warm  media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are 
representative of three independent experiments.
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3.3 Discussion

Gold nanoparticles are and have been under investigation for use in the 

identification of chemical and biological agents within cells. TEM has remained a 

popular method to image uptake of gold particles, due to their high electron 

density. Studies by Thomas etai, have shown that non-cytotoxic Ru(ll) complexes 

could rapidly accumulate within cells and directly image nuclear DNA [125] 

.Therefore an aim of this Chapter was to investigate the potential of the AuNp 

bound Ruthenium compounds as biological imaging agents by testing their cellular 

uptake and localisation in cancer cells.

As mentioned previously in this thesis the free or AuNp bound Ru (II) compounds 

emit fluorescence/luminescence upon laser excitation. This 

fluorescence/luminescence allowed us to use a fluorescent confocal microscope 

for real-time detection of free and AuNp bound ruthenium compound uptake by 

live HeLa cells. This was previously shown by the Gunnlaugsson group with 

similar free Ru[ll)compounds[90] and by Gu et al, with 3.9nm AuNps labelled 

with the fluorescent label FITC [126]. Bright field confocal microscopy images 

confirmed the uptake of all the AuNp compounds which could be seen as dense 

aggregates within the cytoplasm of live HeLa cells 2h after treatment. This uptake 

was confirmed by a red fluorescence emitting from within the cells upon laser 

excitation which overlapped with the dense patches. In contrast the Ru [11) free 

compounds could only be seen using fluorescence hence highlighting a benefit of 

attaching the compounds to AuNps for imaging studies. The different size of 

sAuNps and bAuNps [3-4nm versus 14-15nm) did not appear to affect the uptake 

of the compounds into the cells. Interestingly both the free and AuNps bound 

compounds displayed similar uptake patterns and did not appear to localise in one 

organelle of the cell but could be seen both in the cytoplasm and accumulated at 

the nuclear edge. The compounds were shown to cause several nuclei to display a 

concave or bean like structure with the compounds accumulated at the point of 

indentation however there was no evidence of any of the compounds localizing 

within the nuclei of the HeLa cells. In the case of all compounds, fluorescence 

appeared similar regardless of the ligand attached or whether the compound was
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nanoparticle bound or not, while the fluorescence within the cells seemed to 

increase over time. However due to the qualitative nature of the confocal 

microscope it was unable to quantify this increase in fluorescence.

Similar to Gu et al, TEM studies using sAuNp69 displayed internalisation of the 

compound in HeLa cells after a 4h incubation period. sAuNp69 was readily 

observable as aggregates in multiple vesicles within the cytoplasm of the cell. 

Nativo eta l,  also showed the internalisation and localisation of AuNps in vesicles 

and were unable to identify any free AuNps in the cytoplasm or nucleus [127]. 

Unfortunately due to the electron density of chromatin it made it impossible to 

confirm the lack of uptake of the AuNps into the nucleus. However nuclear uptake 

of AuNps of this size is possible as studies by Anderson et al., discovered the 

diameter of the nuclear pore in a HeLa cell to be about 39nm, much larger than the 

diameter of our sAuNps [128]. Also due to the limitations of resolution when using 

the TEM, single non-aggregate AuNps were unable to be seen within the HeLa 

cells.

However when the TEM studies were repeated using bAuNp77 individual, non

aggregated AuNps were clearly visible inside intracellular vesicles. Therefore by 

increasing the diameter of the AuNp core we were able to overcome the above low 

resolution limitations of using the TEM. The bAuNps were imaged at the outside 

edge of the plasma membrane at the shorter time points and trapped within 

intracellular membrane enclosed vesicles which moved towards the nuclei at later 

time points. There were no sign of bAuNps free within the cytoplasm from these 

TEM images which excluded passive diffusion across the membrane as a possible 

uptake mechanism. Also as for the previous results it is impossible to confirm the 

lack of the bAuNps localised in the nucleus due to the dense staining of the 

chromatin. The combination of the previous conclusion and process observed 

from the images suggested endocytosis as a possible mechanism for the uptake of 

the compounds.

The uptake of these compounds may be due to their cationic nature which allows 

them to be transferred across the plasma membrane or else may be due to 

endocytosis. Poon et al, also described cellular uptake of Ruthenium (11)
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polypyridyl complexes w hich also fluoresce in vitro  thus  allowing imaging using 

confocal m icroscopy [129], This s tudy  confirm ed th a t  bo th  AuNps and Ru (II) 

polypyridyl complexes are  capable of en tering  live cells as show n in this Chapter.

The ability of com pounds to be re ta ined  by cancer cells is im p o rtan t  for bo th  

imaging and  PDT therapy. The enhanced  perm eation  and  re ten tion  (EPR) effect 

p roposes  th a t  NPs will accum ulate  significantly in solid tum ours, how ever  NP size, 

charge and  surface chem istry  also have an effect on in vivo b iod istr ibu tion  [36]. 

F luorescence confocal m icroscopy confirm ed th a t  the  free and  sAuNp bound  

com pounds w ere  re ta ined  in HeLa cells for up to 72h w ith  no obvious deple tion  in 

com pound fluorescence. This is advantageous for biological imaging agents  as it 

confirms the com pounds are  stable w ithin  live cells and  non-toxic over the  72h 

period.

Photofrin is approved  for clinical use as a PDT agen t in the  t rea tm e n t  of cancers  

such as lung, s tom ach and  b lad d er  in the  United States, Canada and  Japan. Despite 

it being the m ost com m only used PDT agent in clinics, Photofrin has several 

d isadvantages such as its long lasting skin sensitivity and poor photophysical 

p roperties  [130]. Currently  m any a t tem p ts  are  being m ade  to identify and  

investigate m any  second genera tion  and nonporphyrin  classes of com pounds  

abilities as PDT agents. Therefore  an aim of this Chapter w as to investigate the 

cytotoxicity of the  free and  AuNp bound  ru then ium  complexes RE69-77 in vitro  

and  to de te rm ine  if they  could function as a lternative reagen ts  to the  cu r ren t  PDT 

agents  u n d e r  investigation for cancer therapy.

Cell viability w as te s ted  using an Alamar Blue assay and  both  free and  sAuNp 

bound  RE69 displayed sim ilar dose d ep en d en t cytotoxicity. However, upon  

illumination only sAuNp69 show ed  an increase in cytotoxicity. These resu lts  

suggest th a t  p e rhaps  w hen  bound  to the sAuNp surface RE69’s ability to e i th e r  

b in d / in te ra c t  w ith  the ir  as ye t  unknow n ta rge t is enhanced. bAuNp69 displayed 

low cytotoxicity and  no increase  upon illumination.

RE75 and RE77 show ed  sim ilar dose d ep en d en t cytotoxicity in the free form 

how ever once bound  to sAuNps th e re  was little reduction  in cell viability 

com pared  to u n trea ted  control. In con trast  to com pound  RE69, R E 75/77  show ed
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an increase in cytotoxicity upon illumination however no increase in cytotoxicity 

was observed once the compounds were bound to AuNps. This result suggests 

perhaps by binding the sAuNps RE75 and RE77 can no longer interact with their 

as yet unknown target and cause photo-induced cell death. BAuNp75/77 showed a 

small increase in light dependent cytotoxicity compared to the free versions.

In conclusion of all the compounds tested, RE77 appeared to be the compound 

most suited for use as a PDT agent followed by RE75 due to their significant 

increased cytotoxicity upon illumination. These results coincide well with the 

observation made by Dr Robert Elmes that RE77 showed 100% cleavage of 

plasmid DNA upon illumination and RE75 showed 54% cleavage (as mentioned in 

the Introduction Chapter and shown in Appendix 1.4). The results also coincide 

with recent work carried out in our lab by Erby and Cloonan on the compound 

Re37 [Appendix 1.6) which is structurally similar to Re77 as it also contains a 

ruthenium core bound with TAP ligand. This work concluded that Re37 had 

potential as a PDT agent due to very little toxicity in the dark (IC so  ~83|iM) and 

significant toxicity upon illumination ( IC so  ~8|iM). This compound was not 

attached to AuNp as it did not contain the necessary linker and terminal thiol 

group necessary to bind to the gold surface. Previously published studies with 

ruthenium (II) phthalocyanine and ruthenium (II)-2,3-naphthalocyanines have 

examined their potential as PDT agents and have shown the compounds to display 

phototoxicity in the low micromolar range ( dark ICso ~20|iM, light ICso ~0.2nM) 

[131] which is comparable to that found in this study. However other examples in 

the literature report almost no dark cytotoxicity with a highly significant decrease 

in ICso values upon light activation. Gallagher et al observed dark ICso values 

>100|iM which were reduced to ~4nM upon illumination for the novel PDT agent 

ADPM06 [80]. Similarly Poon et al reported little or no dark cytotoxicity with a 

light ICso value of ~3nM for the PDT agent under investigation[94]. Therefore 

although the compounds discussed in this thesis display comparable light ICso 

values to several studies in the literature the level of Dark cytotoxicity is not 

comparable. The AuNp bound Ru (II) compounds would be more suited as 

biological imaging agents due to their relatively low cytotoxicity in vitro, inability

145



to cleave plasmid DNA upon illumination and ability to image HeLa cells either by 

fluorescence or light microscopy.

In the next Chapter the possible mechanism of cell death and uptake is 

investigated, as well as the effects the compounds may have on immune and non

cancer cells.
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Chapter 4: Investigation into the 

mechanisms of Ruthenium (II) polypyridyl 

functionalised gold nanoparticles uptake

and cytotoxicity
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4.1 Introduction

In Chapter 3 w e investigated the potential of the free and  AuNp bound  complexes 

Re69-77 as bo th  PDT and biological imaging agents. We show ed the  complexes 

Re69, Re75, Re77 and  sAuNp69 induced cytotoxicity in several cancer cell lines in 

vitro. Upon illumination Re75, Re77 and  sAuNp69 show ed  a significant increase in 

cytotoxicity, confirm ing the ir  po tentia l as PDT agents for cancer trea tm ent.  

Although Re69 did no t show  an increase in cytotoxicity upon illumination it did 

show  significant cytotoxicity in the dark  confirming potential as an anti-cancer 

agent. In addition  all complexes displayed rapid  time d ep en d e n t up take  in live 

HeLa cells. Both the free and  sAuNp bound  complexes could be im aged using 

fluorescence confocal m icroscopy due to the ir  ability to lum inesce in vitro. The 

sAuNp bound  com plexes could also be imaged using light and  TEM due the  high 

density  of the  gold. Complexes could be imaged a t sub-lethal concen tra tions  and 

im aged over a 72h period  w ithou t a decrease in fluorescence o r  any  adverse  

effects on the  HeLa cells.

In the  cu r ren t  Chapter, the free and sAuNp bound  complexes Re69-77 w ere  taken 

fo rw ard  for com prehensive  analysis of the m echanism s by w hich they  are  taken 

up by cells and induce cell death. The effect of the  com pounds on im m une cells 

and  non-cancer cell m odels w ere  also investigated in this Results Chapter.

Findings in the li te ra tu re  suggest th a t  PDT can resu lt in the induction of apoptosis  

o r  necrosis w ith  the outcom e d ep en d en t on the in tracellu lar localisation of the PS 

within  the  cell [130] as well as the intensity  of light activation [14]. PS's which 

localise to the endoplasm ic reticulum  or m itochondria  a re  p roposed  to induce 

apoptosis  upon illumination w hereas  PS’s localised w ith in  the lysosom es o r  near  

the p lasm a m em brane  have been  show n to delay apoptosis  and  the re fo re  can 

force the  cells to undergo  necrosis [78].

A poptosis is a highly regula ted  pa thw ay  w hich resu lts  in organ ised  cell death. It 

involves tw o pathw ays, the  extrinsic and  intrinsic, bo th  of w ith  converge a t  the 

activation of effector caspases. Caspases are  a family of asparta te-specific  cysteine 

p ro teases  involved in apoptosis. The intrinsic pa thw ay  is activated  in re sponse  to
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non-receptor-mediated stimuli such as drug treatment, free radicals or toxins. The 

extrinsic pathway is activated upon binding of a ligand, generally a m em ber of the 

tum our necrosis family (TNF], to a corresponding trans-m em brane death 

receptor. The intrinsic pathway activates the initiator caspase 9 whereas the 

extrinsic pathway activates the initiator caspase 8, both of which go on to activate 

the initiator caspase-3. Caspase-3 participates in the cleavage of nuclear protein 

poly-(ADP-ribose) polymerase [PARP) and endonucleases which induce DNA 

double strand breaks and fragmentation. Due to the caspase dependence of both 

apoptotic pathways, activation of the initiator caspases is considered indicative of 

apoptosis induction. For example the clinically approved PS Photofrin has been 

shown to induce PARP cleavage [82] and a second PS Radachlorin showed up 

regulation of caspase-3 and PARP cleavage [132] upon light activation confirming 

the induction of apoptosis in response to PDT.

Necrosis, unlike apoptosis is not a linear pathvi^ay of highly regulated events 

resulting in organised cell death. Although evidence is now emerging suggesting 

necrosis is somewhat regulated it is not as defined or linear as apoptosis. Necrosis 

is induced in response to physiological conditions which damage the cells such as 

heat, mechanical force or cold. Necrosis is better defined by its morphological 

changes ra ther than a molecular pathway. Upon induction of necrosis the integrity 

of the cell's plasma membrane is lost resulting in swelling of the intracellular 

organelles and the expulsion of the cellular contents into the extracellular matrix 

which in vivo initiates an inflammatory response [15]. Due to the lack of 

involvement of a direct pathway in necrosis it is generally accepted that by 

eliminating apoptosis and another form of cell death known as autophagy as the 

cause of death one can confirm necrotic cell death as the mechanism. PDT has 

been shown to have the ability to induce cell death in cancer cells resistant to 

apoptosis by initiating necrosis. Cells which are killed in response to PDT have 

been shown to possess immunogenicity which coincides with the ability of 

necrotic cells to induce a pro-inflammatory response [15].

As discussed in S e c t io n l . i l  reactive oxygen species, ROS, production has been 

proved to play an important role in PDT induced cell death. ROS are oxygen 

species with unpaired electrons generated from the transfer of electrons from the
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excited state of a PS to molecular oxygen. Some examples of ROS include singlet 

oxygen, hydrogen peroxide and the hydroxyl radical. The mitochondrial inner 

m em brane is a common site of ROS production. A large increase in ROS 

production is known to induce oxidative stress, damage to intracellular organelles 

and DNA which ultimately can lead to either necrosis or apoptosis [15]. ROS 

scavengers can protect cells from PDT induced cell death, for example N-Acetyl 

cysteine. Cells treated  with the PS Radachlorin displayed an increase in ROS 

production upon illumination which could be measured using DCF flow cytometry 

[132],

Several studies are emerging which report the induction of an inflammatory 

response with PDT and that this response plays a role in the anti-tumour effect of 

PDT [81]. This PDT-induced inflammation is influenced by the composition, 

concentration and localization of the PS as well as the source and intensity of the 

light and the availability of oxygen. PDT-related endoreticular stress in response 

to ROS has been proposed as a possible mediator of the production of IL-6 and 

TNF-a and therefore a pro-inflammatory response [81]. Macrophages are involved 

in PDT-mediated inflammation and act a source of cytokines and other pro- 

inflammatory factors. Macrophages treated with various PS and PDT doses have 

been shown to become activated. Murine macrophages treated with Photofrin- 

PDT displayed an increase in TNf-a release with and without LPS stimulation [81]. 

Gold Nanoparticles have also been implicated in inducing an acute inflammatory 

response in-vivo. Mice treated with naked GNPS (10 and 50nm) induced an 

increase in TNF-a mRNA in the liver on day 1 of trea tm ent which had subsided by 

day 5 without cytotoxicity [133],

Interestingly reports  in the literature have confirmed the ability of many different 

PS to be taken up by non-cancerous cells found near or within tumours. Korbelik 

e ta l ,  showed Photofrin could accumulate in non-tum our cells (tum our associated 

macrophages) to the same extent, if not more, than in the tum our cells [81]. 

Therefore upon illumination of the tum our site the production of ROS also induced 

cell death in the tum our associated macrophages as well as cancerous tum our 

cells. A study by Eric A Hryhorenko etal., isolated PBMCs from healthy donors and 

showed the accumulation of the PS photoporphyrin IX (PplX) in the macrophages
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and dendritic cells within the sample (Eric A Hryhorenko, 1998). A similar study 

by Zhang Baoqua et al, treated PBMCs with 5-aminolevulinic acid based PDT 

(ALA-PDT) and saw no significant changes in PBMC viability [134].

Nanoparticles are becoming increasingly popular for drug delivery, which 

requires them to interact with the surface of target cells resulting in their 

internalisation and intracellular localisation. As mentioned above intracellular 

localisation can determine the cell death mechanism induced upon PDT therefore 

making it important for the intracellular localisation of free and nanoparticles 

bound drugs to be determined. Endocytosis is the process by which particles are 

engulfed by membrane invaginations which are then pinched off to from 

membrane enclosed vesicles referred to as endosomes. Endosomes then transfer 

the particles to cellular structures where the particles are sorted and delivered 

within the cell or recycled back to the plasma m embrane for removal [51]. As 

discussed in Section 1.7 endocytosis can be subdivided into several pathways. An 

important protein essential for vesicle formation in the clathrin dependent and 

caveolae mediated pathways is dynamin. Dynamin is a GTPase involved in the 

pinching of the endocytic vesicles from the plasma membrane and thus allows 

their movement into the cell. Dynasore is a small molecule discovered to be a non

competitive inhibitor of dynamin in vitro [116]. Macia e t al., were able to block the 

uptake and trafficking of transferrin, known to be taken up by clathrin dependent 

endocytosis, in HeLa cells. Using TEM and pre-treating cells with Dynasore they 

also showed the vesicles remaining attached to the plasma membrane and unable 

to pinch off over time [116].

Experimentation in this Chapter looked to investigate and confirm the induction of 

light dependent cell death with complexes Re75, Re77 and sAuNp69 within HeLa 

cells. Apoptosis induction was monitored by PI cell cycle analysis and evidence for 

caspase activation and dependence in response to treatment. Alternate assays for 

cell death analysis were performed including Annexin V staining, CellTox green, 

LDH release and GSH-Glo assay. The production and involvement of ROS was 

assessed using DCF flow cytometry and carrying out Annexin V PI staining in the 

presence of the ROS scavenger N-acetyl-cysteine. These experiments were
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performed to classify the mechanisms of cell death involved both with and without 

light activation for the free and sAuNp bound complexes.

Experiments to characterise the mechanism involved in the uptake of the free and 

sAuNp bound complexes in HeLa cells were also performed. The involvement of 

endocytosis was assessed by investigating time, tem perature  and dynamin 

dependent uptake using confocal fluorescence microscopy and Flow cytometry. In 

an a ttem pt to determine the intracellular localisation of the compound the uptake 

was monitored both in isolated and live cell nuclei and mitochondria using 

confocal fluorescence microscopy.

Lastly experiments were carried out to investigate the ability of the free and 

sAuNp bound complexes to localise and activate immune cells, and also their 

ability to localise and induce cytotoxicity in non-cancer cell models. This was 

assessed using techniques as above but in the murine macrophage cell line 

RAW264.7, the differentiated and un-differentiated forms of PC-12 cells and 

PBMCs isolated from healthy patient blood samples.
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4 .2 Characterisation of apoptotic response induced by both the free 
and sAuNp bound complexes in HeLa cell line

Both the free and sAuNp bound complexes have been shown to induce various 

levels of cytotoxicity in MPM and HeLa cell lines, with RE75, RE77 and sAuNp69 

showing an increase in cytotoxicity upon illumination. The ability of all the 

complexes to induce apoptosis in HeLa cells was examined by PI cell-cycle flow 

cytometry analysis. In order to further confirm if an apoptotic program of cell 

death was induced by the complexes studied, PARP cleavage as well as caspase-3 

activation and Bcl-2 degradation analysis was performed on treated HeLa cells. 

Poly-(ADP-ribose) polymerase, or PARP, is a nuclear enzyme which catalyses the 

poly-(ADP)-ribosylation of nuclear proteins [135]. PARP is a proteolytic substrate 

of caspase-3, and is cleaved from an 116kDa full length protein to 89 kDa and 27 

kDa fractions. PARP cleavage and caspase-3 activation was used as an indication of 

caspase dependent apoptosis. Bcl-2 (B-cell lymphoma 2] is a 28kDa anti-apoptotic 

protein which prevents the downstream activation of caspase-3 via the 

mitochondria, therefore a decrease in Bcl-2 expression can also be used as an 

indication of caspase dependent apoptosis.

4.2.1 Lack of light dependent apoptosis from treatment with either free or sAuNp 
bound complexes

Cells were treated with both the free and sAuNp bound complexes Re69-77 

(20^M) and incubated in the dark for 24h then either left in the dark or exposed to 

a xenon lamp for Ih. 24h after light exposure the cell viability was assessed using 

PI FACS analysis [Section 2.2.9).

HeLa cells treated with Re69 (20nM) for a total of 48h showed a 27±8% increase 

in the num ber of cells. After light exposure for Ih  the percentage of cells in pre-Gl 

phase was 25±11% showing no significant difference between light and dark 

cytotoxicity. When treated with sAuNp69 (20nM) the num ber of cells in pre G1 

were 39%±8.5 without light exposure and 46±7.2% with light exposure [Figure 

4.1).
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Re75 [20|iM] treated cells showed 9.2±0.8% in the pre-Gl phase of the cell cycle, 

with no increase upon illumination. sAuNp75 (20 nM) treatm ent led to 54.5±7.6% 

of cell in pre-Gl phase and similar to the other complexes there was no increase 

upon illumination (Figure 4.2).

Cells treated for a total of 48h with Re77 (20|iM] showed 27.6±8.1%of cells in pre- 

Gl, with no increase upon illumination. sAuNp77 (20|iM) showed almost identical 

results to Re77 with 27±13.5% cells in pre-Gl and no increase upon illumination 

(Fig. 4.3],

Therefore none of the free or sAuNp bound versions of Re69-77 displayed light- 

dependent apoptosis, suggesting the light dependent cell death induced by 

sAuNp69, Re75 and Re77 in previous cytotoxicity studies is not due to apoptosis.

4.2.2 Lack of light dependent changes in cell cycle distribution from treatment with 
either free or sAuNp bound complex

The free and sAuNp bound complexes Re69-77 did not display a light dependent 

effect on the num ber of cells in the G1 phase. However sAuNp69 and sAuNp75 

induced a decrease in the num ber of cells in G1 when compared to the untreated 

control and other samples. Between 65-70% of the cells were found in G1 of the 

untreated  control compared to 40-45% when treated with either sAuNp 69 or 

sAuNp75 (Figure 4.1, 4.2).

In contrast both the free and sAuNp bound complexes showed no effect on the 

num ber of cells within e ither the S or G2 phase of cell cycle.
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Figure 4-1 Re69 and sAuNp69 did not induce light dependent apoptosis or 
cell cycle arrest in HeLa cells

250 ,000  cells /3 m l  w e r e  t re a te d  w ith  e i th e r  H2O [A) Re69 (20 |iM ) (B) o r  sAuN p69 
[20|iM) (C) for 24h  w i th  o r  w i th o u t  i llum ination  w ith  light for Ih .  After 24h  cells 
w e re  h a rv e s te d  by cen tr ifuga tion  a n d  fixed in 70%  ethanol. FACS analysis  w as  
ca rr ied  o u t  u p o n  in cu b a t io n  w ith  PI an d  RNase A. Values r e p r e s e n t  the  m ea n  + /-  
S.E.M of th r e e  in d e p e n d e n t  ex p e r im e n ts  a n d  w e re  g ra p h e d  using  G rap h p ad  Prism  
5.
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Figure 4-2 Re75 and sAuNp73 did not induce light dependent apoptosis or 
ceil cycle arrest in HeLa cells.

250,000 cells /3 m l  w ere  trea ted  w ith  e i ther  H2O [A) Re75 (20^M) (B) or sAuNp75 
(20nM) [C) for 24h w ith  o r  w ithou t illumination w ith  light for Ih. After 24h cells 
w ere  harves ted  by centrifugation and  fixed in 70% ethanol. FACS analysis w as 
carried  ou t upon  incubation  w ith  PI and  RNase A. Values rep re se n t  the m ean + /-  
S.E.M of th ree  in d ep en d en t experim ents  and w ere  g raphed  using G raphpad Prism 
5.
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Figure 4-3 Re77 and sAuNp77 did not induce light dependent apoptosis or 
cell cycle arrest in HeLa cells.

250,000 cells /3 m l  w ere  trea ted  w ith  e i ther  H2O [A) Re77 (ZO^iM) [B) or sAuNp77 
(20|iM) (C) for 24h w ith  o r  w ithou t illumination with light for Ih. After 24h cells 
w ere  harvested  by centrifugation and fixed in 70%  ethanol. FACS analysis w as 
carried  out upon incubation with PI and RNase A. Values re p re se n t  the m ean  + /-  
S.E.M of th ree  independen t experim ents  and  w ere  g raphed  using G raphpad Prism 
5.
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4.2.3 Free or sAuNp treatment did not induce light dependent PARP cleavage or 
Caspase-3 activation in HeLa cells

Similarly to the PI FACS apoptotic analysis, PARP cleavage and caspase-3 

activation was investigated in response to both the free and sAuNp bound 

complexes Re75-77 in HeLa cells. The pan caspase inhibitor Z-VAD-FMK (Cl) was 

also used in combination with light activated RE75 and Re77 to further investigate 

to involvement of caspase-dependent apoptosis in the light induced cytotoxicity of 

these complexes. The I C 5 0  values of the complexes were approximately 20nM 

therefore we choose a concentration of 30|iM for this experiment to ensure a 

significant level of cytotoxicity would be observed upon treatment. Cells were 

treated with both free and sAuNp bound complexes and incubated for 24h, then 

either left in the dark or illuminated for Ih. After a further 24h, whole cell lysates 

were prepared and protein levels assessed by Western blot analysis, as outlined in 

Sections 2.2.19-27. Full length [116 kDa] and the 89 kDa cleaved fragment of 

PARP were detected using an anti-PARP antibody, and pro-caspase3 (35kDa) was 

detected using an anti-procaspase3 antibody, p-actin was also assessed as a 

loading control.

The cleaved 89 kDa PARP fragment was observed as a faint band with cisplatin 

(25nM) trea tm ent (a known apoptosis inducer) and with free and sAuNp bound 

Ruthenium complexes [Re75 and Re77) (Figure 4.4). However upon illumination 

there was no increase in the density of the cleaved fragment of PARP in the Re and 

sAuNp treated samples. The pre-treatm ent with caspase inhibitor did however 

prevent the cleavage of PARP in the Re75 and Re77 treated samples. This result 

suggests that the free and sAuNp bound complexes induce a small am ount of 

caspase dependent cell death in the dark however upon illumination the increase 

in cytotoxicity observed previously with Re75 and Re77 is not due to apoptosis.

There did not appear to be any changes in caspase-3 levels upon treatm ent in this 

experiment. This result suggests perhaps the small amount of apoptosis induced 

upon trea tm ent may be due to apoptotic pathways which do not activate caspase- 

3.
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Figure 4-4 The free and sAuNp bound complexes did not induce light 
dependent apoptosis in HeLa cells

250,000 cells /3m l were either pre-treated w ith  caspase inh ib ito r (Cl) o f left 
untreated. The cells were then treated w ith  Cisplatin (Cis) (25nM), Re75, Re77, 
sAuNp75 or sAuNp77 [30nM] for 24h w ith  [L] or w ithout illum ination (D) w ith  
light for Ih . At each experimental endpoint whole cell lysates were prepared as 
described in Section 2.2.19. Protein (20|ig) was resolved on a 12% SDS-PAGE gel 
and expression of PARP and caspase-3 was examined as outlined in Section 2.2.21- 
27. Blots were also probed w ith  anti-p-actin [Primary Ab -  1:5,000] as a protein 
loading control. Results are representative of two independent experiments.

159



4.3 Investigation into the mechanisms involved in the cytotoxicity 
induced by both the free and sAuNp bound complexes in HeLa cells

The free and sAuNp bound complexes have been shown to induce various levels of 

cytotoxicity in MPM and HeLa cell lines, with RE75, RE77 and sAuNp69 showing 

an increase in cytotoxicity upon illumination however apoptotic studies in the 

previous section suggested no increase in apoptosis upon trea tm ent with the free 

and sAuNp bound complexes. Hence there was a need to broaden the investigation 

into the mechanisms of cell death induced upon treatment. Alternate methods of 

apoptotic analysis in HeLa cells were performed with both free and sAuNp 

complex treatment. Annexin V /  Propidium Iodide (PI) staining and Flow 

Cytometry analysis is a commonly used apoptosis assay [136], allowing 

differential detection of viable (Annex V PI Early-apoptotic (Annex V +; PI -) 

and Late-apoptotic (Annex V +; PI +) cell populations in treated  samples. Annexin 

V binds, through Ca2+ chelation, to phosphatidylserine, a phospholipid specifically 

localised to the outer leaflet of the plasma membrane during the initial steps of the 

apoptotic program [137]. PI alternately can enter and stain late-apoptotic cells by 

binding to DNA in the nucleus. Attempts were made to profile the cellular effects 

induced by trea tm ent with the complexes, such as examining the contributions of 

cell stress mechanisms in the induction of cytotoxicity. Experiments were also 

performed to examine the effect of the complexes on m embrane permeability and 

the role of oxidative stress /  ROS production in the observed cytotoxicity.

4.3.1 sAuNp69, but not Re69, induced light-dependent apoptosis in HeLa cells

To further investigate the mechanism of cell death and distinguish between early 

and late apoptotic cells Annexin V and PI FACS was carried out. Cells were  treated 

with 30nM of all complexes and incubated in the dark for 24h then either left in 

the dark or exposed to a xenon lamp for Ih. 24h after light exposure the cell 

viability was assessed using Annexin V and PI FACS analysis (Section 2.2.10).

HeLa cells treated with Re69 displayed an increase in apoptosis compared to 

untreated  control cells. Untreated cells displayed a background level of 5.2±1.3%
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apoptosis which was increased to 22.1±1.9% upon treatm ent with Re69. Upon 

illumination there was no increase in the percentage of apoptotic cells treated 

with Re69. in comparison HeLa cells treated with sAuNp69 did show an increase 

in apoptotic cells upon illumination. The percentage of apoptotic cells increased 

significantly to 45.3±7.7% upon illumination, 22.4±6.6% early apoptotic and 

22.9±11.8% late apoptotic cells (Figure 4.5). These results confirm those from the 

previous Chapter tha t Re69 is not a suitable PDT agent but sAuNp69 may be.

4.3.2 Re75, but not sAuNp75, induced iight dependent apoptosis in HeLa cells

In contrast to Re69, HeLa cells treated with Re75 showed a significant increase in 

apoptotic cells upon illumination. RE75 treatm ent without illumination did not 

induce apoptosis however upon illumination 49.8±8.85% of the cells underw ent 

apoptosis, 28.4±11.8% early and 25±5.9% late apoptosis. Treatment with 

sAuNp75 did not induce apoptosis with or without illumination (Figure 4.5). 

These results agree with the previous conclusion that Re75 showed potential as a 

PDT agent however sAuNp75 did not.

4.3.3 Re77, but not sAuNp77, induced light dependent apoptosis in HeLa cells

Similar to Re75, Re77 did not induce apoptosis in HeLa cells w ithout illumination. 

Upon illumination Re77 induced an increase in the num ber of late apoptotic cells 

to 12.2±8.2%. AuNp77 did not show the same results as little or no increase in 

apoptosis was seen with or without illumination (Figure 4.5). Again these results 

coincide with those from the previous Chapter which suggested Re77 had 

potential as a PDT agent but sAuNp77 did not.
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Figure 4-5 sAuNp69, Re75 and Re77 showed an increase in ceils undergoing 
apoptosis upon liglit activation

250,000 cells /3 m l were treated w ith  30|iM of both the free and sAuNp bound 
ruthenium complexes (69, 75 + 77) for 24h w ith  or w ithou t illum ination w ith  light 
for Ih . After 24h cells were harvested by centrifugation and stained w ith  Annexin 
V and PI. FACS analysis was carried out using the CYAN flow cytometer. Values 
represent the mean + /- S.E.M of three independent experiments and were graphed 
using Graphpad Prism 5. A one way ANOVA and Tukey post-test analysis was 
carried out, where p<0.05 (*) p<0.001 [***).
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4.3.4 The ROS scavenger N-acetyl cysteine partially blocked Re75 light induced 
apoptosis but did not for sAuNp69 or Re77

Intracellular ROS production is common upon light activation of PDT agents and 

has been shown to lead to cellular stress and induce cell death. In order to assess 

the possibility of ROS production upon light activation of the free and sAuNp 

bound complexes HeLa cells were pre-treated with SO îM N-acetyl cysteine (NAC), 

a known ROS scavenger, and treated as for Annexin V PI assay and apoptosis 

measured using FACS analysis (Section 2.2.10). sAuNp69, Re75 and Re77 were 

chosen as they showed light induced apoptosis in previous experiments (Figure 

4.5],

As shown in the previous experiment sAuNp69 induced light dependent apoptosis 

in HeLa cells. Pre-treatment with NAC did not prevent the induction of light 

dependent apoptosis which results from sAuNp69 treatment. In contrast p re

treatm ent with NAC led to a 10.1% reduction in light dependent apoptosis in cells 

treated with Re75. These results suggest ROS may be produced upon light 

activation of Re75 and could possibly be contributing to the induction of 

apoptosis. Re77 did not show a significant difference between light independent 

and light dependent apoptosis in this experiment. Pre-treatment with NAC did not 

have any effect on the percentage of apoptosis induced by Re77 with or without 

illumination, however this may be due to the lower levels of light-induced 

apoptosis observed with this compound (Figure 4.6).
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Figure 4-6 Pre-treatment with NAC reduced the percentage of light 
dependent apoptosis in response to RE75

250,000 cells /3 m l were pre-treated w ith  NAC (50|iM) for Ih r  then treated w ith  
sAuNp69, Re75 and Re77 (30|iM) for 24h w ith  or w ithou t illum ination w ith  light 
fo r Ih . A fter 24h cells were harvested by centrifugation and stained w ith  Annexin 
V  and PI. FACS analysis was carried out using the CYAN flow  cytometer. Values 
represent the mean + /- S.E.M of three independent experiments and were graphed 
using Graphpad Prism 5. A one way ANOVA and Tukey post-test analysis was 
carried out, where p<0.05 [* ] non-significant (ns).
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4.3.5 Both free and sAuNp bound complexes Re69-77 induced equal ROS production 
with or without light

To further investigate the mechanism of cell death, the production of ROS upon 

treatm ent was measured using DCFH-HA FACS analysis. As described in Section 

1.11 the induction of ROS is associated with toxicological responses and is 

indicative of cell death or apoptosis. Cells were treated with 30(aM of both free and 

sAuNp bound complexes and incubated in the dark for 24h then either left in the 

dark or exposed to a xenon lamp for Ih. 24h after light exposure the cells were 

washed and re-incubated with phenol red free media and DCFH-DA for 30min. The 

cells were then harvested and FACS analysis performed. sAuNp69 treatm ent is 

missing from the graph as at the time there was not enough of the complex 

available for testing.

Treatment with both the free and sAuNp bound complexes Re69-77 induced an 

increase in DCF mean fluorescence which is indicative of ROS production (Figure 

4.7], Depending on the complex, fold increases between 1.5 -3 were observed. 

There were no statistically significant changes in the fold increase of ROS 

production upon irradiation with light. These results suggest that while ROS is 

involved in the cytotoxicity observed upon treatm ent with these complexes it is 

not responsible for the light dependent cytotoxicity observed in previous sections 

within this thesis.
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Figure 4-7 Free and sAuNp bound Re69-77 complexes induce Light 
independent ROS production.

10,000 cells /lOO^l were treated  with SOniVI of both the free and sAuNp bound 
complexes [Re69, 75 + 77) for 24h with or without illumination with light for Ih. 
After 24h cells were washed and re-incubated in phenol red free DMEM containing 
DCFH-DA for 30min. The cells were then harvested and the mean fluorescence 
recorded by FACS analysis. Values represent the mean +/- S.E.M of three 
independent experiments and were graphed using Graphpad Prism 5. A 2 way 
ANOVA and Bonferroni post tests were carried out to compare the difference 
between dark and light for each treatment, w here p<0.05 [*), but all were of no
significance.
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4.3.6 sAuNp69 but not Re69 displayed significant light-dependent LDH release in 
HeLa cells

To further investigate the mechanism of cell death a Thermo Pierce LDH release 

assay was performed. As described in Section 2.2.28 LDH is localised within the 

cytoplasm of cells and is released from the cells upon membrane damage and is 

therefore indicative of cell d ea th / damage. Cells were treated with SO îM of all 

complexes and incubated in the dark for 24h then either left in the dark or 

exposed to a xenon lamp for Ih. 24h after light exposure the supernatants were 

removed and the LDH levels were measured. Untreated HeLa cells were lysed to 

give the maximum LDH values and untreated cells values represented the 

minimum or spontaneous LDH values.

Cells treated with Re69 induced an increase in LDH release to 54.5±7.1%, in 

comparison to untreated cells, independent of light activation (Figure 4.8). In 

contrast to free Re69, sAuNp69 did not induce LDH release unless activated by 

illumination. LDH release in HeLa cells treated with sAuNp69 was increased to 

48.9±13.9% upon illumination. LDH release is indicative of necrosis therefore 

these results suggest that the light dependent cell death associated with sAuNp69, 

but not Re69, may be due to cellular necrosis.
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4.3.7 RE75, but not sAuNp75, displayed significant light-dependent LDH release in 
HeLa cells

Similar to sAuNp69, Re75 did not induce LDH release in HeLa cell unless light 

activated [Figure 4.8). LDH release increased to 61.4±8.4% upon light activation of 

RE75. However sAuNp75 did not show the same results. Cells treated with 

sAuNp75 did not induce LDH release either with or without light activation. 

Similar to sAuNp69 these results suggest the light dependent cell death associated 

with Re75 trea tm ent may be due to cellular necrosis.

4.3.8 RE77, but not sAuNp77, displayed light-independent LDH release in HeLa cells

HeLa cells treated with Re77 showed an increase in LDH release both with and 

without light activation. Cells with light activation showed a higher value of 

57.4±9.9% compared to 34.3± 10.8% without light activation (Figure 4.8). 

sAuNp77 treated HeLa cells showed an increase of 20.7±4.8% with illumination 

and 15.7±3.3% without light activation, a similar trend as sAuNp75.

In conclusion these results conclude that sAuNp69, Re75 and Re77 all induce LDH 

release upon light activation suggesting the cytotoxicity seen in previous 

experiments may be due to the cells undergoing necrosis not apoptosis.
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□  Light

la
Figure 4-8 sAuNp69, RE75 and RE77 induce an increase in LDH levels upon 
light activation.

10,000 cells /100|il were treated with 30|iM of both the free and sAuNp bound 
ruthenium complexes (Re69, 75 + 77) for 24h with or without illumination with 
light for Ih. After 24h cells the supernatents were removed from the wells and 
LDH values were measured using the Thermo Pierce LDH viability assay. Values 
represent the mean +/- S.E.M of three independent experiments and w ere graphed 
using Graphpad Prism 5. A 2 way ANOVA and Bonferroni post tests were carried 
out to compare the difference between dark and light for each treatment, where 
p<0.05 (*] and p<0.001 (***].
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4.3.9 Both free and sAuNp bound RE complexes induced an increase in membrane 
permeability upon light activation

To further investigate the mechanism of cell death a Promega CellTox™ green 

assay was performed. As described in Section 2.2.29 the CellTox™ green kit 

involves a cyan dye v^hich is not fluorescent unless bound to the DNA of dead cells. 

Cells were treated  with SO îM of all complexes and incubated in the dark for 24h 

then either left in the dark or exposed to a xenon lamp for Ih. 24h after light 

exposure the cyan dye was added to the cells and the fluorescence levels were 

measured. Untreated HeLa cells were lysed to give the maximum fluorescence 

values and untreated cells values represented the minimum fluorescence values.

Free and sAuNp bound complexes Re69, 75 and 77 had no effect on HeLa cell 

permeability when cells were with treated with 30|^M of the complexes but not 

illuminated. In contrast HeLa cells treated with SO^M of all complexes and 

illuminated for I h r  showed an increase in m embrane permeability when 

compared to treated  cells without illumination. Re69 and Re77 showed the most 

significant increases which were 36.8±8.4% and 38.1±5.1% whereas the rest of 

the complexes showed increases of between 15% and 36% (Figure 4.9). Untreated 

cells which were illuminated did not show any increase in membrane permeability 

confirming the increase was due to the complexes and not the light. Together with 

previous results, these results suggest tha t although the compounds increase 

m em brane permeability, it is not always associated with cell death.
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Figure 4-9 Free and sAuNp bound complex (69, 75 + 77) treated cells showed 
an increase in membrane permeability upon light activation.

10,000cells/100|il were treated with SO^M of both the free and sAuNp bound 
complexes (Re69, 75 + 77) for 24h with or without illumination with light for Ih. 
After 24h cell viability was assessed using the Promega CellTox™ green assay. 
Values represent the mean +/- S.E.M of three independent experiments and were 
graphed using Graphpad Prism 5. A 2 way ANOVA and Bonferroni post tests were 
carried out to compare the difference between dark and light for each treatment, 
where p<0.05 (*) and p<0.01 (**).
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4.3.10 RE69, 75, 77 and sAuNp69 caused a decrease in Glutathione levels upon 
illumination

To further investigate the mechanism of cell death a Promega GSH-Glo assay was 

performed. As described in Section 2.2.30 a change in GSH levels is im portant in 

assessm ent of toxicological responses and is an indicator of oxidative stress which 

can potentially lead to cell death or apoptosis. Cells were treated with 30|iM of 

both free and sAuNp bound complexes and incubated in the dark for 24h then 

either left in the dark or exposed to a xenon lamp for Ih. 24h after light exposure 

the supernatants were removed and the GSH levels within the cells were 

measured. Untreated HeLa cells represented the maximum cellular GSH values.

HeLa cells treated with the free and sAuNp bound complexes showed similar 

levels of GSH to untreated control cells [899.5 ± 124.5) without illumination. Upon 

illumination both Re69 and sAuNp69 caused a significant decrease in GSH levels, a 

sign of oxidative stress. Re69 and sAuNp69 deceased GSH levels to 443.7±61.4 and 

614.7±61.2 respectively (Figure 4.10).

Both RE75 and RE77 also showed a decrease in GSH levels upon illumination as 

seen for RE69 and sAuNp69. Re75 showed a significant decrease to 376.8±72.4 

and Re77 showed a decrease to 464.8 ±94.9 [Figure 4.10). In comparison 

sAuNp75 and sAuNp77 did not show any change is GSH levels upon light 

activation suggesting they do not induce oxidative stress upon illumination unlike 

the rest of the complexes tested. This results correlates with sAuNp77 and 

sAuNp75 being relatively harmless to cells.
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Figure 4-10 All free complexes and sAuNp69 showed a decrease in 
intracellular GSH levels upon illumination.

10,000cells/100nl were treated with 30nM of both the free and sAuNp bound 
complexes (Re69, 75 + 77) for 24h with or without illumination with light for Ih. 
After 24h cell viability was assessed using the Promega GSH-Glo Glutathione assay. 
Values represent the mean +/- S.E.M of three independent experiments and were 
graphed using Graphpad Prism 5. A 2 way ANOVA and Bonferroni post tests were 
carried out to compare the difference between dark and light for each treatment, 
w here p<0.05 (*), p<0.01 (**] and p<0.001 (***).
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4.4 Characterisation of the mechanisms involved in the uptake of the 
free and sAuNp bound complexes in HeLa cells

We confirmed the uptake of both the free and sAuNp bound complexes in HeLa 

cells was rapid and time dependent in the previous results chapter (Section 3.2.2- 

3.). Using confocal and TEM we were also able to show that the complexes were 

localised within intracellular vesicles assumed to be endosomes. Endocytosis is an 

energy dependent process by which cells engulf molecules and transport them 

inside the cell within vesicles referred to as endosomes. There are several 

variations of endocytosis which allows for a wide variety of molecules to be taken 

up. To test the hypothesis tha t the free and sAuNp bound complexes Re69-77 are 

taken up by HeLa cells via endocytic pathways we investigated the tem perature  

dependence of the complex uptake and also carried out uptake studies after per- 

treatm ent with a known endocytic inhibitor, Dynasore. Dynasore blocks the 

protein dynamin which is responsible for the pinching of the endocytic pit from 

the plasma mem brane to form the endosome.

4.4.1 Re69 and sAuNp 69 show similar time dependent uptake in HeLa cells

To confirm the uptake of the complexes seen in the previous Chapter (Section 

3.2.2-3) using confocal microscopy and TEM, FACS analysis was carried out. HeLa 

cells were treated  with 20nM of all free and sAuNp bound complexes at a variety 

of time points and the mean fluorescence per 10,000 cells measured by FACS 

analysis (as in Section 2.2.11].

Uptake of complex Re69 was fast; Figure 4.11.C shows the mean fluorescence 

increased from 15±0.2 after 0.5h to 62.3±27.9 by Ih; however it then levelled off 

until after 24h w here fluorescence had increased to 180±0.9. sAuNp69 showed a 

gradual increase in complex uptake from 29.4±8.8 after 2h to 55.8±6.2 after 8h but 

then a large increase to 278.4±30.7 was seen by 24h (Figure 4.11.D). These results 

confirm Re69 and sAuNp69 are taken up by HeLa cells and that this uptake is time 

dependent, as shown in Chapter 3 of this study using both confocal fluorescence 

and TEM.
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4.4.2 Re75 and sAuNp75 showed time dependent uptake in HeLa cells

Figure 4.12.C shows complex Re 75 was taken up by HeLa cells after 0.5h and a 

mean fluorescence of 24.56±0.5 was recorded. Over time fluorescence increased 

as more complex was taken up into the HeLa cells, fluorescence peaked after 8h at 

128±37.9 and showed little change by 24h (125.6±8.7). Complex sAuNp75 was 

also taken up by HeLa cells after 0.5h [Figure 4.12.D) however mean fluorescence 

began to increase after 2h treatm ent [31.54±2.5) to 87.96 after 24h. While both 

the free and sAuNp bound Re75 complex showed time dependent uptake Re75 

had higher mean fluorescence values than sAuNp75 which may be due to the 

fluorescence of Re75 being partially quenched upon being bound to sAuNp or less 

of the sAuNp bound complex being take up by cells. These results confirm Re75 

and sAuNp75 are taken up by HeLa cells rapidly and that this uptake is time 

dependent, as shown in Chapter 3of this study using both confocal fluorescence 

and TEM.

4.4.3 Re77 and sAuNp77 showed time dependent uptake in HeLa cells

Figure 4.13.C shows complex Re77 was taken up by HeLa cells after Ih  giving a 

mean fluorescence of 64.13±15.4 which increased to 400.9±13.9 after 8h 

treatment. However by 24h the mean fluorescence had dropped to 130±71.2. 

Complex sAuNp77 also appeared to have been taken by HeLa cells after Ih  (Figure 

4.13.D) with a mean fluorescence of 105.2±19.8 which had increased to 

284.2±11.06 by 24h. While both the free and sAuNp bound Re77 complex showed 

time dependent uptake Re77 had higher mean fluorescence values than sAuNp77 

which may be due to the fluorescence of Re77 being partially quenched upon 

being bound to sAuNp or less of the sAuNp bound complex being take up by cells. 

These results confirm Re77 and sAuNp77 are taken up by HeLa cells rapidly and 

that this uptake is time dependent, as shown in Chapter 3 of this study using both 

confocal fluorescence and TEM.
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Figure 4-11 Both RE 69 and sAuNp 69 show time dependent uptake in HeLa 
cells.

250,000 HeLa cells /3 m l were treated w ith  either 20|iM (A, C) Re 69 [B, D) sAuNp 
69 for various time points w ith in  0.5-24h. After treatment cells were harvested by 
centrifugation and washed in ice cold PBS. The samples were read using the FACS 
Callibur and analysed using the Cell Quest software. Graphs were produced using 
PrismS and the values represent the mean + /- SEM of three independent 
experiments.
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Figure 4-12 Both Re 75 and sAuNp75 show time dependent uptake in HeLa 
cells

250,000 HeLa cells /3m l were treated with either 20|iM [A, C] Re 75 (B, D] sAuNp 
75 for various time points within 0.5-24h. After treatm ent cells were harvested by 
centrifugation and washed in ice cold PBS. The samples were read using the FACS 
Callibur and analysed using the Cell Quest software. Graphs were produced using 
PrismS and the values represent the mean +/- SEM of three independent 
experiments.

177



C ontrol
0 .5h
I h
2h
4h
6h
8h
24h

C ontro l
O.Sh
I h
2h
4h
6h
8h
2 4h

Time (h)Time (h)

D AuNP 77 AuNP 77
600n

400-

C 200-

0 2 4 6 8

600-1

400-

C 200-

20 250 5 10 15
Time (h) Time (h)

Figure 4-13 Both Re77 and sAuNp77 show time dependent uptake in HeLa 
cells

250,000 HeLa cells /3m l were treated with either 20nM (A, B) RE 77 (C, D) sAuNp 
77 for various time points within 0.5-24h. After treatm ent cells were harvested by 
centrifugation and washed in ice cold PBS. The samples were read using the FACS 
Callibur and analysed using the Cell Quest software. Graphs were produced using 
PrismS and the values represent the mean +/- SEM of three independent 
experiments.
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4.4.4 sAuNp69, 75 and 77 displayed temperature dependent uptake in HeLa cells

Endocytosis is an energy dependent process and has an optimal tem perature  of 

>22°C, the membrane lipid phase transition temperature, therefore by incubating 

the cells at 4°C endocytosis is inhibited. Diffusion is also a tem perature  dependent 

process but in a different manner than endocytosis. Diffusion is said to double 

with every 10°C increase in temperature, therefore dropping the tem perature  to 

4°C will not prevent diffusion but will slow it down. HeLa cells were treated  with 

20|iM of sAuNps69-77 and either incubated at 37°C or 4°C for 4 hr. HeLa cells 

were then stained with the nuclear stain DAPl and imaged using an Olympus 

fvlOOO fluorescence confocal laser scanning microscope (Section 2.2.13).

HeLa cells treated with sAuNp69 for 4h at 37°C showed rapid uptake of the 

complex in fluorescent confocal microscopy images (Figure 4.14). The complex 

could be seen distributed through the cytoplasm of all the cells as dark patches in 

the phase contrast image (BF) and as red fluorescence in the fluorescence image 

(FL). However when HeLa cells treated with sAuNp69 were incubated for 4h at 

4°C very little uptake of complex was seen. Some faint red fluorescence or dark 

patches were seen and only in a few of the cells. These results suggest that the 

uptake of sAuNp69 by HeLa cells is tem perature dependent and therefore 

assumed to be an energy dependent process such as endocytosis. sAuNp75 and 77 

showed similar results as sAuNp, as seen in Figures 4.14 and 4.15.
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sAuNp69 + DAPI + BFsAuNp69

Figure 4-14 sAuNp69 showed temperature dependent uptake in HeLa cells

0.5 X 10^/m l HeLa cells were treated w ith  sAuNp69 (20|iM) and incubated at 
either 37°C or 4°C. A fter 4h the cells were washed twice w ith  warm media, 
incubated w ith  DAPI and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative o f three independent experiments.
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sAuNp75 DAPI + BF sAuNp75 + DAPI + BF

Figure 4-15 sAuNp75 showed temperature dependent uptake in HeLa cells

0.5 X 10^/m l HeLa cells were treated w ith  sAuNp 75(20nM) and incubated at 
either 37°C or 4°C. A fter 4h the cells were washed twice w ith  warm media, 
incubated w ith  DAPI and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-16 sAuNp77 showed temperature dependent uptake in HeLa cells

0.5 X 10^/ml HeLa cells were treated with 20nM sAuNp 77 and incubated at either 
37°C or 4°C. After 4h the cells were washed twice with warm media, incubated 
with DAPI and viewed using an Olympus FVIOOO point scanning microscope with 
a 60x oil immersion lens with an NA of 1.42. The software used to collect images 
was FluoView Version 7.1 software. The images are representative of three 
independent experiments.
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4.4.5 RE69 and sAuNp75 showed reduced uptake upon incubation at 4°C compared 
to 37°C

Following on from the previous experiment where we showed that sAuNp 69-77 

uptake by HeLa cells can be inhibited by incubating the cells at 4°C, we attem pted 

to quantify the complex fluorescence at the different tem peratures using FACS 

analysis. Cells were treated with 20nM of complexes and incubated at either 4°C or 

37°C before being harvested and measuring the mean fluorescence of 10,000 cells 

using FACS (Section 2.2.11).

HeLa cells treated with Re69 and incubated at 37°C had a mean fluorescence of 

325.9±20.3. Upon incubation at 4°C the mean fluorescence of cells treated with 

RE69 decreased significantly to 238.3±15 (Figure 4 . 17) .  However there was no 

decrease in the mean fluorescence of cells treated with sAuNp69 upon incubation 

at 4°C, suggesting Re69 but not sAuNp69 uptake was reduced upon incubation at 

4°C.

HeLa cells treated with sAuNp75 and incubated at 37°C had a mean fluorescence 

of 501±68.7. Upon incubation at 4°C the mean fluorescence of cells treated  with 

sAuNp75 decreased significantly to 242.8±24.4 (Figure 4.17). However there was 

no decrease in mean fluorescence of cells treated with Re75 upon incubation at 

4°C, suggesting sAuNp75 but not Re75 uptake was reduced upon incubation at 

4°C.

HeLa cells treated with both free or sAuNp bound complex Re77 did not show a 

significant decrease in mean fluorescence upon incubation at 4°C. The sAuNp77 

value was relatively low at both tem peratures suggesting it may not be an 

accurate reading and perhaps the value is too low to begin with to observe any 

decrease upon the reduction in temperature.
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Figure 4-17 RE69 and sAuNp75 showed temperature dependent uptake in 
HeLa cells.

250,000 HeLa cells /3m l were treated with ZO îM of each complex and incubated 
at e ither 37°C or 4°C for 4h. After treatm ent cells were harvested by centrifugation 
and washed in ice cold PBS. The samples were analysed using the FACS Callibur. 
Graphs were produced using Prism5 and the values represent the mean +/- SEM 
of three independent experiments. A 2 way ANOVA and Bonferroni post tests w ere 
carried out to compare the difference between dark and light for each treatment, 
w here  p<0.05 (*) and p<0.001 Re69 + sauNp69, B) Re75 + sAuNp75, C]
Re77 + sAuNp77.



4.4.6 The endocytosis inhibitor Dynasore successfully reduces the uptake of 
pHrodo™ Green Dextran in live HeLa cells

Dynasore is a commercially available inhibitor of endocytosis, as explained in the 

above section. In order to validate the ability of Dynasore to inhibit endocytosis in 

live HeLa cells we used pHrodo™ Green Dextran as our positive control. The 

endocytosis inhibitor Dynasore was found to be toxic in the HeLa cells at high 

concentrations and long incubation time points. Therefore several preliminary 

optimisation experiments were carried out to determine the optimal 

concentration and incubation time which did not harm the HeLa cells without 

compromising the compounds ability to act as an inhibitor (results not shown]. 

From these experiments the optimal conditions were found to be 100|im of 

Dynasore for no more than 4h.

HeLa cells were pre-treated with Dynasore (lOOuM) for 3h. The cells were then 

treated with pHrodo™ Green Dextran (40|ig/ml] for Ih  washed, stained with the 

nuclear stain DAPl and imaged using the confocal fluorescent microscope, as 

outlined in Section 2.2.31.

Dynasore pre-treatm ent greatly reduced the endocytosis of pHrodo™ Green 

Dextran, which is known to be taken up by endocytosis. HeLa cells which were not 

pre-treated with Dynasore showed several bright green fluorescent spots within 

the cytoplasm confirming the uptake of the pHrodo™ Green Dextran. The localised 

spots of fluorescence confirm the Dextran particles are concentrated within 

endosomes and not dispersed throughout the cytoplasm. However upon pre

treatm ent with Dynasore both the frequency and the brightness of the green spots 

were reduced (Figure 4.18). Therefore Dynasore successfully inhibits endocytosis 

in live HeLa cells.
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Figure 4-18 Dynasore pre-treatment reduces the uptake of pHrodo™ Green 
Dextran in HeLa cells

0.5 X 10^ HeLa cells were pre-treated with Dynasore [lOOuM) and incubated for 
3h at 37°C. The cells were then left untreated (A) or treated with pHrodo™ Green 
Dextran (40|ig/ml îM) (green] (B] and incubated at 37°C for Ih. The cells were 
incubated with DAPI (blue) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three  independent experiments
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4.4.7 The endocytosis inhibitor Dynasore successfully reduces the uptake of both 
free and sAuNp bound complexes Re69-77 in live HeLa cells

HeLa cells were  set up and pre-treated with Dynasore as above in the previous 

Section, however instead of pHrodo™ Green Dextran the cells were treated with 

either the free and sAuNp bound complexes, Re69-77, for 4h.

HeLa cells treated  with the free complexes Re69-77 only, i.e. no Dynasore p re 

treatment, displayed uptake of the complexes as anticipated. Figure 4.19.A shows 

the complexes were localised within the cytoplasm of the HeLa cells and observed 

as red fluorescent spots distributed uniformly throughout the cytoplasm, as seen 

in the time dependent uptake studies carried out in HeLa cells in Chapter three of 

this thesis (Section 3.2.2], Upon pre-treatm ent with the endocytosis inhibitor, 

Dynasore, the above uptake was no longer observed (Figure 4.19.B). There was 

very little, if any, red fluorescence observed within the cytoplasm of the treated 

HeLa cells. These results further confirm the uptake of the free complexes RE69- 

77 by live HeLa cells is due to endocytosis. The small amount of complex 

fluorescence that remained after Dynasore pre-treatm ent is most likely due to 

diffusion of the free complexes across the plasma membrane.

HeLa cells treated  with the sAuNp bound complexes Re69-77 only, i.e. no 

Dynasore pre-treatment, also displayed uptake of the sAuNp complexes. Similar to 

the free complexes the sAuNp bound complexes were localised within the 

cytoplasm of the HeLa cells and observed as red fluorescent spots distributed 

uniformly throughout the cytoplasm. However upon pre-treatm ent with the 

endocytosis inhibitor, Dynasore, a different result was observed for HeLa cells 

treated with the sAuNp bound complexes alone. The complexes fluorescence was 

no longer observed distributed throughout the cytoplasm; instead it appeared to 

overlap with the plasma membrane of the cells. These results suggest tha t the 

sAuNp bound complexes may be accumulated at the plasma m embrane which 

correlates with the ability of Dynasore to inhibit the production/cleavage of 

endocytic vesicles from the plasma membrane. The sAuNp complexes may have 

bound to the plasma membrane and as the endocytic pathway has been blocked 

have begun to accumulate and form aggregates at the edge of the cell
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Figure 4-19 Dynasore pre-treatment reduces the uptake of Re69 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated (A) or pre-treated w ith  Dynasore (lOO^M) 
(B) and incubated for 3h at 37°C. The cells were then treated w ith  Re69 (20|iM) 
(red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated w ith  DAPI (blue) and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative o f three independent experiments.
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Figure 4-20 Dynasore pre-treatment reduces the uptake of sAuNp69 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated (A) or pre-treated with Dynasore [lOOuM) 
(B] and incubated for 3h at 37°C. The cells were then treated with sAuNp69 
(20nM) [red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated with DAPl (blue) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-21 Dynasore pre-treatment reduces the uptake of Re75 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated (A) or pre-treated with Dynasore (100|iM) 
(B) and incubated for 3h at 37°C. The cells were then treated with Re75 (20nM) 
[red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated with DAPl (blue) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-22 Dynasore pre-treatment reduces the uptake of sAuNp75 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated [A) or pre-treated w ith  Dynasore (lOO^iM) 
(B) and incubated for 3h at 37°C. The cells were then treated w ith  sAuNp75 
(20|^M) (red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated w ith  DAPl (blue) and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-23 Dynasore pre-treatment reduces the uptake of Re77 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated (A) or pre-treated w ith  Dynasore (lOOiM) 
(B) and incubated for 3h at 37°C. The cells were then treated w ith  Re77 (20aM) 
(red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated w ith  DAPI [blue] and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative o f three independent experiments.
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Figure 4-24 Dynasore pre-treatment reduces the uptake of sAuNp77 in HeLa 
cells

0.5 X 10^ HeLa cells were left untreated (A) or pre-treated w ith  Dynasore (100|iM) 
(B) and incubated for 3h at 37°C. The cells were then treated w ith  sAuNp77 
(20[iM) (red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated w ith  DAPl (blue) and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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4.4.8 Endocytosis is responsible for the uptake of all free and sAuNp bound 
complexes, Re69-77, in HeLa cells

To further confirm the ability of Dynasore to prevent the uptake of the free and 

sAuNp bound complexes Re69-77 in HeLa cells a similar experiment to the 

previous Section was carried out. HeLa cells were plated and left untreated or p re

treated with Dynasore (100|iM) for 3h. The cells were then treated with both the 

free and sAuNp bound complexes Re69-77 for 4h. The cells were washed, 

harvested, re-suspended in PBS and analysed using FACS. The mean fluorescence 

of 10,000 cells was recorded using the FACS Callibur as described in Section 

2 .2 . 11 .

Untreated HeLa cells showed low levels of background fluorescence, as did cells 

pre-treated with Dynasore. HeLa cells treated with free and sAuNp bound 

complexes, except Re77, displayed an increase in mean fluorescence due to the 

luminescent nature of the complexes (Figure 4.25). HeLa cells pre-treated with 

Dynasore and then treated with the complexes displayed reduced mean 

fluorescence in comparison to the cells treated  with the complexes alone.

This reduction in fluorescence was converted to % inhibition by comparing the 

complex treated value to the corresponding Dynasore pre-treated value. The % 

inhibition value refers to the percentage of complex uptake inhibited by Dynasore 

pre-treatment. The % inhibition was discovered to be between 40-60% depending 

on the complex. These results coincide well with the results obtained in the

previous Section using confocal microscopy. Hence we have confirmed tha t

endocytosis may not be 100% responsible for the uptake of the free and sAuNp

bound complexes however it does play a major role.
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Figure 4-25 Dynasore pre-treatment reduces the uptake of free and sAuNp 
bound com plexes in HeLa cells.

2.5 X 10^ HeLa cells were left untreated or pre-treated with Dynasore (lOOuM) 
and incubated for 3h at 37°C. The cells were then treated with 30|iM complex and 
incubated at 37°C for 4h. The cells were then harvested, washed and the mean 
fluorescence measured using FACs analysis [A). The percentage inhibition was 
calculated by dividing the treated mean fluorescence by the Dynasore pre-treated 
mean fluorescence and multiplying by one hundred. The images are 
representative of three independent experiments [B).
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4.5 Investigation into the ability of the free and sAuNp bound 
complexes to localise to nuclei and mitochondria

Having confirmed the uptake of the free and sAuNp bound complexes via 

endocytosis further investigation into to the localisation of the complexes once 

inside the cells v̂ âs performed. In the confocal studies we did not see co

localisation betw^een the nuclear stain DAPl and the complex fluorescence, 

hov^ever the complexes had been shown previously to have a strong affinity for 

DNA in solution (Appendix 1.2, 1.3). Therefore we investigated the ability of the 

complexes to localise within isolated intact nuclei, removing any obstacles that 

may be preventing the complexes from reaching the nuclei in live HeLa cells. We 

also investigated the ability of the complexes to localise within both isolated 

mitochondria and the mitochondria within HeLa cells. JCl is a cationic dye which 

accumulates within the mitochondria and allowed us to fluorescently image the 

mitochondria.

4.5.1 RE69 displayed nuclear localisation however sAuNp69 did not

The nuclei fraction obtained was of low yield and therefore Re69 and sAuNp69 

were chosen as representative compounds for the study. Neither the free nor the 

sAuNp bound complex Re69 appeared to localise in the nucleus of live HeLa cells 

during confocal imaging despite all complexes showing high affinity for DNA in 

solution. Nuclei and mitochondria were isolated from rat liver cells and treated 

separately with the free and sAuNp complexes (Section 2.2.15-16.). The isolated 

nuclei were stained with the nuclear stain DAPl (blue) and the mitochondria were 

stained with the mitochondrial stain JCl (green) and then imaged using the 

fluorescent confocal microscope.

Untreated nuclei which were stained with DAPl can be seen in Figure 4.26 as blue 

disks. It is clear that the nuclear membrane is still intact from the images and the 

nuclei resemble similar morphology as in un-fractionated cells. Upon incubation
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with Re69 the nuclei are stained red confirming localisation of Re69. In contrast 

nuclei incubated with sAuNp69 did not show any fluorescence, suggesting tha t the 

sAuNp may be preventing the complex from localising within the nuclei. We 

anticipated that if repeated with free and sAuNp bound Re75 and Re77 similar 

results would be observed as all the compounds displayed similar uptakes during 

previous confocal studies.

4.5.2 RE75 appeared to localise in the isolated mitochondria whilst all other 
complexes tested did not

Untreated mitochondria were stained with the mitochondrial dye JCl and are seen 

in Figure 4.27 as small green spots. The isolated mitochondria w ere also incubated 

with either the free sAuNp bound ruthenium complexes 69-77. Mitochondria 

incubated with Re75 fluoresced red with a similar pattern and morphology to the 

untreated JCl stained mitochondria suggesting that RE75 was localised within the 

isolated mitochondria [Figure 4.28]. In contrast mitochondria isolated with Re69 

and Re77 showed very little fluorescence suggesting they were not localised 

within the isolated mitochondria as for Re75 [Figure 4.27, 4.29). In comparison all 

sAuNp bound complex-treated mitochondria showed little or no red fluorescence 

suggesting they do not have the ability to localise within mitochondria.
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Figure 4-26 Re69 localised in isolated nuclei however sAuNp69 did not.

The liver was harvested from a euthanized rat, homogenised and the cellular 
components isolated by centrifugation. The nuclear fractions were aliquoted and 
trea ted  with SO îM of either the free or sAuNp bound Re69 for 30min. The 
fractions were then pelleted and washed to remove any excess complex and plated 
in confocal wells. The nuclear fractions were stained with the nuclear dye DAPI 
(blue). The organelles were then imaged using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The above images are from 
two independent experiments.
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Figure 4-27 RE69 and sAuNp69 do not localise within isolated mitochondria.

The liver was harvested from a euthanized rat, homogenised and the cellular 
components isolated by centrifugation. The mitochondrial fractions were 
aliquoted and treated with SO îM of free and sAuNp bound Re69 for 30min. The 
fractions were then pelleted and washed to remove any excess complex and plated 
in confocal wells. The mitochondrial fractions were stained with the mitochondrial 
m arker JCl (green). The organelles were then imaged using an Olympus FVIOOO 
point scanning microscope with a 60x oil immersion lens with an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. The above 
images are from two independent experiments.

10f i m
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Figure 4-28 Re75 localises in isolated mitochondria however sAuNp75 does 
not.

The liver was harvested from a euthanized rat, homogenised and the cellular 
components isolated by centrifugation. The m itochondrial fractions were 
aliquoted and treated w ith  50^M of free and sAuNp bound Re75 for 30min. The 
fractions were then pelleted and washed to remove any excess complex and plated 
in confocal wells. The m itochondrial fractions were stained w ith  the m itochondrial 
marker JCl [green). The organelles were then imaged using an Olympus FVIOOO 
point scanning microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. The above 
images are from two independent experiments.
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Figure 4-29 Re77 and sAuNp77 do not localise in isolated mitochondria.

The hver was harvested from a euthanized rat, homogenised and the cellular 
components isolated by centrifugation. The mitochondrial fractions were 
aliquoted and treated  with 50|iM of free and sAuNp bound Re77 for 30min. The 
fractions were then pelleted and washed to remove any excess complex and plated 
in confocal wells. The mitochondrial fractions were stained with the mitochondrial 
marker JCl [green). The organelles were then imaged using an Olympus FVIOOO 
point scanning microscope with a 60x oil immersion lens with an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. The above 
images are from two independent experiments.
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4.5.3 RE75 appeared to co-localise with the mitochondrial stain JCl in Hve HeLa 
cells

Results from the isolated organelle experiment suggested that RE75 may have the 

ability to localise within mitochondria. To further investigate the above HeLa cells 

were treated with 20|iM of all the free complexes (Re69-77) for 24h and the 

mitochondria stained green using JCl dye and the nuclei blue with DAPI. The cells 

were  then imaged live using the fluorescent confocal microscope (Section 2.2.14.).

Control untreated cells showed no fluorescence in the red channel confirming the 

JCl stain and the complexes fluorescence did not overlap and that the two colours 

could be imaged independently within the same cells. Likewise cells treated with 

the complexes only did not show any green fluorescence confirming the JCl was 

not picked up in the red fluorescent channel, Figure 4.30.

HeLa cells treated with Re69 and Re77 showed similar results. Both showed 

mitochondria (green fluorescence) distributed throughout the cytoplasm of the 

cells uniformly and slightly elongated rod like shapes whereas the complexes (red 

fluorescence) appeared to be accumulated at the nuclear edge as distinct spots. 

When cells were treated with both the complexes and JCl and the fluorescent 

channels overlapped there did not appear to be any overlap between the 

fluorescence as there was no yellow/orange colour which would be expected if the 

green and red were to overlap (Figure 4.30, 4.32).

In contrast to the above HeLa cells treated with Re75 did show some 

yellow/orange fluorescence upon overlap of the two fluorescent channels. This 

suggests tha t Re75 is the only complex localising in the mitochondria alongside 

JCl, confirming previous results in which Re75 localised in the isolated 

mitochondria. Figure 4.31.
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Figure 4-30 RE69 did not appear to localise within the mitochondria of live 
HeLa cells.

0.5 X 10^ HeLa cells were treated with Re69 (20|iM) (red] and incubated at 37°C. 
After 24h the cells were washed twice with warm media, incubated with DAPl 
[blue) and JCl (green) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments.
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Figure 4-31 RE75 appeared to localise within the mitochondria of live HeLa 
cells.

0.5 X 10^ HeLa cells were treated with Re75 [20|iM] [red) and incubated at 37°C. 
After 24h the cells were washed twice with warm media, incubated with DAPl 
(blue) and JCl (green) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments
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Figure 4-32 RE77 did not appear to localise within the mitochondria of live 
HeLa cells.

0.5 X 10^ HeLa cells were treated w ith  RE77 [20|iM) (red) and incubated at 37°C. 
After 24h the cells were washed twice w ith  warm media, incubated w ith  DAPI 
[blue) and JCl (green) and viewed using an Olympus FVIOOO point scanning 
microscope w ith  a 60x oil immersion lens w ith  an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments.
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4.6 Investigation into the interaction between free and sAuNp bound 
complexes and immune cells

In order to anticipate any side effects the free and sAuNp bound complexes may have in 

vivo w e investigated the ability of the m acrophages to take up the complexes, the 

m echanism  of the  up take  and  the  localisation of the complexes once inside the 

cells. We then  investigated w h e th e r  the  complexes them selves had any effects on 

m acrophage s tim ulation  and  cytokine activation, specifically LPS stim ulation and 

TNF-a activation.

4.6.1 sAuNp69 displayed time dependent uptake in a murine macrophage cell lire

RAW264.7 cells w ere  p la ted  in confocal dishes and trea ted  w ith  sAuNp69 (20nM) 

and  incubated  in the dark  for various time points. The cells w ere  then  wasned 

twice w ith  PBS, fresh m edia w as added  and the cells w ere  s ta ined  w ith  DAPI. The 

cells w ere  then  im aged using an OlympusfvlOOO confocal m icroscope (Section 

2.2.13). sAuNp69 w as  chosen as a rep resen ta tive  com pound based  on the fact the 

all free and  sAuNp bound  com pounds show ed  similar tim e depen d en t uptake in 

previous s tudies in HeLa cells.

sAuNp69 displayed tim e d e p en d e n t  uptake in RAW264.7 cells. After 4h incubation 

the com plex could be seen as distinct spots  of red  fluorescence w ith in  the 

cytoplasm suggesting the complexes may be localised within  vesicles such as 

endosom es or m itochondria  as seen in HeLa cells in Section 3.2.3. Over tim e the 

fluorescence w as seen  to increase  as did the n u m b e r  of f luorescent spots, 

p resum ably  due to the  increase  of concentra tion  of complex within  the RAW264.7 

cells. The m ajority  of vesicles ap p ea red  to move tow ards  the nuclear edge over 

tim e bu t  did no t  localise w ith in  the nucleus a t any stage. The RAW264.7 cell 

m orphology rem ained  similar to the un trea ted  control cells th roughou t the  24h 

s tudy  confirm ing sAuNp69 is no t  toxic to RAW264.7 cells afte r 24h incubation 

w ithou t illumination (Figure 4.33). In conclusion RAW264.7 cells show ed similar 

tim e d e p en d e n t  up take  of sAuNp69 as show n in HeLa cells in Chapter 3
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Figure 4-33 sAuNp69 showed rapid time-dependent uptake in RAW264.7 
cells

0.5 X 10^ RAW264.7 cells were treated with sAuNp69 (20|iM) and incubated at 
37°C for various time points. After treatm ent the cells were washed twice with 
warm media, incubated with DAPl and viewed using an Olympus FVIOOO point 
scanning microscope with a 60x oil immersion lens with an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. These images 
are representative of three independent experiments.
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4.6.2 bAuNp77 was localised within intracellular vesicles in RAW cells and not free 
in the cytoplasm

In order to further compare the intracellular localisation and uptake of the 

complexes in RAW264.7 cells to previous results from HeLa cells TEM imaging 

u^as repeated as for HeLa cells (Section 3.2.10-13). RAW264.7 cells were plated 

and treated for various time points and incubated in the dark. The cells w^ere then 

harvested, washed and processed for TEM imaging as in described previously in 

Section 2.2.17.

Untreated control RAW264.7 cells show the macrophages have little cytoplasm 

compared to the HeLa cells. The control cells show intact plasma and nuclear 

m embranes confirming the cells healthy morphology is maintained after 

processing for TEM Imaging (Figure 4.34].

After 24h incubation bAuNp77 can be seen both on the inside and the outside of 

the cell’s plasma membrane. The bAuNps can be visualised as individual particles 

of equal size which are not aggregated and locate within vesicles inside the cell. 

Similar to HeLa cells there was no evidence of bAuNps free in the cytoplasm or 

within the nuclei of the RAW cells. In figure 4.35 (A + B) the bAuNp filled vesicles 

are located inside the plasma membrane of the cells and not adjacent to the 

nuclear mem brane as seen in HeLa cells previously (Section 3.2.13.]. The presence 

of the bAuNps located on the external side of the plasma m embrane (Figure 4.35, C 

+ D) may be due to recent expulsion of the particles from the cells. The particles 

outside the cell still appear similar in size and uniformly distributed. In conclusion 

bAuNp77 displays similar uptake and cellular localisation in both HeLa and RAW 

cells.
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Figure 4-34 Untreated RAW264.7 cells show intact plasma and nuclear 
membranes upon flxation.

7.5 X 10^ RAW264.7 cells were left untreated for 24h (A + B). The cells were then 
harvested and fixed using a glutaraldehyde and paraformaldehyde mix. The cells 
were then passed on to the CMA for processing. The images are representative of 
three independent experiments.
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Figure 4-35 bAuNp77 was shown to be taken up by RAW264.7 cells and 
localise within intracellular vesicles .

7.5 X 10^ RAW264.7 cells were treated with bAuNp77 [20|iM) for 24h. The cells 
were harvested and were fixed using a glutaraldehyde and paraformaldehyde mix. 
The samples were then passed on to the CMA facility and processed for TEM 
imaging. The images are representative of three independent experiments.
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4.6.3 sAuNp bound ruthenium complexes Re69-77 are retained in RAW264.7 cells 
after 72h

In order to assess the ability of the sAuNp bound complexes to remain localised 

within the RAW264.7 cells, treated cells were imaged at 24h, 48h and 72h time 

points. RAW264.7 cells were plated and treated with 20nM of all sAuNp bound 

complexes [Re69-77) for 24 in the dark. The cells were then washed twice with 

PBS, and fresh media with DAPl added to the cells. The cells were then imaged at 

37°C with 5% CO2 using the confocal microscope as before (Section 2.2.13). After 

imaging the cells were re-incubated at 37°C with 5% CO2 in the dark until 48h 

time point and the above wash and imaging step repeated. This was repeated 

again after 72h. An Alamar Blue assay was carried out at the 24, 48 and 72h to 

confirm the RAW264.7 cells remained viable over the 72h (Figure 4.39).

After 24h incubation the sAuNp bound complexes Re69-77 were seen as bright 

red spots surrounding the nuclei of RAW cells. The sAuNp bound complexes could 

also be seen in the phase contrast images as dense spots which co-localised with 

the red fluorescence (Figures 4.36-38). The treated RAW264.7 cells remained 

healthy and showed similar morphology to the untreated control cells (Figure 

4.33). Results from the Alamar blue viability assay confirm the previous 

conclusion that the treated RAW264.7 cells remained viable over the 72h 

treatm ent period (Fig. 4.39).

All of the sAuNp complexes appear to have been retained by the cells after the 72h 

time point. Neither the fluorescence nor the dense patches appeared to decrease 

over time and importantly the cells were still alive and displayed similar 

morphology to the untreated control cells. These results are similar to those seen 

for HeLa cells in Section of this Chapter. Hence we can assume the complexes are 

localising within intracellular vesicles in the RAW264.7 cells as seen previously in 

HeLa cells.

211



24h 48h 72h

\ \

■10pm

Figure 4-36 sAuNp69 was retained in RAW264.7 cells over a 72h period.

0.5 X 10^ RAW264.7 cells were treated with sAuNp69 [20|iM) and incubated at 
37°C for 24h. After trea tm ent the cells were washed twice with w arm  media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The cells were then 
re-incubated and imaged again at 48h and 72h time points. The software used to 
collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments.
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Figure 4-37 sAuNp75 was retained in RAW264.7 cells over a 72h period.

0.5 X 10^ RAW264.7 cells were treated with sAuNp75 (20nM) and incubated at 
37°C for 24h. After treatm ent the cells were washed twice with warm media, 
incubated with DAPl and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The cells were then 
re-incubated and imaged again at 48h and 72h time points. The software used to 
collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments.
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Figure 4-38 sAuNp77 was retained in RAW264.7 cells over a 72h period.

0.5 X 10^ RAW264.7 cells were treated with sAuNp77 [ZO^M) and incubated at 
37°C for 24h. After trea tm ent the cells were washed twice with warm media, 
incubated with DAPI and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The cells were then 
re-incubated and imaged again at 48h and 72h time points. The software used to 
collect images was FluoView Version 7.1 software. These images are 
representative of three independent experiments.
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Figure 4-39 sAuNp bound complexes Re69-77 do not induce cytotoxicity in 
Raw264.7 cells over 72 h treatment periods.

1 X 10^/ml RAW264.7 cells were plated and left overnight to adhere to the plate. 
The cells were then treated with sAuNp bound complexes Re69-77 for 72h in the 
dark. Alamar blue was added to the plates at the end of the 72h time point and 
fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence of the media 
without cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are 
representative of triplicate wells in three independent experiments and were 
graphed using Graphpad Prism 5.
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4.6.4 Free RE69 and Re75, but not the sAuNp bound versions, significantly reduce 
TNF-a activation in response to TLR4 stimulation with LPS
Having confirmed the ability of the free and sAuNp bound complexes to be taken 

up and retained in RAW264.7 cells we decided to investigate the effects of the 

complexes on cytokine production in immune cells in response to TLR-4 

stimulation. Upon LPS treatm ent the TLR-4 signalling pathway is activated which 

results in the production of pro-inflammatory cytokines such as TNF-a. Hence by 

investigating the effects of the complexes on TLR-4 signalling and TNF-a 

activation the ability of the compounds as either pro- or anti- inflammatory agents 

can be assessed. RAW264.7 cells were treated with 30^M of the free and sAuNp 

bound complexes for Ih. The cells were then either placed under the xenon lamp 

for Ih  or left in the dark. After illumination the cells were stimulated with 

lOOng/ml LPS for 4h. After 4h stimulation the supernatants were removed from 

the cells and a TNF-a ELISA carried out as described in Section 2.2.18.

Re69 alone had no effect on TNF-a activation however upon stimulation of the 

RAW264.7 cells with LPS TNF-a activation was significantly reduced both with 

and without illumination. In contrast sAuNp69 had no significant effects on TNF-a 

activation either on its own or in combination with LPS stimulation, Figure 4.40. 

Re75 alone had no significant effect on TNF-a activation however similar to Re69 

upon combination with LPS, Re75 treatm ent significantly reduced TNF-a 

activation but only upon illumination. Interestingly sAuNp75 alone induced a 

significant increase in TNF-a activation [upon illumination] but had no effect in 

combination with LPS, Figure 4.41. Re77 alone induced a significant increase in 

TNF-a activation in the dark but had little or no effect in combination with LPS or 

upon illumination. sAuNp77 alone induced a significant increase in activation of 

TNF-a , in the dark, but did not have a significant effect on activation upon 

stimulation with LPS, with or without illumination. Figure 4.42.

In conclusion these results suggest that Re69 and Re75, but not the sAuNp bound 

versions, may be inhibiting the activation of TNF-a in response to TLR4 

stimulation and possibly have anti-inflammatory potential. In contrast Re77, 

sAuNp77 and sAuNp75 displayed the ability to significantly induce TNF-a 

activation without the need for TLR-4 stimulation by LPS suggesting they may 

induce a pro-inflammatory effect.
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Figure 4-40 Re69, but not sAuNp69, significantly reduced TNF-a activation in 
response to LPS stimulation.

1 xlO^ RAW264.7 cell/ml were seeded in a 96 well plate and treated with the free 
or sAuNp bound complexes (Re69-77) (30|jM) for Ih. The cells were then either 
illuminated for Ih  [A, C,  E) or left in the dark (B, D, F). The cells were then 
stimulated with lOOng/ml of LPS for 4h. The cell supernatants were removed and 
added to an ELISA plate and the TNF-a concentration was determined following 
the ELISA immunoassay protocol described in Section (2.2.18). Results were 
plotted using Graphpad Prism 5. Each graph is representative of an independent 
experiment carried out in triplicate.
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Figure 4-41 Re75, but not sAuNp75, significantly reduced TNF-a activation in 
response to LPS stimulation.

1 xlO^ RAW264.7 ce ll/m l were seeded in a 96 well plate and treated w ith  the free 
or sAuNp bound complexes (Re69-77) (30nM] for Ih . The cells were then either 
illum inated for Ih  (A, C, E) or le ft in the dark [B, D, F). The cells were then 
stimulated w ith  lOOng/ml of LPS for 4h. The cell supernatants were removed and 
added to an ELISA plate and the TNF-a concentration was determined fo llow ing 
the ELISA immunoassay protocol described in Section (2.2.18). Results were 
plotted using Graphpad Prism 5. Each graph is representative of an independent 
experiment carried out in triplicate.
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Figure 4-42 Re77 and sAuNp77 significantly induced TNF-a activation 
without LPS stimulation.

1 xlO^ RAW264.7 ce ll/m l were seeded in a 96 well plate and treated w ith  the free 
or sAuNp bound complexes (Re69-77) [30|iM) for Ih . The cells were then either 
illum inated for Ih  [A, C, E) or left in the dark (B, D, F). The cells were then 
stimulated w ith  lOOng/ml of LPS for 4h. The cell supernatants were removed and 
added to an ELISA plate and the TNF-a concentration was determined following 
the ELISA immunoassay protocol described in Section (2.2.18). Results were 
plotted using Graphpad Prism 5. Each graph is representative of an independent 
experiment carried out in triplicate.
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4.6.5 The endocytosis inhibitor, Dynasore, reduces the uptake of free and sAuNp 
bound Re69-77

RAW264.7 cells were set up and pre-treated with Dynasore as in the previous 

Section 4.5.7, and the cells were treated with either the free and sAuNp bound 

complexes, Re69-77, for 4h. The cells were then washed, stained with DAPl and 

imaged using the fluorescent confocal microscope. There are no images for Re77 

as at the time there  was none of the complex available for testing.

RAW264.7 cells treated with the free complexes Re69, Re75 only, i.e. no Dynasore 

pre-treatment, displayed uptake of the complexes as anticipated (Figure 4.43, 

4.45). The complexes were localised within the cytoplasm of the RAW264.7 cells 

and observed as red fluorescent spots distributed uniformly throughout the 

cytoplasm, as seen in the time dependent uptake studies carried out with the 

sAuNp complex sAuNp69 in RAW264.7 cells earlier in this Chapter [Section 4.7.1).

Upon pre-treatm ent with the endocytosis inhibitor, Dynasore, the above uptake 

was no longer observed. There was very little, if any, red fluorescence observed 

within the cytoplasm of some of the treated RAW264.7 cells. These results further 

confirm the uptake of the free complexes RE69-75 by live RAW264.7 cells is due to 

endocytosis.The small amount of red fluorescence that remained after Dynasore 

pre-treatm ent is most likely due to diffusion of the free complexes across the 

plasma membrane.

RAW264.7 cells treated with the sAuNp bound complexes Re69-77 only, i.e. no 

Dynasore pre-treatment, also displayed uptake of the sAuNp complexes (Figure 

4.44, 4.46, 4.47). Similar to the free complexes the sAuNp bound complexes were 

localised within the cytoplasm of the RAW264.7 cells and observed as red 

fluorescent spots distributed uniformly throughout the cytoplasm. However upon 

pre-treatm ent with the endocytosis inhibitor, Dynasore, a different result was
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observed for RAW264.7 cells. The complexes fluorescence was no longer observed 

distributed throughout the cytoplasm; instead it appeared to localise near the 

plasma membrane of the cells. As for in HeLa cells, these results suggest tha t the 

sAuNp bound complexes may be accumulated at the plasma m embrane which 

correlates with the ability of Dynasore to inhibit the production/cleavage of 

endocytic vesicles form the plasma membrane. The sAuNp complexes may have 

bound to the plasma membrane and as the endocytic pathway has been blocked 

have begun to accumulate and form aggregates at the edge of the cell.
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Re69 Re69 + DAPI Re69 + DAPI + BF

Figure 4-43 Dynasore pre-treatment reduces the uptake of Re69 in RAW 
264.7 cells

1 X 10^ RAW264.7 cells w ere  left untreated (A) or pre-treated with Dynasore 
(lOO^iM) [B) and incubated for 3h at 37°C. The cells were then treated with Re69 
(20|iM) (red] and incubated at 37°C for 4h. The cells were then washed twice and 
incubated with DAPI (blue) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-44 Dynasore pre-treatment reduces the uptake of sAuNp69 in RAW 
264.7 ceils

1 X 10^ RAW264.7 cells were left untreated  (A) or pre-treated with Dynasore 
[lOOuM) (B) and incubated for 3h at 37°C. The cells were then treated with 
sAuNp69 [20|aM) (red) and incubated at 37°C for 4h. The cells were then washed 
twice and incubated with DAPI [blue) and viewed using an Olympus FVIOOO point 
scanning microscope with a 60x oil immersion lens with an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. The images 
are representative of three independent experiments.
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Figure 4-45 DjTiasore pre-treatment reduces the uptake of Re75 in RAW 264.7 cells

1 X 10^ RAW264.7 cells w ere  left untreated (A) or pre-treated with Dynas^re 
(100|o.M) (B] and incubated for 3h at 37°C. The cells were then treated with Re75 
[20nM] (red) and incubated at 37°C for 4h. The cells were then washed twice and 
incubated with DAPI [blue) and viewed using an Olympus FVIOOO point scanning 
microscope with a 60x oil immersion lens with an NA of 1.42. The software used 
to collect images was FluoView Version 7.1 software. The images are 
representative of three independent experiments.
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Figure 4-46 Dynasore pre-treatment reduces the uptake of sAuNp75 in RAW 
264.7 cells

1 X 10^ RAW264.7 cells were left untreated [A) or pre-treated w ith  Dynasore 
(100|iM) (B) and incubated for 3h at 37°C. The cells were then treated w ith  
sAuNp75 [20|iM) [red) and incubated at 37°C for 4h. The cells were then washed 
twice and incubated w ith  DAPI (blue) and viewed using an Olympus FVIOOO point 
scanning microscope w ith  a 60x oil immersion lens w ith  an NA o f 1.42. The 
software used to collect images was FluoView Version 7.1 software. The images 
are representative of three independent experiments.
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Figure 4-47 Dynasore pre-treatment reduces the uptake of sAuNp77 in RAW 
264.7 cells

1 X 10^ RAW264.7 cells were left untreated (A) or pre-treated with Dynasore 
(100|iM) (B) and incubated for 3h at 37°C. The cells were then treated  with 
sAuNp77 [20^iM) (red) and incubated at 37°C for 4h. The cells were  then washed 
twice and incubated with DAPI (blue) and viewed using an Olympus FVIOOO point 
scanning microscope with a 60x oil immersion lens with an NA of 1.42. The 
software used to collect images was FluoView Version 7.1 software. The images 
are representative of three independent experiments.
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4.6.6 Endocytosis is responsible for the uptake of all free and sAuNp bound 
complexes, Re69-77, in RAW 264.7 cells

To further confirm the ability of Dynasore to prevent the uptake of the free and 

sAuNp bound complexes Re69-77 in RAW264.7 cells a similar experiment to the 

previous Section was carried out. RAW264.7 cells were plated and left untreated 

or pre-treated with Dynasore [100|iM) for 3h. The cells were then treated with 

either the free or sAuNp bound complexes Re69-77 for 4h. The cells were washed, 

harvested, re-suspended in PBS and analysed using FACS. The mean fluorescence 

of 10,000 cells was recorded using the FACS Callibur as described in Section 

2 .2 . 11 .

Untreated RAW264.7 cells showed very low levels of fluorescence and upon pre

trea tm ent with Dynasore these levels remained unchanged. RAW264.7 cells 

treated with free and sAuNp bound complexes, except Re77, displayed an increase 

in mean fluorescence (Figure 4.48). RAW264.7 cells pre-treated with Dynasore 

and then treated with the complexes displayed reduced mean fluorescence in 

comparison to the cells treated with the complexes alone.

This reduction in fluorescence was converted to % inhibition by comparing the 

complex treated value to the corresponding Dynasore pre-treated value. The % 

inhibition value refers to the percentage of complex uptake inhibited by Dynasore 

pre-treatment. The % inhibition was discovered to be between 60-80% depending 

on the complex. These results coincide well with the results obtained in the 

previous Section using confocal microscopy. Hence we have confirmed that 

endocytosis may not be 100% responsible for the uptake of the free and sAuNp 

bound complexes however it does play a major role.
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Figure 4-48 Dynasore pre-treatment reduces the uptake of free and sAuNp 
bound complexes in RAW264.7 cells.

2.5 X 10^ RAW264.7 cells were left untreated or pre-treated w ith  Dynasore 
(lOOuM) and incubated for 3h at 37°C [A]. The cells were then treated w ith  20|iM 
complex and incubated at 37°C for 4h. The cells were then harvested, washed and 
the mean fluorescence measured using FACs analysis. The percentage inh ib ition  
was calculated by d ivid ing the treated mean fluorescence by the Dynasore pre
treated mean fluorescence and m ultip lying by one hundred (B). The images are 
representative o f three independent experiments.
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4.7 Characterisation of free and sAuNp bound complexes effects on 
non-cancer cell models

In o rder  to anticipate any side effects the free and sAuNp bound  complexes may 

have in vivo and also to investigate the selectivity of the complexes for cancer cells, 

s tudies w ere  carried  ou t in PBMCs isolated from healthy pa tien t sam ples and 

differentiated PC-12 cells, a non-cancer cell model. PBMCs are any blood cells 

having a round  nucleus i.e. lymphocytes, monocytes o r  macrophages. PBMCs vi^ere 

isolated from sam ples of several healthy donor bloods using a Percoll g rad ien t as 

described  in Section 2.2.5. Many complexes adm iniste red  to patien ts  are  injected 

o r  adm in is tered  i.v thus  making the interaction of these  complexes v^ith healthy 

blood cells of im portance.

In vitro, it is often difficult to assess the effects of a complex on one particu lar  cell 

expressing an un-differentiated and differentiated phenotype. In o rder  to address  

this problem  v\ ê have used a PC12 cell line tha t provides a highly reproducib le  

cancer versus  non-cancer in vitro cell model. In the absence of NGF, these  cells 

rep re se n t  a norm al neoplastic cell line, v^^hich m eans they exhibit uncontrollable  

and  infinite cell proliferation [138]. This polypeptide horm one [NGF) is norm ally  

involved in the developm ent and m ain tenance of the neural cres t origin of several 

cell lines, hov^^ever, v^^hen applied to un-differentiated PC12 cells, NGF translocates 

to the nucleus w here  it binds to receptors  in the nuclear m em brane  [139]. As a 

consequence of this trea tm ent,  normal uncontrollable proliferating PC12 cells 

cease cell generation, and exhibit a phenotype which displays differentiation and 

extensive neurite  grow th [140].
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4.7.1 The free and sAuNp bound complexes, Re69-77, do not appear to be taken up 
by PBMCs isolated from a healthy donor blood sample

PBMCs were isolated and treated with all of the free and sAuNp bound complexes 

for 24h. The media on the cells was replaced and the cells stained with the nuclear 

stain DAPI and imaged live using a fluorescent confocal microscope.

Figure 4.49 shows untreated PBMCs stained with DAPI. The PBMCs are spherical 

in shape with a large nucleus and very little cytoplasm. Upon treatm ent with both 

the free and sAuNp bound complexes for 24h [Figure 4.50-4.52) there was some 

red fluorescence indicative of the complexes however the fluorescence appeared 

to be aggregated outside the PBMC cells and not inside the cells. These results 

suggest that the complexes may have not been taken up by the PBMCs or perhaps 

they were taken up at a shorter time point and expelled by 24h.
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Figure 4-49 Untreated PBMCs contain spherical nuclei and very little 
cytoplasm.

1 X 10^ PBMCs were plated and incubated at 37°C. After 24h the cells were 
washed twice w ith  warm media, incubated w ith  DAPl and viewed using an 
Olympus FVIOOO point scanning microscope w ith  a 60x oil immersion lens w ith  
an NA of 1.42. The software used to collect images was FluoView Version 7.1 
software. These images are representative o f three independent experiments.
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Figure 4-50 Re69 and sAuNp69 are not localised within PBMCs after 24h.

1 X 10^ PBMCs were treated with Re69 and sAuNp69 (20|iM) and incubated at 
37°C. After 24h the cells were washed twice with warm media, incubated with 
DAPI and viewed using an Olympus FVIOOO point scanning microscope with a 60x 
oil immersion lens with an NA of 1.42. The software used to collect images was 
FluoView Version 7.1 software. These images are representative of three 
independent experiments.
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Figure 4-51 Re75 and sAuNp75 are not localised within PBMCs after 24h.

1 X 10^ PBMCs were treated w ith  Re75 and sAuNp75 (20|iM ] and incubated at 
37°C. After 24h the cells were washed twice w ith  warm media, incubated w ith  
DAPI and viewed using an Olympus FVIOOO point scanning microscope w ith  a 60x 
oil immersion lens w ith  an NA of 1.42. The software used to collect images was 
FluoView Version 7.1 software. These images are representative o f three 
independent experiments.
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Figure 4-52 Re77 and sAuNp77 are not localised within PBMCs after 24h.

1 X 10^ PBMCs were treated w ith  Re77 and sAuNp77 [20pM) and incubated at 
37°C. After 24h the cells were washed twice w ith  warm media, incubated w ith  
DAPI and viewed using an Olympus FVIOOO point scanning microscope w ith  a 60x 
oil immersion lens w ith  an NA o f 1.42. The software used to collect images was 
FluoView Version 7.1 software. These images are representative o f three 
independent experiments.
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4.7.2 Free and sAuNp bound complexes (Re69-77) showed various toxicities in 
PBMCs isolated from four independent donor samples

The results from the confocal studies suggested the complexes may not get taken 

up by PBMCs therefore we anticipated they may not be as cytotoxic as in HeLa or 

o ther cancer cell lines. PBMCs were isolated as in Section 2.2.5 from four 

independent donor samples, seeded and treated with the complexes for 24h. The 

cells were then either exposed to a xenon lamp for 1 hr or left in the dark. 24h 

later the viability of the PBMCs was assessed using the Alamar Blue assay (Section 

2.2.7).

Re69 induced a significant decrease in cell viability in three out of four samples 

and sAuNp69 did in two of the four samples. However in the tw'o samples where 

sAuNp69 showed a decrease is cell viability it induced a greater decrease than 

Re69. Neither displayed a significant increase in cytotoxicity upon illumination, 

Figure 4.53.

Re75 induced a significant decrease in cell viability in two of the four patient 

samples. However as for Re69 and sAuNp69, Re75 did not show a significant 

increase in cytotoxicity upon illumination. sAuNp75 also showed a decrease in cell 

viability in two of the samples however this decrease was upon illumination. 

Figure 4.53.

Re77 and sAuNp77 did not induce significant decreases in cell viability in any of 

the four samples treated. Figure 4.53.

In Summary Re69, Re75, sAuNp69 and sAuNp75 showed some cytotoxicity in 

PBMC donor samples. In contrast to the previous cytotoxicity studies carried out 

in cancer cell lines in this thesis sAuNp69, Re75 and Re77 did not show light 

induced cytotoxicity in non-cancer PBMCs.
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Figure 4-53 Free and sAuNp bound complexes showed varied effects on 
independent PBMC sample viabilities.

1 X 10^ PBMCs were treated with all free and sAuNp bound complexes (30|iM) 
complexes for 24h then placed under a xenon lamp for Ih  or left in the dark. 
Alamar blue was added to the plates 24h after light exposure and fluorescence 
was read at 544nm excitation wavelength and 590nm emission wavelength using 
a microplate reader. The background fluorescence of the media without cells + 
Alamar Blue was taken away from each group, and the control untreated cells 
represented 100% cell viability. The results shown are four independent 
experiments carried out in triplicate and were graphed using Graphpad Prism 5.
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4.7.3 RE69, but not sAuNp69, is taken up by both differentiated and un
differentiated PC-12 cells

PC-12 cells were plated in confocal dishes coated with collagen and NGF added 

every second day for a week in order to induce differentiation as described in 

Section 2.2.4. The differentiated and un-differentiated PC-12 cells were treated 

with 20nM of all free and sAuNp bound complexes for 24h and then stained with 

DAPI and imaged using confocal microscopy.

Figure 4.54 shows there are obvious morphological changes between the 

differentiated and un-differentiated PC-12 cells. The differentiated PC-12 cells 

have grown neuron like appendages and have spread out and attached to the 

collagen coated surface of the dish whereas the un-differentiated cells are still in 

suspension and are spherical in shape with the nuclei appearing to take up most of 

the cells.

Incubation with Re69 for 24h resulted in red fluorescence within the cytoplasm of 

both the un-differentiated and differentiated PC-12 cells [Figure 4.55). The 

fluorescence of the complexes was distributed uniformly throughout out the 

cytoplasm of both types of cells as red spots. However the red fluorescence in the 

un-differentiated cells appeared to be brighter than that in the differentiated cells. 

This difference in Re69 fluorescence may be due to either an increased 

concentration of Re69 within the un-differentiated cells or due to the larger size of 

the differentiated cells the same concentration of compound is more disperse.

In comparison, upon incubation with sAuNp69 the complex appears to be 

localised only within the un-differentiated cells (Figure 4.55). Although there was 

little red fluorescence there are dense patches within the cytoplasm in the un

differentiated cells suggesting the complex was in the cytoplasm but due to the 

cells being in suspension they are constantly moving and harder to obtain an in- 

focus fluorescent image. On the other hand, differentiated cells treated with 

sAuNp69 showed aggregates of the complex outside the cells in the phase contrast 

images and none in the cytoplasm of the cells.
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4.7.4 Re75, but not sAuNp75, is taken up by both differentiated and un
differentiated PC-12 cells

As for Re69, incubation with Re75 for 24h resulted in red fluorescence within the 

cytoplasm of both the un-differentiated and differentiated PC-12 cells (Figure 

4.56). The fluorescence of the complexes was distributed uniformly throughout 

out the cytoplasm of both types of cells as red spots.

In contrast upon incubation with sAuNp75 there was very little, if any, 

fluorescence in either type of cell. Although there was little red fluorescence there 

are dense patches within the cytoplasm in the un-differentiated cells suggesting 

the complex was in the cytoplasm [Figure 4.56). There did not appear to be any of 

the above aggregates in the cytoplasm of the sAuNp75 treated differentiated cells.

4.7.5 Re77, but not sAuNp77, is taken up by both differentiated and un
differentiated PC-12 ceils

Differentiated cells treated  with Re77 for 24h showed similar results to Re69 and 

Re75. The fluorescence from Re77 could be seen as red spots distributed 

throughout the cytoplasm of the cells, but also as aggregates along the plasma 

m embrane of the cells (Figure 4.57). Some red fluorescence was observed in the 

un-differentiated PC-12 cells treated with Re77. However this fluorescence was 

not as bright as in the differentiated cells and appeared as aggregates at the 

plasma mem brane of the cell and not as spots distributed throughout the 

cytoplasm as in the differentiated cells.

As for sAuNp69 and sAuNp75 upon incubation with sAuNp75 there was very little 

if any fluorescence in either type of cell, however there were dense patches within 

the cytoplasm in the un-differentiated cells suggesting the complex was in the 

cytoplasm (Figure 4.57). There did not appear to be any of the above aggregates in 

the cytoplasm of the sAuNp77 treated differentiated cells.
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Figure 4-54 Differentiated PC-12 cells display altered morphology compared 
to un-differentiated PC-12 cells.

1 X 10^/m l PC-12 cells were seeded in a collagen coated confocal well and treated 
w ith  NGF every second day for one week until cells displayed differentiated 
morphology. Both the differentiated and un-differentiated cells were incubated 
w ith  DAPI and viewed using an Olympus FVIOOO point scanning microscope w ith  
a 60x oil immersion lens w ith  an NA of 1.42. The software used to collect images 
was FluoView Version 7.1 software. These images are representative of three 
independent experiments.
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Figure 4-55 Re69, but not sAuNp69, was taken up by both un-differentiated 
and differentiated PC-12 ceils.

1 X 10^/ml PC-12 cells were seeded in a collagen coated confocal well and treated 
with NGF every second day for one week until cells displayed differentiated 
morphology (B, D). Both the differentiated and un-differentiated cells (A, C) were 
treated with Re69 or sAuNp69 (20|iM). After 24h the cells were incubated with 
DAPI and viewed using an Olympus FVIOOO point scanning microscope with a 60x 
oil immersion lens with an NA of 1.42. The software used to collect images was 
FluoView Version 7.1 software. These images are representative of three 
independent experiments
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Figure 4-56 Re75 and sAuNp75 are taken up by un-differentiated and 
differentiated PC-12 cells.

1 X 10^/ml PC-12 cells were seeded in a collagen coated confocal well and treated 
with NGF every second day for one week until cells displayed differentiated 
morphology (B, D]. Both the differentiated and un-differentiated cells (A, C] were 
treated with Re75 or sAuNp75 [20|iM]. After 24h the cells were incubated with 
DAPI and viewed using an Olympus FVIOOO point scanning microscope with a 60x 
oil immersion lens with an NA of 1.42. The software used to collect images was 
FluoView Version 7.1 software. These images are representative of three 
independent experiments
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Figure 4-57 Re77 and sAuNp77 are taken up by un-differentiated and 
differentiated PC-12 cells.

1 X lOVm l PC-12 cells were seeded in a collagen coated confocal well and treated 
with NGF every second day for one week until cells displayed differentiated 
morphology (B). Both the differentiated and un-differentiated cells (A) were treated 
with Re77 or sAuNp77 (20nM). After 24h the cells were incubated with DAPI and 
viewed using an Olympus FVIOOO point scanning microscope with a 60x oil immersion 
lens with an NA of 1.42. The software used to collect images was FluoView Version 
7.1 software. These images are representative of three independent experiments.
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4.7.6 Re69 and sAuNp69 showed significantly greater cytotoxicity in un
differentiated PC-12 cells compared to differentiated PC-12 cells

Differentiated (Section 2.2.4] and un-differentiated PC-12 cells w ere  trea ted  w ith  

2 O11M of e i ther  the free or sAuNp bound  complexes (Re69-77). After 48h 

trea tm en t,  in the dark, the  viability of the cells w as assessed  using the Alamar Blue 

assay  (Section 2.2.7).

Re69 (lOO^M) show ed a significant reduction  in cell viability to 27.9±10.5% in u n 

differentiated cells com pared  to 90.3±1.1% in differentiated cells. sAuNp69 

(40nM) also show ed a significant decrease  in cell viability from 92.0±1.6% in 

differentiated cells to 62.5±8.2% in the un-differentiated cells. Therefore in the  u n 

differentiated, cancer model, cells w ere  m ore  susceptible than  the differentiated, 

non-cancer model, to t rea tm e n t  w ith Re69 and  sAuNp69, Figure 4.58.

Re75 (100|iM] show ed cytotoxicity in the differentiated and  un-differentiated  PC- 

12 cells w ith  a decrease  in cell viability to 63.7±9.9% in the d ifferentiated and 

36.7±13.8% in the un-differentiated cells. sAuNp75 show ed equal cytotoxicity in 

bo th  the differentiated, 5B.9±13%, and un-differentiated, 58.9±9.7%, PC-12 cells 

(Figure 4.58).

Re77 (40|iM) and  sAuNp77 (40|iM) show ed similar cytotoxicities in the 

d ifferentiated and un-differentiated cells. Re77 show ed a decrease  in cell viability 

to 57.7±10.5% in the differentiated and  66.5±9.9% in the un-differentiated cells. 

sAuNp77 show ed a decrease in cell viability to 89.9±0.9% in the differentiated  and  

60.2±2.5% in the un-differentiated cells (Figure 4.58).

Overall the free and  sAuNp bound  complexes ap p ea r  to induce g rea te r  cytotoxicity 

in the un-differentiated PC-12 cell cancer model, com pared  to the d ifferentiated 

PC-12 cell non-cancer model.
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Figure 4-58 RE69 and sAuNp69 displayed a significant increase in 
cytotoxicity in un-differentiated PC-12 ceils compared to differentiated PC- 
12 cells.

1 X 10^/m l PC-12 cells were seeded in a collagen coated 96-well plate and treated 
w ith  NGF every second day for one week until cells displayed differentiated 
morphology. Both the differentiated and un-differentiated cells were treated w ith  
complexes for 48h in the dark. Alamar blue was added to the plates 4h before the 
endpoint and fluorescence was read at 544nm excitation wavelength and 590nm 
emission wavelength using a microplate reader. The background fluorescence of 
the media w ithou t cells + Alamar Blue was taken away from each group, and the 
control untreated cells represented 100% cell viability. The results shown are 
representative of trip licate wells in three independent experiments and were 
graphed using Graphpad Prism 5. A 2 way ANOVA and Bonferroni post tests were 
carried out to compare the difference between dark and light for each treatment, 
where p<0.05 (*), p<0.01 and p<0.001 [***].
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4.7.7 All free and sAuNp bound complexes (Re69-77) displayed light-dependent 
cytotoxicity in differentiated PC-12 cells.

Re69 (40|iM) showed very little dark cytotoxicity in the differentiated cells 

however upon light activation cell viability was reduced significantly to 26±6.6%. 

Similarly sAuNp69 [40nM) showed very little dark cytotoxicity in differentiated 

cells but upon illumination there was also a significant decrease to about 

64.4±9.0% (Figure 4.59).

Re75 (40nM) showed a small decrease in cell viability to 87.2±3.2% in the dark 

and upon illumination the viability of the differentiated cells was reduced to 

5.3±2.1%. sAuNp75 [40|iM) also showed a decrease in cell viability to 58.9±13.1% 

in the dark and upon illumination the viability of the differentiated cells v>?as 

reduced significantly to 2.4±0.1%.

Re77 [40|iM) showed the greatest decrease in cell viability to 57.7±10.5% in the 

dark and upon illumination the viability of the differentiated cells was reduced to 

2.8±0.1%. sAuNp77 (40|iM) also showed a decrease in cell viability to 65.6±12.2% 

in the dark and upon illumination the viability of the differentiated cells was 

reduced significantly to 24.6±4.5).

In conclusion all free and sAuNp complexes Re69-77 displayed light-dependent 

cytotoxicity in the differentiated PC-12 cell non-cancer model, suggesting perhaps 

non-cancer cells may be more sensitive to the light activated complexes than 

cancer cells.
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Figure 4-59 All complexes displayed a significant increase in cytotoxicity 
upon illumination in differentiated PC-12 cells.

1 X 10^/ml PC-12 cells were seeded in a collagen coated 96-well plate and treated 
with NGF every second day for one week until cells displayed differentiated 
morphology. The differentiated cells were treated with complexes for 24h then 
placed under a xenon lamp for Ih  or left in the dark. Alamar blue was added to the 
plates 24 h after light activation and fluorescence was read at 544nm excitation 
wavelength and 590nm emission wavelength using a microplate reader. The 
background fluorescence of the media without cells + Alamar Blue was taken away 
from each group, and the control untreated cells represented 100% cell viability. 
The results shown are representative of triplicate wells in three independent 
experiments and were graphed using Graphpad Prism 5.
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4.8 Discussion

The core principle in PDT induced cell death is the production of ROS from 

molecular oxygen. ROS can induce direct tumour cell killing by damaging 

intracellular organelles. It can also lead to tumour damage by targeting tumour 

vasculature and inducing a pro-inflammatory immune response. PDT can result in 

tumour cell death via apoptosis, necrosis or a combination of both [130]. The 

mechanism of cell death which is induced is dependent on a number of factors, for 

example the PS concentration, composition and localisation, the concentration of 

oxygen within the target cell as well as the intensity, wavelength and light source 

used [14]. From Chapter 3 results we concluded that Re75, Re77 and sAuNp69 

showed potential as PDT agents, therefore we decided to investigate the possible 

mechanism of cell death being induced.

In order to investigate if the cytotoxicity induced by the complexes was due to 

induction of apoptosis, cell cycle analysis was carried out after treatment with the 

complexes with and without illumination. It was anticipated that sAuNp69 and 

RE75/77 would show an increase in the % of cells in the pre-Gl phase of the cell 

cycle (apoptosis) upon illumination; however this was not the case. All complexes 

(free and sAuNp bound forms) showed a slight increase in the percentage of cells 

in pre-Gl but they did not show any further increase upon illumination. We also 

investigated the involvement of apoptosis by looking at the activation of PARP and 

caspase 3 in response to treatment. Both the free and sAuNp bound complexes 

Re75 and Re77 both showed some cleavage of PARP upon treatment in the dark 

however upon light activation there was no increase in the intensity of the cleaved 

band compared to the dark band. This cleaved band disappeared upon pre

treatment with a general caspase inhibitor. In the literature, cells treated with 

Photofrin induced cleavage of PARP upon light activation, but not in the dark 

confirming induction of apoptosis upon activation [141]. As for caspase 3, there 

was no decrease in intensity in response to any of the complexes. However Biswas 

et al, treated cells with Radachlorin PDT and using Western blotting confirmed 

up-regulation of PARP and Caspase-3 activation and using cell cycle analysis saw 

an increase in the percentage of cells in the Pre-Gl phase. All of these results
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together led Biswas et al, to the conclusion that Radachlorin PDT was inducing 

Apoptosis [132].

The Western blot results in conjunction with the cell cycle analysis results 

therefore suggest that the dark cytotoxicity observed is likely to be due to 

apoptosis however upon light activation there was no significant increase in 

apoptosis in either experiment. This coincides with the above statement that PDT 

has been shown to induce both apoptosis and necrosis. Many studies have been 

carried out in vitro to test AuNp cellular toxicity. Unfortunately there are many 

conflicting results due to many variables including NP size, surface charge and 

chemistry as well as variability between cell lines and viability assays used. For 

example Shukla etal., showed 3.5nm spherical AuNps were taken up into cells and 

did not induce toxicity [20] whereas Goodman eta l,  discovered that 2nm cationic 

AuNps were toxic at some concentrations [21]. Due to these conflicting results in 

the literature it is possible to compare the cytotoxicity of the AuNps in this project 

or their mechanism of cell death to previously published results but hard to find 

similar properties.

To further investigate the mechanism of cell death induced upon treatment we 

carried out a variety of alternative cell death assays in an attempt to elucidate the 

mechanisms behind the observed light dependent cytotoxicity. Firstly we assessed 

the induction of early apoptosis and late apoptosis using Annexin V PI FACS. As 

anticipated complexes Re75, Re77 and sAuNp69 induced an increase in total 

apoptosis upon irradiation. Re75 and sAuNp69 both showed an equal percentage 

of cells undergoing early and late apoptosis upon illumination, however upon 

illumination Re77 showed only an increase in the percentage of cell undergoing 

late apoptosis. Late apoptotic cells are also referred to as secondary necrotic cells 

in the literature [80, 132]. Therefore these results confirm the previous conclusion 

that Re75, Re77 and sAuNp69 are suitable PDT agents and the other complexes 

are not but also the conclusion that apoptosis and necrosis are being induced in 

response to PDT treatment. A similar study with the non-porphryin PS ADPMOl/7 

showed an increase in Annexin V staining, an indication of early apoptosis, upon 

light activation. However upon increasing the concentration of PS the number of 

Annexin V and PI positive cells increased confirming late apoptosis/necrosis [80].
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The above experiment was repeated but with some cells pre-treated with the ROS 

scavenger NAC to determine the involvement of ROS in the light dependent cell 

death observed. NAC pre-treatm ent reduced the induction of late 

apoptosis/necrosis  in response to Re75 and not Re77 or sAuNp69. This suggested 

that Re75 may be the only complex inducing ROS production upon PDT and 

therefore may be more suited for PDT than the other complexes. These results 

also suggest the production of ROS in response to Re75 contributes to the 

activation of late apoptosis/necrosis and not early apoptosis.

Following on from the above result we went on to quantify the production of ROS 

in response to both the free and sAuNp bound complexes using DCF FACS. 

Surprisingly both the free and sAuNp bound complexes induced equal ROS 

production with or without light. We had anticipated due to previous results in the 

literature tha t an increase in ROS production would only be observed upon 

illumination [132]. These results would therefore suggest that the induction of 

ROS upon trea tm ent is independent of light activation of the complexes and 

therefore the ROS produced is not responsible for light dependent cell death 

observed previously.

Having previously carried out various apoptotic assays we decided to investigate 

the induction of necrosis directly by measuring LDH release from the treated cells. 

Re75, Re77 and sAuNp69 all displayed a significant increase in light dependent 

LDH release and very little if any without illumination. Re69 also showed an 

increase in LDH release but it was not light dependent. A similar experiment in the 

literature showed LDH release in response to ALA-PDT was also light dose 

dependent [142].This result confirmed the induction of necrosis in response to 

trea tm ent was light dependent for Re75, Re77 and sAuNp69 and light 

independent for Re69.

Next we carried out a CellTox™ green assay which measured permeability of the 

plasma m em brane after treatm ent with both the free and sAuNp bound complexes 

with and without illumination. An increase in mem brane permeability was 

induced upon light activation of the complexes but not in the dark confirming the 

induction of light dependent cell death. sAuNp75 and sAuNp77 did not display an

249



increase in m embrane permeability compared to control cells, confirming 

previous results that they are not cytotoxic towards cells making them better 

suited as imaging agents.

Lastly we investigated the Glutathione levels (GSH) within the cells after 

treatment. A reduction in GSH levels is indicative oxidative stress. Re69, Re75 and 

sAuNp69 showed a significant reduction in GSH levels upon illumination but no 

change in the dark. Re77 also showed a small non-significant reduction in 

intracellular GSH levels upon illumination. These further results confirm the 

ability of Re75, Re77 and sAuNp69 to induce light dependent cell death however 

Re69 has not been shown to induce light dependent cell death. Therefore this 

result suggests that oxidative stress is not involved in Re69's observed 

cytotoxicity in the dark but is not involved in inducing cell death upon 

illumination. sAuNp75 and sAuNp77 showed no reduction in GSH levels either 

with or without light therefore emphasising the previous conclusion that these 

two complexes are non-toxic towards HeLa cell making them in this regard 

suitable biological imaging agents .

In this chapter several different methods were used to determine the mechanism 

of cell death being induced. Firstly we looked at the cell cycle distribution of the 

treated cells and compared it to that of untreated cells. This assay uses propidium 

iodide (PI) to measure the DNA content of the cells which allows identification of 

which stage of the cell cycle the cells are undergoing. This assay was not ideal for 

using with these complexes due to the similar emission peaks of both the 

compounds and the PI making the assay unreliable and the results variable. 

Therefore the PI Annexin V assay was found to be a be tte r  method for 

investigating the cytotoxicity of these compounds. Less variability was observed 

with this experiment and also it allowed for the discrimination between apoptosis 

and necrosis which in this case was beneficial due to the ability of the complexes 

to induce both. Of the cell death assay kits used , i.e. LDH release, CellTox™ green 

or GSH-Glo, the LDH release assay was found to be the more relevant and 

informative assay for this study.
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In conclusion Re75, Re77 and sAuNp69 display potential as PS’s for anti-cancer 

PDT by inducing necrosis upon illumination. This induction of necrosis was 

independent of ROS production. Some apoptosis was also induced in response to 

treatment with and without light. Re69 induced apoptosis in HeLa cells upon 

treatment with and without illumination therefore it was light independent 

suggesting Re69 is more suitable as an apoptosis inducing anti-cancer agent 

rather than a PS for PDT. Lastly sAuNp75 and sAuNp77 did not induce significant 

apoptosis or necrosis confirming their suitability as biological imaging agents.

Delivery vehicles such as AuNps are required not only to deliver a complex to a 

cell but also to a specific intracellular organelle, making it important to investigate 

the mechanism of cellular uptake and localisation [51]. The uptake of AuNps has 

been shown to depend on several factors such as size shape charge and surface 

composition [78]. The uptake of the majority of nonmaterial has been shown to 

involve more than one pathway [51]. In Chapter 3 we showed the uptake of both 

the free and sAuNp bound complexes in HeLa cells. We also discovered the uptake 

was both time and concentration dependent and the complexes had the ability to 

remain in cells over a 72h period without a significant reduction in fluorescence. 

The complexes were shown to move throughout the cytoplasm over time and 

come to accumulate at the nuclear edge, but never inside the nuclei. Following on 

from these results we investigated the mechanism of uptake in more detail looking 

at the temperature dependence and dynamin dependence.

As discussed in Chapter 3 the confocal experiments carried out were only to 

visualise the uptake of the free and sAuNp bound complexes into cells and were 

not suitable for quantifying the uptake of the complexes. In order to measure the 

uptake over time we measured the internalisation of the complexes using FACS. It 

was anticipated by using the lasers within the FACS machine to excite the Ru (11) 

complexes we could then, using the detection system, measure the average 

fluorescence given off by each cell which would be relative to the amount of 

complex taken up. HeLa cells treated with both the free and bound versions of all 

complexes showed an increase in cell mean fluorescence after Ih indicating the 

complexes are being taken into the HeLa cells rapidly and at a relatively low 

concentration. Studies by Biver et al, also tested the uptake of AuNp
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functionalised with a fluorophore using FACS analysis and also saw an increase in 

cell mean fluorescence after just Ih incubation [18], While Biver etai, showed an 

increase in AuNp uptake with increasing concentration, the results from this thesis 

show an increase in uptake over time. Another group which have used this method 

to measure the uptake of Ru (11) polypyridyl complexes are Poon etai, [12]. There 

studies also showed an increase in fluorescence after just Ih  incubation as seen 

with the sAuNp bound complexes in this study.

An important conclusion from these results was that Re69 uptake appears to be 

greater when bound to sAuNp compared to the free form whereas both Re75 and 

Re77 uptake appears to be reduced when in the sAuNp bound form. This 

suggested that sAuNps facilitate the uptake of RE69 but hinder the uptake of 

Re75/77. However the decrease in mean fluorescence may also be due to 

differences between the fluorescent intensities of the different complexes or 

perhaps the sAuNps are quenching the fluorescence of Re75 and Re77. This result 

does however complement the conclusion made earlier due to the cytotoxicity 

results in that Re69 shows light induced toxicity when bound to sAuNp whereas 

Re75 and Re77 do not and that sAuNp69 appeared to be the brightest complex in 

confocal fluorescent images.

Next we looked at the possibility of endocytosis as the mechanism responsible for 

the uptake of the complexes in HeLa cells. Endocytosis is an energy dependent 

process and therefore we repeated both the confocal microscopy and FACS uptake 

experiments at 37°C as before and also at 4°C. Incubating HeLa cells treated with 

the sAuNp bound complexes at 4°C led to a reduction in both the red fluorescence 

and dense spots observed inside the live HeLa cells compared to cells incubated at 

37°C. Any fluorescence that remained appeared to be clumped at the outer edges 

of the cells and not inside them. Upon analysis of the mean fluorescence using 

FACS, Re69 and sAuNp75 were the only compounds which showed a significant 

reduction in mean fluorescence when incubated at 4°C, however sAuNp69 and 

sAuNp77 showed very low mean fluorescence values at both 4°C and 37°C 

meaning a change may be hard to detect. The lack of decrease in fluorescence may 

also be accounted for as the FACS may be including the fluorescence of the 

complexes bound to the outer membrane as observed in the confocal studies, jing
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Lin etal., loaded gold vesicles with the PS chlorin ie6 and showed these complexes 

to have tem perature  dependent uptake in vitro and to localise in lysosomes 

confirming endocytosis as the mechanism of uptake [143]. Therefore from these 

experiments we concluded the uptake of the complexes was tem perature 

dependent and therefore was an energy dependent process such as endocytosis.

To confirm the conclusion that the complexes are taken up by an energy 

dependent process such as endocytosis we studied the effects of blocking 

endocytosis in HeLa cells. Dynasore inhibits the protease dynamin which is 

responsible for the pinching of vesicles containing cargo from the plasma 

membrane to form the endosome. Dynasore pre-treatm ent reduced the uptake of 

the free and sAuNp bound complexes in live HeLa cells significantly in confocal 

and FACS studies. Upon visualisation using confocal microscopy virtually no red 

fluorescence was observed in the HeLa cells which were treated with Dynasore 

before trea tm ent with the complexes. Similar to the tem perature dependence 

studies any fluorescence which was observed appeared to be aggregated on the 

outer edge of the plasma membrane, which we had anticipated as Dynasore 

prevents the vesicles from being cleaved from the plasma membrane. A similar 

study in the literature pre-treated cells with PAO, a clathrin-mediated endocytosis 

inhibitor, which resulted in the reduced uptake of 45nm AuNps [144]. Our results 

confirm our hypothesis that endocytosis is responsible for the uptake of the free 

and sAuNp complexes in live HeLa cells, and that the membrane enclosed vesicles 

seen in the TEM studies from Chapter 3 were endosomes or lysosomes containing 

the sAuNps.

As mentioned above there was no evidence of the complexes localising within the 

nuclei of the HeLa cells from either the TEM or confocal studies in the previous 

Chapter. We had anticipated the complexes would localise in the nuclei due to 

previous results in the literature [145] and also the ability of the complexes to 

bind DNA in solution (Appendix 1.2). Therefore to further investigate the ability of 

the compounds to localise in nuclei and also mitochondria we isolated these 

organelles from rat liver cells. The free version of Re69 localised within isolated 

nuclei but the sAuNp bound Re69 complex did not. This result was assumed to be 

representative of the other complexes and suggested that by attaching the free
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complex to the sAuNp its nuclear uptake is prevented. However in live HeLa cells 

neither the free or sAuNp bound complex is observed in the nuclei therefore these 

results also suggest that there is some obstacle in cell preventing the free 

complexes from reaching or entering the nuclei. Perhaps the complexes are 

trapped in other organelles within in the cell such as the endosome, lysosome or 

mitochondria. Isolated mitochondria did not take up any of the sAuNp bound 

complexes but did take up the free complex Re75. To confirm Re75 was the only 

complex with the ability to localise within mitochondria we carried out co

localization study in live HeLa cells using the mitochondrial dye JCl. As expected 

Re75 was the only complex whose fluorescence overlapped with the 

mitochondrial stain, confirming its ability to be taken up by the mitochondria. 

Interestingly this result coincides with a previous study in our group by Cloonan 

and Erby [unpublished results) on the compound RE37 that suggested with 

confocal, TEM, and mitochondrial membrane potential the compound looked 

likely to be getting into mitochondria, or associating very closely to them. We did 

not investigate the localisation of the complexes with other organelles such as 

lysosomes or the endoplasmic reticulum for two reasons; A) due to the ability of 

the complexes to fluoresce this eliminated several available markers on the basis 

of emission spectrum overlap and B) previous localisation studies carried out by 

our group with similar Ruthenium complexes showed equal distribution of the 

complexes in all organelles investigated and therefor was not seen as a viable 

experiment at the time.

In conclusion the free and sAuNp bound complexes were shown to be taken up by 

HeLa cells by endocytosis and therefore must localise within endosomes and 

lysosomes coinciding with the images shown in the previous results Chapter using 

TEM. The representative free compound Re69 localised in isolated nuclei but the 

sAuNp bound complex did not suggesting binding to the sAuNp prevented nuclei 

uptake but also the localisation of the complexes within endosomes or lysosomes 

may be preventing the free complexes from entering the nuclei in live HeLa cells. 

The free complex Re75 was the only complex shown to localise in both isolated 

and intracellular mitochondria. An article by Wei-Xiang Zong etal ,  stated that the 

most common damage resulting from PDT is generally due to the PS localising in
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the mitochondria resulting in loss of inner membrane potential and induction of 

necrosis [15].

There are reports in the literature that upon PDT treatment in vivo inflammation is 

observed as v^ell as an influx and activation of immune cells at the site of 

treatment [14], Therefore we carried out several experiments in the murine 

macrophage cell line, RAW264.7, to establish the interaction w ith  and effects of 

the free and sAuNp bound complexes on macrophages. Macrophages have an 

im portant part to play in PDT induced inflammation; they act as a source of 

cytokines and other inflammatory mediators and have been shown to become 

stimulated in response to several different PS and PDT doses [81].

sAuNp69 was used as a reference compound for confocal studies due to the fact 

there was little  or no difference between the uptakes of the different free or sAuNp 

bound complexes in HeLa cells. Similarly to HeLa cells sAuNp69 showed time 

dependent uptake in the macrophages. The only difference being the macrophages 

are smaller cells w ith  much less cytoplasm than the HeLa cells; resulting in the 

complex fluorescence being more concentrated in very distinct spots. As in HeLa 

cells there was no evidence of the complex entering the nuclei of the macrophages. 

TEM localization studies in the macrophages using bAuNp77 showed the complex 

trapped w ith in  intracellular vesicles and not free in the cytoplasm suggesting the 

macrophages also take up the complexes using endocytic mechanisms. Another 

comparison between the macrophages and HeLa cells was the ability  of the sAuNp 

bound complexes to remain in both types of cells over a 72h period w ith  little  or 

no change in fluorescence and no cytotoxicity towards cells. Overall there were no 

observed differences between the uptakes of the complexes in HeLa or RAW264.7 

cells suggesting they follow the same uptake pathway. Korbelik e t a l ,  also showed 

evidence o f Photofrin localising in tumour and non-tumour immune cells, w ith  the 

levels of Photofrin equal if  not higher in the immune cells [146]. Therefore we 

concluded that the complexes localising in the macrophages may be o f benefit in 

vivo and aid the complete destruction of tumours in vivo in response to PDT by 

inducing an immune response.
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To further confirm the involvement of endocytosis in the uptake of the complexes 

in RAW264.7 cells the studies in the presence of the endocytic inhibitor were 

repeated. As anticipated from the similarity of the previous results pre-treatment 

with Dynasore reduced the uptake of the free and sAuNp bound complexes in the 

macrophages cells (RAW264.7). As for HeLa cells this could be seen using both 

confocal and FACS analysis. This result not only confirms the uptake mechanism in 

macrophages is the same as in HeLa cells but also that the localisation of the 

complexes within endosomes and lysosomes will also occur.

Due to the evidence in the literature of PDT and AuNps inducing immune 

responses we investigated the effect of the free and sAuNp bound complexes PDT 

on TNF-a production in the macrophage RAW264.7 cells. Re69 and Re75 alone 

had no effect on TNF-a activation however upon stimulation of the RAW264.7 

cells with LPS TNF-a activation was significantly reduced both with and without 

illumination. Therefore Re69 and Re75 appear to have an anti-inflammatory effect 

by blocking TLR4 signalling. In contrast Re77, sAuNp77 and sAuNp75 displayed 

the ability to significantly induce TNF-a activation without the need for TLR-4 

stimulation by LPS suggesting they may induce a pro-inflammatory effect. Similar 

to Re77, sAuNp77 and sAuNp75 macrophages exposed to a sub-lethal dose of 

Photofrin-PDT showed an increase in TNF-a production both with and without 

LPS stimulation [81]. Khan e ta i,  also found that rats which had been treated with 

bare AuNps showed an increase in pro-inflammatory cytokines, such as TNF-a in 

the liver on day 1 [133]. These results together with our own therefore suggest 

that perhaps it is the sAuNps which are inducing the pro-inflammatory response 

observed in this thesis.

It is important to try and anticipate any side effects the free and sAuNp bound 

complexes may have in vivo and also to investigate the selectivity of the complexes 

for cancerous cells over non-cancerous cells. Herein studies were carried out in 

PBMCs isolated from healthy patient samples and differentiated PC-12 cells, a non

cancer cell model. PBMCs were isolated and treated with all of the free and sAuNp 

bound complexes for 24h. The free and sAuNp bound complexes, Re69-77, do not 

appear to be taken up by PBMCs isolated from a healthy patient blood sample. 

Upon treatment with both the free and sAuNp bound complexes for there was
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som e red  fluorescence indicative of the complexes how ever the fluorescence 

ap p ea red  to be aggregated outside the  PBMC cells and  not inside the cells. A study 

by H ryhorenko e t  al,  also isolated PBMCs from healthy donors b u t  in con trast 

show ed  the accum ulation of the pho tosensit iser  pho toporphyrin  IX (PpIX) in the 

m acrophages and  dendritic  cells w ith in  the sam ple [147], These results  suggest 

th a t  the  free and  sAuNp bound  complexes may have been  taken  up by the  PBMCs 

a t  a sh o r te r  tim e point and expelled by 24h or perhaps  they  w ere  never  taken  up 

a t  all.

The cytotoxicity of the free and  sAuNp bound  complexes was then  assessed  in four 

in d e p en d en t PBMC sam ples both  w ith  and w ithou t light activation. The effects of 

the  com plexes on cell viability varied be tw een  sam ples how ever one consistent 

resu lt  w as th a t  there  w as no evidence of significant light depen d en t cytotoxicity 

w ith  any of the  free or sAuNp bound  complexes. A similar study by Baoqin e t a i ,  

t re a te d  PBMCs w ith  Saminoievulinic acid based PDT (ALA-PDT] and  saw  no 

significant changes in PBMC viability [134].These results  along w ith  ou r own 

suggest th a t  side effects of PDT w ith  the free and sAuNp com pounds could vary 

b e tw een  pa tien ts  and be unpredic table . More detailed  studies in vitro and  in vivo 

w ould  be needed  to p roperly  assess the possible side effects of these  complexes.

A sim ilar s tudy  w as carried  out in both  differentiated and un-differentiated  PC-12 

cells to investigate the uptake in a single cell line tha t can display tu m o u r  like 

m orphology (un-differentiated] as well as non-tum our cell morphology 

(differentiated]. Interestingly the free complexes w ere  taken  up by both  the 

d ifferen tiated  and  un-differentiated cells w hereas  the  sAuNp bound  versions of 

the com plexes did not ap p ea r  to be taken  up by either. Leading to the  conclusion 

th a t  a ttach ing  the  complexes to the sAuNp one p reven ts  the re  uptake by PC-12 

cells, w h e th e r  d ifferentiated o r  not.

We then  investigated the effects of the free and sAuNp complexes on both  the 

d ifferen tiated  and  un-differentiated cells viability. Re69 and sAuNp69 show ed  a 

significant increase  in cytotoxicity in the un-differentiated cell line com pared  to 

the d ifferentia ted  cell line in w ithou t illumination. Suggesting both  the free and 

sAuNp bound  version of Re69 could possess some selectivity be tw een  norm al and
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transformed cells. Unfortunately the other complexes did not show any significant 

difference between the two types of cells, suggesting they may not possess any 

selectivity. A similar study in the literature looked at the effect of ethanol on 

apoptosis induction in both differentiated an un-differentiated PC-12 cells and 

showed tha t the un-differentiated cells w ere more sensitive to apoptosis induction 

in response to treatm ent [140].

The effect of light on the compounds cytotoxicity in the differentiated cells was 

next investigated. All of the complexes, free and sAuNp bound, showed a 

significant decrease in differentiated PC-12 cell viability upon light activation. This 

result suggested that the differentiated PC-12 cells which have similar morphology 

to non-cancerous cells are significantly more sensitive to PDT than previous 

cancer cell lines in this thesis.

In summary the overall conclusions of this Chapter are tha t all the free and sAuNp 

complexes are taken up by both HeLa and RAW264.7 cells using endocytosis and 

therefore the complexes are most likely to accumulate within endosomes and 

lysosomes upon uptake. None of the complexes appeared to be taken up by PBMCs 

isolated from healthy patient samples however the complexes did show varying 

cytotoxicities between patients suggesting further studies would be need in order 

to determine any side effects. All the complexes induced some apoptosis but upon 

light activation the increase in cytotoxicity observed with complexes Re75, Re77 

and sAuNp69 appears to be mostly due to necrosis. PDT has been shown to induce 

a combination of necrosis and apoptosis therefore these complexes remain 

suitable PDT agents as concluded from the previous Chapter. The tables below 

further summarises these results while comparing and contrasting the free 

ruthenium complexes to the AuNp bound form (Table 4.1, 4.2 and 4.3).
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Characteristic/ Compound RE69 AuNp69

S tru ctu re 2*

N ^
N N N SH 

Ru

N

o

O, •, C u.o

Im aging C o n cen tra tio n  and t im e  

d e p e n d e n t u p take  in v itro  w hich  

can be im aged due to  com pounds  

lum inescence upon exc ita tio n  (Fig 

3 .2 )

C o n cen tra tio n  and tim e  

d e p e n d e n t u p take  in 

v itro  w h ich  can be im aged  

due to  com pounds  

lum inescence upon  

exc ita tio n  and also using 

light m icroscopy d ue to  

th e  highly dense gold  

n an o p artic le  core (F ig3.3)

S ubcellu lar localisation U n kn o w n , but show n n o t to  

localise w ith in  th e  nucleus (Fig 

3 .2 )

Localises w ith in  

in trace llu la r vesicles, 

assum ed to  be e ith e r  

en d osom es o r lysosom es  

due to  u p take  via 

endocytosis, does not 

localise w ith in  th e  

nucleus (Fig 3 .3 , 3 .2 6 )

D ark C yto to x ic ity ICso 1 2 -1 8 n M  (Tab le 3 -1 ) ICso 1 0 -4 0 ^ M  (Tab le  3 -1 )

Light C yto to x ic ity ICso lO - lS u M  (Tab le 3 -1 ) ICso 5 -1 2 ^ M  (T ab le  3 -1 ), 
significantly  lo w e r th an  

th e  dark IC5 0

ROS p ro du ctio n Yes, 3 -fo ld  increase co m p ared  to  

u n trea te d  cells, no d iffe ren ce  

w ith  o r w ith o u t light (Fig 4 .7 )

W as  n o t d e te rm in e d  ( see 

section 4 .3 .5 )

Cell d e a th  m echan ism Sim ilar levels o f  apoptosis  and  

necrosis w ith  and  w ith o u t light 

t re a tm e n t ( Fig 4 .5 , 4 .8 )

A poptosis in th e  d ark  w ith  

a significant increase in 

necrosis w ith  light 

ac tiv a tio n  ( Fig 4 .5 , 4 .8 )

Table4.1 Summary and comparison of Re69 and AuNp69
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Characteristic/ Compound RE75 AuNp77
Structure —  2*

1

'  N H
N N N SH

■ 6  
N N .

N

^  u S  -s ^

A <
c,x V .V

a?

Imaging Concentration and time dependent 
uptake in v itro  which can be imaged 
due to compounds luminescence 
upon excitation (Fig 3.6)

Concentration and time j 

dependent uptake in  1 
wtro which can be 
imaged due to ' 

compounds 
luminescence upon 
excitation and also 
using light microscopy 
due to the highly dense 
gold nanoparticle core 
(Fig 3.7)

Subcellular localisation shown not to localise within the 
nucleus (Fig 3.10), localises within 
both isolated and intact 
mitochondria (Fig 4.28, 4.31)

Localises within 
intracellular vesicles, 
assumed to be either 
endosomes or 
lysosomes due to TEM 
results for AuNp69 and 
AuNp77, does not 
localise within the 
nucleus (Fig 3.7)

Dark Cytotoxicity I C s o  15-35pM (Table 3-2) I C 5 0  >40pM  (Table 3-2)

Light Cytotoxicity I C s o  2 -l? n M  (Table 3-2), 
significantly lower than the dark I C 5 0

IC50 >40pM  (Table 3-2)

ROS production Yes, small increase compared to 
untreated cells, no difference with 
or without light (Fig 4.7)

Yes, 2-fold increase 
compared to untreated 
cells, no difference with 
or without light (Fig 4.7)

Cell death mechanism Apoptosis in the dark with a 
significant increase in necrosis with 
light activation ( Fig 4.5, 4.8)

Apoptosis with no 
increase or change 
upon light activation( 
Fig 4.5, 4.8)

Table4.2 Summary and comparison of Re75 and AuNp75
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Characteristic/ Compound RE77 sAuNp77
Struc tu re 2 »

N

N N ^
N N N SH

oN N
N N

N ^

IG  O V  

•’u a ' 1  .

Imaging C oncentration  and tim e d e p e n d e n t  
up take  in wtro which can be imaged 
d u e  to  co m p o u n d s  lum inescence 
upon excitation (Fig 3.10)

C oncentra tion  and 
t im e  d e p e n d e n t  
up take  in vitro 
which can be 
imaged d u e  to  
co m p o u n d s  
lum inescence  upon 
excitation and  also 
using light 
microscopy due  to  
th e  highly dense  
gold nanopartic le  
core (Fig 3.11)

Subcellular localisation Unknown, but show n not to  localise 
within th e  nucleus (Fig 3.10)

Localises within 
intracellular vesicles, 
a ssum ed  to  be 
e i th e r  e n d o so m e s  or 
lysosom es d ue  to  
up take  via 
endocytosis , does  
not localise within 
th e  nucleus (Fig3.11, 

)
Dark Cytotoxicity ICso 15-60[iM (Table 3-3) IC50 20-40nM  (Table 

3-3)
Light Cytotoxicity IC50 2-27|iM (Table 3-3), significantly 

lower th an  th e  dark I C 5 0

I C 5 0  20-40^M  (Table 
3-3)

ROS production Yes, 2-fold increase com pared  to  
u n trea ted  cells, no difference with or 
w ithou t  light (Fig 4.7)

Yes, 3-fold increase 
com pared  to  
u n t re a te d  cells, no 
difference with or 
w ithou t light (Fig 
4.7)

Cell d e a th  m echan ism Apoptosis in th e  dark with an increase 
in necrosis with light activation ( Fig 
4.5, 4.8)

Apoptosis with no 
increase o r  change 
upon light 
activation( Fig 4.5, 
4.8)

Table4.3 Summary and comparison of Re77 and AuNp77
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Chapter 5: Anti-Inflammatory and Anti- 
Cancer activities of a range of 1,3- 

bis(aryI)-2-nitro-l-propenes: A new class
ofTLR inhibitors
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5.1 Introduction

Sepsis as described previously in Section 1.5 is a serious medical condition 

described as a systemic inflammatory response due to infection w^hich can 

progress to tissue damage and mortality. This overwhelming inflammatory 

response is a result of over active immune cells and a large increase in pro- 

inflammatory cytokines. Despite a mortality rate of 30-50% [42] there is currently 

no clinical therapy available for curing or treating sepsis patients.

Toll-like receptors [TLRs), as discussed in Sectionl.4, make up a key component of 

the innate immune system by recognising pathogen-associated molecular patterns 

(PAMPs] of invading organisms and activating an inflammatory response, among 

others, in order to fight the infection. It has previously been discovered that 

recognition of LPS by TLR-4 during an acute infection plays a key role in the 

pathogenesis of sepsis [148]. Research carried out by Weighardt et ai, showed 

that mice deficient in the adaptor protein MyD88 [essential for TLR-4 signalling) 

did not develop sepsis [42]. Other groups have also shown mice deficient in TRIP 

and TIRAP (adaptor proteins involved in TLR signalling also) no longer respond to 

LPS as well as being resistant to septic shock [148]. Due to this evidence of TLRs 

in sepsis pathogenesis, targeting TLR-4 directly or indirectly via the signalling 

cascades has become an attractive target for therapeutic intervention.

Antidepressants, amphetamines and other neuroactive compounds have been 

shown to have a range of anti-inflammatory effects both in vitro and in vivo with 

TLRs proposed as the speculated target. Experimental results by Hutchinson eta i, 

showed that several opioid compounds had the ability to increase TLR-4 

expression in glial cells and also led to an increase in activation of pro- 

inflammatory cytokines [110]. Following on from this result Hutchinson et ai, 

then investigated the effect of eight tri-cyclic antidepressants (TCAs) on TLR-4 

signalling in vitro. The results confirmed six of the eight compounds tested had 

mild, moderate or strong inhibitory effects whereas the other two compounds 

showed mild and strong activation of TLR-4 [109]. These two sets of results lead 

Hutchinson to the conclusion that other pharmacotherapies for pain control may 

also possess an effect on TLR activity.
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The Meegan group from the School of Pharmacy and Pharmaceutical Sciences in 

Trinity College had previously designed a library of novel potentially neuroactive 

compounds and antidepressants which were available to the Williams lab. This 

first generation library contained a series of novel l,3-bis(aryl)-2-nitro-l-propene 

derivatives related in structure to 4-Methylthioamphetamine (4-MTA) and 

products of route specific synthesis of 4-MTA was synthesised by Dr. Yvonne 

McNamara[149]. The parent compound 4-MTA, a MDMA like drug of abuse, is a 

ligand for SERT and therefore a potent inhibitor of serotonin re-uptake in the 

brain. Published results from McNamara and Cloonan showed that a num ber of 

compounds from this first generation library were cytotoxic towards several 

Burkitt’s Lymphoma cell lines in vitro and thus showed potential as anti-cancer 

agents as well as some compounds displaying the ability to inhibit SERT activity 

[111, 149]. The compounds chosen for the present study were designed to have 

modifications to the aromatic substituents, and also include derivatives where the 

amino group is alkylated and acylated (Figure 5.1). Previous pilot studies by 

Cloonan and Carpenter showed that as well as anticancer activity a representative 

selection of compounds from the above mentioned library had the ability to inhibit 

TLR-4 and to some extent TLR-3 at relatively low concentrations. Of the 

compounds tested (Figure 5.1) compound 12 was chosen as the lead compound 

and was investigated further with the results discussed herein.

A second generation library was synthesised by Andrew Byrne, also from the 

Meegan group, based on the lead compound (12) from the original library. The 

objective of Byrne’s study was to synthesise a series of structurally related 

compounds to 1,3- bis(4-chlorophenyl)-2-nitro-l-propene (compound 12 , 

renam ed A75 upon re-synthesis) and to investigate their structure-pro apoptotic 

activity relationships. A selection of these second generation compounds were 

also screened for TLR activity as well as for anti-cancer activity and the results 

discussed herein (Figure 5.2).

Therefore the aim of the experiments in this Chapter were to test the hypothesis 

that some neuroactive compounds have anti-inflammatory properties through 

inhibition of TLR activity and perhaps discover a novel TLR-4 inhibitor for the
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trea tm ent of sepsis. A second aim was to assess the anticancer potential of the 

compounds in two Mesothelioma cell lines in vitro.

NH2
13

Figure 5-lFirst generation libraries of compounds synthesised by McNamara

NOz

NO2
NO2

075

NO:

M3

Figure 5-2 Second generation library of compounds synthesised by Byrne
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5.2 Experimental Results

5.2.1 Investigation of effects of compound 12 on TLR signaling in U373 cells

U373 cells were transfected with either ISRE or NFkB luciferase reporter 

plasmids, treated with compound 12 for Ih  and then stimulated with either LPS, 

Poly 1:C or Pam3CSK4 for 16h (as in Section 2.2.33]. LPS stimulates TLR-4 which 

results in production of both ISRE and NFkB. Figure 5.3 shows statistically 

significant stimulation of [A) ISRE (12.4±1.1 fold) and (B) NFkB [1.9±0.3 fold] 

when stimulated with LPS. Poly I: C stimulates TLR-3 which results in the 

downstream production of NFkB. Figure 5.3 shows significant stimulation of [C] 

NFkB (5.5±1.2 fold]. Pam3CSK4 stimulates TLR-2 resulting in the downstream 

activation of NFkB. Successful stimulation of NFkB via TLR-2 was not observed in 

this experiment and therefore was not shown.

5.2.2 Compound 12 inhibits both NFkB and ISRE production in U373 cells

LPS stimulates TLR-4 which results in significant production of both ISRE and 

NFkB. Treatment with compound 12 (lOuM] lead to almost complete inhibition 

with activation of ISRE reduced significantly by about 80% while compound 12 

[IfiM] also caused a significant reduction of about 66%, Figure 5.3.A. Compound 

12 [10|iM] also lead to inhibition of NFkB with activation reduced by about 47% 

and compound 12 at l[iM resulted in an 11% reduction in fold activation, Figure 

5.3.B.

Poly I: C stimulates TLR-3 significantly resulting in the downstream production of 

NFkB. When treated with compound 12 at 10|iM and l^iM NFkB production was 

reduced by 38% and 36% respectively. Figure 5.3.C.

Using these reporter assays, compound 12 showed potent inhibition at |iM 

concentrations of both TLR-4 and TLR-3 signaling.
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Figure 5-3 Compound 12 inhibits both NFkB and ISRE production in U373 
cells

U373 cells were seeded in a 24 well plate, transfected with either ISRE or NFkB 
reporter plasmids and treated with either l^iM or lO^iM compound 12 for 1 h. 
Different receptors were then stimulated with their corresponding ligands for 24h. 
The cells were lysed, both coelentrazine and luciferase (reporter substrates) 
added and luminescence read using a microplate reader. Results were analysed by 
dividing the luciferase luminescence values by the coelentrazine luminescence 
values and then dividing the resulting values by the untreated average to give 'fold 
increase’ of reporter plasmid activation. The results were plotted using Graphpad 
Prism 5 and are representative of 3 independent experiments carried out in 
triplicate. Using Graphpad Prism 5 a 2 way ANOVA was carried out with 
Bonferroni post-test to compare US cells w /o  compound to stimulated cells w /o  
compound, a one way ANOVA was then carried out and Tukeys post-test to 
compare stimulated cells without compound to the treated stimulated cells, where 
p< 0.05 n ,  p<0.01 (**) and p<0.001(***). (A) TLR-4 (ISRE), (B) TLR-4 (NFkB), (C) 
TLR-3 (NFkB) and US -  Unstimulated.
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5.2.3 Investigation of effects of compound 12 on TLR signaling in RAW264.7 cells

Due to the unsuccessful stimulation of TLR-2 in U373 cells , which we found to be 

due to lack of TLR-2 expression U373 cells, we decided to test a different cell line 

in which we knew all three TLRs were expressed. We decided upon the murine 

macrophage cell line RAW264.7. RAW264.7 cells were transfected with either 

ISRE or NFkB luciferase reporter plasmids, treated with compound 12 for Ih  and 

then stimulated with either LPS, Poly I: C or Pam3CSK4 for 16 h (Section 2.2.33].

5.2.4 Compound 12 inhibits NFkB and ISRE production in RAW264.7 cells

LPS stimulates TLR-4 which results in production of both ISRE and NFkB. Figure 

5.4.A shows successful stimulation of NFkB [2.4±0.7 fold] when stimulated with 

LPS. When treated with compound 12 (lO^iM] NFkB production was reduced by 

83% showing almost complete inhibition while compound 12 (l|iM] caused a 

reduction in activation by 62%. In the same experiment ISRE was not activated 

upon stimulation with LPS (Figure 5.4.B].

Poly I: C stimulates TLR-3 which results in the downstream production of NFkB 

and ISRE. Figures 5.4.C/D show successful stimulation of NFkB (2.2±0.4 fold] and 

ISRE (3.4±1.2 fold]. When treated with compound 12 (lOuM], NFkB activation was 

reduced by 86% while compound 12 at l^iM caused a reduction of 60%. Similarly 

compound 12 at 10|iM reduces ISRE activation by 82% and at l(iM reduces 

activation by 62%.

Pam3CSK4 stimulates TLR-2 which results in the downstream production of 

NFkB. Figure 5.4.E shows significant stimulation of NFkB production (4.7±1.2 

fold]. Treatm ent with compound 12 at both lO^M and l|iM caused an almost 

complete, statistically significant, reduction of NFkB production by 75% and by 

91% respectively.
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Figure 5-4 Compound 12 inhibits NFkB and ISRE production in RAW264.7 cells

RAW264.7 cells were seeded in a 24 well plate, transfected with either ISRE or 
NFkB reporter plasmids using Gene Juice™ and treated with compound 12 for 1 h. 
The various receptors were then stimulated with their corresponding ligands for 
24h. Cells were lysed, coelentrazine and luciferase (reporter substrates] added 
and luminescence read using a microplate reader. Results were analysed by 
dividing the luciferase luminescence values by the coelentrazine luminescence 
values and then dividing the resulting values by the untreated average to give 'fold 
increase’ of reporter plasmid activation. The results were plotted using Graphpad 
Prism 5 and are representative of 3 independent experiments carried out in 
triplicate. Using Graphpad Prism 5 a one way ANOVA was then carried out and 
Tukeys post-test to compare stimulated cell without compound to the treated 
stimulated cells, where p< 0.05 [*], p<0.01 (**) and p<0.001 (***). (A) TLR-4 NFkB 
(B) TLR-4 ISRE (C) TLR-3 NFkB (D) TLR-3 ISRE (E] TLR-2 NFkB
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5.2.5 Compound 12 inhibits NFkB activation via TLR-2 greater than activation via 
TLR-3 in RAW264.7 cells

LPS stimulates TLR-4 which results in production of both ISRE and NFkB. 

However in this experiment stimulation was not achieved therefore the results are 

not shown. Poly I: C stimulates TLR-3 which results in the downstream production 

of NFkB and ISRE. Pam3CSK4 stimulates TLR-2 which results in the downstream 

production of NFkB. Transfected RAW264.7 cells were treated with a range of 

concentrations of compound 12 before being stimulated. A small reduction in TLR- 

3 induced NFkB production [by 28%) was seen with compound 12 (l^M ) (Figure

5.5 A) compared to a significant (p=0.048) reduction in TLR-2 induced NFkB 

production (by 56%) with compound 12 at O.luM (Figure 5.5 C).

5.2.6 Investigation into the ability of compound 12 to induce cytokine production in 
RAW264.7 ceils

RAW264.7 cells were treated with compound 12 for Ih  and then stimulated with 

either LPS or Pam3CSK4. The supernatants were removed after 24h and using the 

ELISA method the concentrations of TNF-a produced were determined. LPS 

stimulates TLR-4 which results in the downstream production of TNF-a. 

Pam3CSK4 stimulates TLR-2 which results in the downstream production of TNF- 

a  (as in Section 2.2.18).

5.2.7 Compound 12 inhibits TNF-a production via TLR-2 and TLR-4

In both experiments (Figure 5.6) treatm ent with compound 12 at lOiiM lead to 

total inhibition of TNF-a activation in response to both TLR-2 and TLR-4 

stimulation. However when treated with compound 12 at l^M  TNF-a activation 

via TLR-4 is inhibited 87.8%±6.5 compared to 71.2%±4.1 via TLR-2.
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Figure 5-5 Compound 12 inhibits NFkB activation via TLR-2 greater than 
activation via TLR-3

RAW264.7 cells were seeded in a 24 well plate, transfected w ith  either ISRE or 
NFkB reporter plasmids using Gene Juice™ and treated w ith  a range of 
concentrations of compound 12 (0.05)iM -lnM) for 1 h. The different receptors 
were then stimulated w ith  the ir corresponding ligands for 24h. Cells were lysed, 
coelentrazine and luciferase [reporter substrates] added and luminescence read 
using a microplate reader. Results were analysed by dividing the luciferase 
luminescence values by the coelentrazine luminescence values and then dividing 
the resulting values by the untreated average to give 'fold increase’ of reporter 
plasmid activation. The results were plotted using Graphpad Prism 5 and are 
representative of 3 independent experiments carried out in triplicate. (A) TLR-3 
NFkB (B) TLR-3 ISRE (C] TLR-2 NFkB.
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Figure 5-6 Compound 12 inhibits TNF-a activation via TLR-2 and TLR-4

RAW264.7 cells were seeded in a 96 well plate and treated with compound 12 for 
Ih, the different receptors were then stimulated with their corresponding ligands. 
The cell supernatants were removed after 24h and added to an ELISA plate and 
the TNF-a concentration was determined following a sandwich ELISA 
immunoassay protocol. Results were plotted using Graphpad Prism 5. Graphs are 
representative of an independent experiment carried out in triplicate. (A] 
Represents TLR-2 therefore cells were stimulated with l^ig Pam3CSK4, [B) 
represents TLR-4 therefore cells were stimulated with lOOng LPS in this case.

272



5.2.8 Inhibitory studies using the NFkB reporter cell line HEK Blue TLR-4

In order to further confirm the inhibitory effects of compound 12 on TLRs, HEK 

blue TLR-4 cells containing an NFkB reporter plasmid were used. HEK Blue TLR-4 

cells were treated with compound 12 for Ih  and then stimulated for 16h with LPS. 

The supernatants were then removed and added to Quanti Blue detection media, 

incubated at 37°C for Ih  and the Optical Density (OD) at 650nm determined using 

an absorbance microplate reader( as in Section 2.34).

5.2.9 10|iM compound 12 inhibits NFkB activation in HEK Blue TLR-4 cells

Figure 5.7.A/B shows statistically significant stimulation of TLR-4 was achieved 

when treated with LPS alone. When treated with compound 12 (lO^M) the NFkB 

levels were reduced by 47% (Figure 5.7.A) and when treated with compound 12 at 

l|iM reduction of 6% was observed. In Figure 5.7.B a similar effect was seen with 

compound 12 at 10|iM however when the concentration of compound 12 was 

dropped to IjiM it also had the same effect.

5.2.10 Compound 12 inhibits NFkB production via TLR-4 in a dose dependent 
manner

Successful stimulation of TLR-4 was achieved when treated with LPS alone. Figure 

5.8 shows inhibition of NFkB activation via TLR-4 increases with compound 12 

concentration. Treatment with compound 12 at 0.05|iM caused 4.9±2.9 % 

inhibition whereas increasing the concentration of compound 12 to 0.75nM lead 

to 36.6±5.4 % inhibition.
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Figure 5-7 lO^M compound 12 inhibits NFkB activation in HEK Blue TLR-4 
cells

Hek Blue TLR-4 cells were seeded in a 96 well plate and incubated overnight. They 
were then treated w ith  either l( iM  or 10|iM compound 12 for Ih  and stimulated 
w ith  LPS for 16h. The supernatants were then removed and added to Quanti Blue 
detection media and incubated at 37°C for Ih . The OD 650nm values were read 
using an absorbance microplate reader. The results were plotted using Graphpad 
Prism 5; each graph represents an independent experiment carried out in 
trip licate (A/B). Using Prism a 2 way ANOVA was carried out w ith  Bonferroni 
post-test to compare US control cells to stimulated control cells, a one way ANOVA 
was then carried out and Tukeys post-test to compare stimulated cell w ithout 
compound to the treated stimulated cells, where p< 0.05 (*), p<0.01 (**) and
p<0.001 (***).
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Figure 5-8 Compound 12 showed no effect on NFkB activation below 1|4.M

HEK Blue TLR-4 cells were seeded in a 96 well plate and incubated overnight. 
They were then treated with a varying concentration range of compound 12 for Ih  
and stimulated with LPS for 16h. The supernatants were then removed and added 
to Quanti Blue detection media and incubated at 37°C for Ih. The OD 650nm 
values were read using an absorbance microplate reader. The results were plotted 
using Graphpad Prism 5; each graph represents three independent experiments 
carried out in triplicate.
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5.2.11 Investigation of the ability of the first generation compounds to inhibit TLR-4

Whilst compound 12 successfully inhibited the activity of all the TLRs tested it was 

desirable to find compounds which inhibited a specific TLR. Thus, analogues of 

compound 12 were evaluated. HEK Blue TLR-4 cells were treated with 10|iM and 

concentrations of compounds 10, 11, 13 or 16 for Ih  and then stimulated for 

16h with LPS. The supernatants were then removed and added to Quanti Blue™ 

detection media, incubated at 37°C for Ih  and the OD650nm determined using a 

microplate reader, as described in Section 2.2.34.

5.2.12 Compounds 1 0 ,1 1 ,1 2 ,1 3  & 16 all show inhibition of NFkB activation in HEK 
Blue TLR-4 cells

All compounds showed significant inhibition at 10|iM, with 10, 11 and 12 showing 

complete inhibition and 13, 16 showing approximately 50% inhibition (Figure 

5.9]. However the compounds appeared to have little or no effect on NFkB 

activation at l^iM suggesting that these compounds showed similar activity as the 

original lead compound 12.

5.2.13 Compound 12 showed greater inhibition of NFkB activation in HEK Blue TLR- 
4 cells than compounds 10 and 11

Hek Blue TLR-4 cells were treated with various concentrations (within a l|iM- 

lO^iM range] of compounds 10, 11 or 12 (the most potent compounds based on 

results of section 5.6.1] From Figure 5.10 compound 12 appeared to be the most 

potent inhibitor with an I C 5 0  ^ l^M. Compound 11 had the lowest I C 5 0  value 

[2.5piM] when compared to compound 10 which had an I C 5 0  value of 

approximately 3[iM.
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Figure 5-9 Compounds 1 0 ,1 1 ,1 2 ,1 3  and 16 all show inhibition of NFkB 
activation in HEK Blue TLR-4 cells

HEK Blue TLR-4 cells were seeded in a 96 well plate and incubated overnight. 
They were then treated w ith  either a 10|aM or l^ M  concentration of compound 10, 
11, 12, 13 or 16 for Ih  and stimulated w ith  LPS for 16h. The supernatants were 
then removed and added to Quanti Blue detection media and incubated at 37°C for 
Ih . The OD 650nm values were read using an absorbance microplate reader. The 
results were plotted using Graphpad Prism 5; graph represents three independent 
experiments carried out in triplicate. Using Prism a 2 way ANOVA was carried out 
w ith  Bonferroni post-test to compare US control cells to stimulated control cells, a 
one way ANOVA was then carried out and Tukeys post-test to compare stimulated 
cell w ithout compound to the treated stimulated cells, where p< 0.05 [*), p<0.01 
(**) and p<0.001 (***).
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Figure 5-10 Compound 12 showed greater inhibition of NFkB activation in 
HEK Blue TLR-4 ceils than compounds 10 or 11

HEK Blue TLR-4 cells were seeded in a 96 well plate and incubated overnight. 
They were then treated with a varying concentration range of compounds 10 (A), 
11 (B) or 12 (C) for Ih  and stimulated with LPS for 18h. The supernatants were 
then removed and added to Quanti Blue detection media and incubated at 37°C for 
Ih. The OD 650nm values were read using an absorbance microplate reader. The 
results were plotted using Graphpad Prism 5; each graph represents three 
independent experiments carried out in triplicate.
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5.2.14 Investigation into anti-inflammatory potential of a second generation library 
based on lead compound 12

As mentioned in the Introduction to this Chapter a second generation hbrary 

based on the structure of compound 12 was synthesised by Byrne from the 

Meegan group. A selection of these compounds were screened in the HEK Blue 

TLR-4 cell line with the aim of finding a compound which was a more potent 

inhibitor than the original compound 12 or a compound which possessed the 

ability to selectively inhibit TLR-2 , -3 or -4 signalling.

HEK Blue TLR-4 cells were seeded and treated with the various compounds, at 

l[aM and 10|iM, for Ih. The cells were then stimulated with lOOng/ml LPS for 16h. 

At the endpoint the supernatants were removed from the cells and NFkB 

activation measured using Quanti Blue media.

5.2.15 Several second generation compounds showed inhibition of NFkB activation 
in HEK Blue TLR-4 cell line

The results showed that the 1% ethanol vehicle had no effect on NFkB activation 

(con). Compounds 10, 26, 43, 101, 106 and 109 all showed highly significant [***) 

inhibition of NFkB activation at 10|iM. Compounds 21, 84 and 107 also showed 

significant inhibition but less significant than the above compounds (Figure 5.11 

A). Figure 5.11 B showed none of the compounds had a significant effect at luM 

concentration.
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Figure 5-11 several second generation compounds showed inhibition of 
NFkB activation in HEK Blue TLR-4 cell line

HEK Blue TLR-4 cells were seeded in a 96 well plate and incubated overnight. 
They were then treated w ith  various compounds w ith  either 10|iM (A) or l| iM  (B) 
for Ih  and stimulated w ith  LPS for 16h. The supernatants were then removed and 
added to Quanti Blue detection media and incubated at 37°C for Ih . The OD 
650nm values were read using an absorbance microplate reader. The results were 
plotted using Graphpad Prism 5; each graph represents two independent 
experiment carried out in triplicate. Using Prism a 2 way ANOVA was carried out 
w ith  Bonferroni post-test to compare US control cells to stimulated control cells, a 
one way ANOVA was then carried out and Tukeys post-test to compare stimulated 
cell w ithou t compound to the treated stimulated cells, where p< 0.05 (*), p<0.01 

and p<0.001 [***).
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5.2.16 Evaluation of compounds specificity toward TLR’s 2-4 by assessing cytokine 
production

RAW264.7 cells were treated with 5|iM and 1 |j M of the relevant compounds for Ih  

and then stimulated with either LPS, Poly 1:C or Pam3CSK4. These concentrations 

were chosen as no specificity could be seen at 10(iM. The supernatants were 

removed after 24h and using the ELISA method the concentrations of TNF-a or 

RANTES produced were determined. LPS stimulates TLR-4 which results in the 

downstream production of TNF-a. Pam3CSK4 stimulates TLR-2 which results in 

the downstream production of TNF-a. Poly I:C stimulates TLR-3 which results in 

the activation of RANTES.

5.2.17 Various second generation compounds showed specificity towards one TLR 
more than the others

106 (5nM) showed a significant increase in inhibition of the TLR-4 pathway in 

comparison to TLR-3 whereas reducing the concentration to l|iM showed no 

effect at all. Compound 107 inhibited the TLR-3 signaling significantly greater than 

TLR-4 at both S îM and l|iM concentrations. Compound 141 showed significant 

inhibition of TLR-3 in comparison to both TLR-4 and TLR-2, however the 

inhibition was not obvious compared to untreated cells. Compound 143 did not 

inhibit the TLR-4 pathway however it did inhibit TLR-3 and TLR-2 pathways, with 

the difference between TLR-4 and TLR2 being significant at 5|iM concentration 

but not at l^iM. Finally compound 12 induced almost complete inhibition of all 

three pathways at 5 |j M but had little effect on any of the pathways at l|iM (Figure 

5.12).
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Figure 5-12 Compound 107 showed specificity towards TLR-3

RAW264.7 cells were seeded in a 96 well plate and treated with l^iM or S^iM of 
compounds 75 (E], 106 (A), 107(B), 141(C) and 143(D) for Ih. The different 
receptors were then stimulated with their corresponding ligands. The cell 
supernatants were removed after 24h and added to an ELISA plate and the TNF-a 
concentration was determined following a sandwich ELISA immunoassay 
protocol. Results were plotted using Graphpad Prism 5. Graphs are representative 
of two independent experiments carried out in triplicate. Using Prism a 2 way 
ANOVA was carried out with Bonferroni post-test to compare the different TLR’s, 
w here p< 0.05 (*), p<0.01 (**) and p<0.001 (***).
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5.2.18 Investigation into the anti-cancer potential of the second generation library 
in Mesothelioma cell lines.

Having shown in the previous Section of this Chapter that several compounds 

from the second generation library possessed anti-inflammatory potential we 

went forward and assessed the anticancer potential of several compounds from 

the library. This was evaluated by investigating the cytotoxicity of the complexes 

in two Mesothelioma (cancer) cell lines, CRL 5195 and ONE 58. The ONE58 cell 

line is said to be a more sensitive mesothelioma cancer cell model than the 

CRL5195 cell line. We also investigated the concentration and time dependence of 

any observed cytotoxicity.

5.2.19 75 is the most potent compound in the CRL5195 cell line

Cells were treated with three concentrations (100|jM, lO^M and l|iM] of the 

relevant compounds and incubated for 72h. The viability of the treated cells was 

assessed using Alamar Blue assay [Section 2.2.7).

All of the compounds screened induced a significant reduction in CRL5195 cells 

viability at lOOuM concentration. However upon lowering the concentration to 

l^iM all the compounds were less cytotoxic therefore we concluded the 

cytotoxicity observed is concentration dependent. Compounds 43, 75, 101 and 

141 retained the ability to induce a significant decrease in cell viability at l|iM. 

Looking at Figure 5.13 it is evident that 75 is the most potent of the compounds 

inducing a reduction in cell viability to 12±0.1% followed closely by AlOl which 

reduced viability to 21±6.5%.
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Figure 5-13 All compounds induced a signiflcant decrease in CRL5195 cell 
viability

0.5xl0^/m l CRL5195 cells were plated and left overnight to adhere to the plate. 
The cells were then treated with the various compounds at 1, 10 and 100|iM for 
72h. Alamar blue was added to the plates at the end of the 72h time point and 
fluorescence was read at 544nm excitation wavelength and 590nm emission 
wavelength using a microplate reader. The background fluorescence of the media 
without cells + Alamar Blue was taken away from each group, and the control 
untreated cells represented 100% cell viability. The results shown are 
representative of triplicate wells in three independent experiments and were 
graphed using Graphpad Prism 5. The results were analysed using a one way 
ANOVA and each column compared to the control using Dunnett’s multiple 
Comparison pos t- te s t , w here p<0.05, (*)p<0.01 [**] and p<0.001 (***).
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5.2.20 101 is the most potent compound in the ONE58 cell line

Similar to the CRL5195 cell line, all of the compounds screened induced a 

significant reduction in ONE58 cells viability at 100|aM concentration. However 

upon lowering the concentration to l^iM all the compounds were less cytotoxic 

therefore confirming the conclusion that the cytotoxicity observed is 

concentration dependent. Compounds 43, 75, 84, 101, 109 and 141 retained the 

ability to induce a significant decrease in cell viability at l[iM. Again these results 

are similar to above in the ONE58 cells line except for compounds 84 and 109 

which was cytotoxic at l^M in the ONE58 cells but not in the CRL5195 cells. From 

Figure 5.14 it is evident that 101 is the most potent of the compounds with a 

reduction to 25.7±3.9% cell viability followed by 75 which reduced viability' to 

51.2±6.4%.
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Figure 5-14 All compounds induced a significant decrease in ONE58 cell 
viability

0.5 X 10^/ml ONE58 cells were plated and left overnight to adhere to the plate. 
The cells were then treated with sAuNp bound complexes Re69-77the various 
compounds a l ,  10 and 100(iM for 72h. Alamar blue was added to the plates at the 
end of the 72h time point and fluorescence was read at 544nm excitation 
wavelength and 590nm emission wavelength using a microplate reader. The 
background fluorescence of the media without cells + Alamar Blue was taken away 
from each group, and the control untreated cells represented 100% cell viability. 
The results shown are representative of triplicate wells in three independent 
experiments and were graphed using Graphpad Prism 5. The results were 
analysed using a one way ANOVA and each column compared to the control using 
Dunnett’s multiple Comparison post-test, where p<0.05 (*),p<0.01 (**) and
p<0.001 (***).
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5.2.21 75 induced a significant increase in Apoptosis in CRL5195 and ONE58 cells 
after 72h

Following on from the cytotoxicity screen in the CRL5195 and ONE58 cells 

compounds 43, 75, 101, 106 and 107 were taken forward and the induction of 

apoptosis at various time points was assessed using Annexin V PI FACS, as 

outlined in Section 2.2.10.. Cells were treated with the various compounds at 5^M 

concentration for 24, 48 or 72h.

In the CRL5195 cells 75 induced a significant increase in induction of apoptosis 

upon 72h treatm ent (Figure 5.15). Treatment with 75 induced 5.7±1.6% early 

apoptosis and 20±3.3% late apoptosis. 43 and 107 also showed an increase in 

apoptosis after 72h treatm ent however neither increase was statistically 

significant. These results also confirm the apoptosis induced upon treatm ent is 

time dependent with 72h giving the greatest increase.

In the ONE58 cells 75 also induced a significant increase in apoptosis after 72h 

[Figure 5.16], However in contrast 75 also induced a significant increase at 24 and 

48h in ONE58 cells. 24h treatm ent led to 15.2±7.1% early and 61.5±9.7% late 

apoptosis, 48h treatm ent led to 42.6±14.1% early and 35.8±11.7% late apoptosis 

and finally 72h treatm ent led to 51.6±6.2% early and 25.6±5.6% late apoptosis. 

101 and 43 also induced an increase in apoptosis after 72h treatm ent however 

this increase was not found to be statistically significant but did confirm the above 

conclusion that the induction of apoptosis upon treatm ent is time-dependent.
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Figure 5-15 A75 induced a significant increase in apoptosis in CRL5195 cells

250,000 CRL5195 cells /3 m l were treated w ith  5|iiyi of each compound for 24, 48 
or 72h. After treatment the cells were harvested by centrifugation and stained 
w ith  Annexin V and PI. FACS analysis was carried out using the CYAN flow 
cytometer. Values represent the mean + /- S.E.M of three independent experiments 
and were graphed using Graphpad Prism 5. A one way ANOVA was carried out and 
Dunnett’s multip le Comparison post-test, where p<0.05 (*), p<0.01 (**) and
p<0.001 (***].
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Figure 5-16 75 induced a significant increase in apoptosis in ONE58 cells

250,000 ONE58 cells /3 m l  w ere  trea ted  w ith  5|iM of each com pound for 24 , 48 or 
72h. After t rea tm e n t the cells w ere  harvested  by centrifugation and  stained with 
Annexin V and  PI. FACS analysis was carried  out using the CYAN flow cytometer. 
Values rep re sen t  the m ean + /-  S.E.M of th ree  independen t experim ents  and w ere  
graphed  using Graphpad Prism 5. A one w ay ANOVA w as carried  out and 
D unnett’s multiple Comparison post-test, w here  p<0.05 (*), p<0.01 (**) and
p<0.001 (***).
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5.3 Discussion

Statistics published in 2011 by the National Centre for Health Statistics (NCHS) 

stated that between 2000 and 2008 the hospitalization rates for sepsis more than 

doubled [150]. However a clinically approved cure is still not available. TLRs have 

become a popular target for potential treatment of sepsis due to numerous 

publications reporting their involvement in the pathogenesis of the disease 

[Section 1.6). Based on results published by Hutchinson etal, which showed some 

antidepressants and neuroactive agents had TLR activity [109] we decided to 

investigate the potential of several neuroactive novel compounds as TLR-4 specific 

inhibitors.

Compound 12 was previously chosen as a lead compound by Cloonan due to the 

results obtained (Appendix 1.5) from a screen of the first generation library 

synthesised by Dr. McNamara using the HEK Blue TLR-4 reporter assay. To 

continue on from these studies U373 cells were chosen to test if the inhibitory 

effect of compound 12 was specific to TLR-4 or if it had the ability to effect other 

TLR signalling. TLR-3 was chosen as it also results in the activation of NFkB and 

shares many signalling molecules with TLR-4. TLR-2 was also chosen as it too 

results in activation of NFkB. However this is via several signalling molecules 

involved in TLR-4 signalling but not TLR-3. TLR-3 and 4 also results in the 

activation of ISRE. Thus the effect of compound 12 on ISRE activation as well as 

NFkB was also investigated in the U373 cell line.

Results showed both TLR-3 and TLR-4 signalling was inhibited by compound 12 

similar to studies by McCoy et al, which showed a peptide derived from Vaccinia 

virus A52R protein also had the ability to inhibit TLR-3 and TLR-4 signalling [151]. 

This result led McCoy etai ,  to the conclusion that the peptide may have potential 

in the treatment of inflammatory diseases due to its targeting of the TLR signalling 

cascade, suggesting compound 12 may also have potential as a therapy. TLR-2 

signalling could not be induced in the experiments and a search of the literature 

discovered evidence that the cells did not express TLR-2 [152]. Due to this 

discovery the experiments were repeated in the RAW264.7 cell line. Within the
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RAW264.7 cell line compound 12 displayed the ability to inhibit NFkB production 

via TLR-4/3/2 and ISRE via TLR-3. Thus compound 12 did not show any 

specificity towards the three receptors or to different signalling pathways 

resulting in NFkB or ISRE activation suggesting the compound is not interacting 

with the receptors directly but perhaps a molecule common to all pathways or 

interacts with NFkB directly. Similar studies by Matsunga et al, also displayed 

inhibition of both ISRE and NFkB activation via TLR-4 by a small molecule 

inhibitor referred to as TAK-242 [153].

The luciferase experiment was repeated in RAW264.7 cells with a lower 

concentration range than before to confirm the compound had no specificity 

between receptors. Unfortunately TLR-4 stimulation was not achieved in the 

control cells therefore making it impossible to calculate the results. However 

compound 12 did appear to inhibit NFkB activation via TLR-2 greater than via 

TLR-3 at concentrations less than l|iM, suggesting the compound may display 

selectivity at lower concentrations than originally tested.

Due to many complications in attempting to both replicate results and induce 

stimulation of the TLRs using the luciferase assay, we continued to test the effects 

of compound 12 by measuring TNF-a release using an ELISA assay. TNF-a is a pro 

inflammatory cytokine released upon NFkB activation via TLR-4 and TLR-2. 

Unfortunately TLR-3 inhibition could not be measured as TLR-3 activation does 

not result in expression of TNFa. Results showed compound 12 inhibited both 

TLRs at lOnM. However when the concentration was dropped to l|iM, greater 

inhibition of TLR-4 was observed. In comparison the small molecule inhibitor 

TAK-242 mentioned previously was shown to inhibit TNF-a production via TLR-4 

in RAW264.7 cells but not via TLR-2 activation [8]. However the TCA amitriptyline 

tested by Hutchinson et a l, displayed the ability to inhibit both TLR-4 and TLR-2 

signalling, possibly via MD2, and they concluded that this inhibition may 

contribute to the efficacy of TCAs in vivo [109].

Using TLR-4 expressing HEK Blue cells the experiments carried out by Dr. Suzanne 

Cloonan with compound 12 were repeated and the results confirmed. Compound 

12 was then investigated at a lower concentration range and displayed dose
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dependent inhibition of NFkB activation via TLR-4 similar to the TCAs 

amitriptyhne and imipramine which were tested by Hutchinson et al, using the 

same assay [109].

Several compounds from the same novel library as compound 12 were screened 

for TLR-4 activity using the HEK Blue cell line. All of the compounds tested 

showed inhibitory effects with compounds 10 and 11 showing similar potencies to 

lead compound 12. Therefore compounds 10, 11 and 12 were tested over the 

same concentration range but with a greater number of concentration points to 

determine which the more potent inhibitor was. The three compounds all showed 

dose dependencies however compound 12 was the most potent with the lowest 

ICso value of the three confirming results from previous data that it is indeed the 

most potent inhibitor and hence the lead compound.

Due to the lack of specificity of compound 12 we went on to screen the second 

generation library of novel compounds, based on the structure of compound 12 , 

for TLR activity. The compounds were firstly screened in the HEK Blue TLR-4 

expressing cell line using compound 10 from the original library as a positive 

control. Several of the compounds tested showed inhibition similar to compound 

10 from the previous library.

We then investigated the specificity of several of the second generation 

compounds using the TNF-a Elisa, as before, and a RANTES [a cytokine) Elisa 

assay to measure TLR3 activity. Compound 107 displayed a greater inhibitory 

effect on TLR-3 at both concentrations tested. However 106 showed greater 

inhibition of TLR-4 but only at the higher concentration. 141 interestingly showed 

enhanced activation of TNF-a production via TLR-4 and 2 which was not 

anticipated however similar results were seen by Hutchinson et al, in that the 

antidepressant Oxcarbazepine increased TLR activation also [109]. Compound 75 

(same as 12) showed equal inhibition of all three TLR pathways as anticipated.

Compound 12 had previously been shown to possess anti-cancer activity by Me 

Namara in several Burkitt’s lymphoma cell lines [149]. Therefore we decided to 

investigate the anti-cancer potential of the second generation library of compound 

synthesised Byrne and based on the structure of compound 12. We choose two cell
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lines ONE58 and CRL5195 which are both Mesothelioma cell lines, used in the 

previous Chapters of this thesis to assess the anti-cancer potential of the free and 

sAuNp bound Ruthenium complexes.

Firstly we looked at the concentration dependent cytotoxicity of a selection of 

compounds in both cell lines. All of the compounds screened displayed 

concentration dependent cytotoxicity in both cell lines. The 0NE58 cell line is 

referred to as the more sensitive cell line of the two. This coincided with the 

observed cytotoxicities which showed some compounds which were cytotoxic in 

the ONE58 cell lines at the lower concentration were not cytotoxic in the more 

resistant CRL5195 cells at the same concentration. The two lead compounds from 

this screen were 75 (Compound 12) and 101. 75 was the more potent compound 

in the CRL5195 cell line but 101 was the more potent compound in the ONE58 cell 

line, hence 101 may be just as potent if not more than 75 depending on the cell 

line.

Having found several compounds with anticancer potential we went on to 

investigate the ability of the more potent compounds; 43, 75, 101, 106 and 107, to 

induce apoptosis in a time dependent manner. In both cell lines 75 was the only 

compound to induce a significant increase in apoptosis compared to the control 

cells. In the ONE58 cells 75 induced similar high levels of cell death at each time 

point however in CRL5195 cells 75 only induced a significant increase after 72h 

treatment. These results suggest that 75 remained the most potent compound 

tested but also that the induction in response to 75 treatm ent is time-dependent. 

Previous published results by our lab showed that 75 [4d in reference] treatment 

induced the formation of apoptotic bodies, activated caspases, induced chromatin 

condensation, membrane blebbing and PARP cleavage in the MUTU-1 cell line, all 

conclusive with these compounds inducing Type-I programmed cell death 

(apoptosis) [149],

In conclusion we were able to confirm compound 12 as a potent TLR-4 inhibitor as 

originally hoped. However we discovered it to also be a potent inhibitor of NFkB 

production via TLRs 2 and 3. We have confirmed Hutchinson et al’s conclusion 

that many therapies such as antidepressants may also possess an effect on TLR
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activity and should therefore be tested as well as discovering a compound (107) 

which specifically inhibits TLR-3 at low concentrations and several other novel 

compounds which possess the ability to inhibit all three TLRs tested. We have also 

confirmed that 75 (compound 12) treatm ent induced concentration and time 

dependent apoptosis in Mesothelioma cell lines and therefore has the potential to 

also be a potent anti-cancer agent.
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Chapter 6: General Discussion



At the conclusion of this study, a diverse set of compounds and mechanisms of 

action have been investigated in the development of anti-cancer and anti

inflammatory therapies. An important aim of the study was to investigate if 

attaching the free Ru [11) complexes to AuNps could change their behaviour and 

therapeutic potential. By studying the biological properties of the free complexes 

we dem onstrated their suitability as linker molecules and could also compare the 

properties to the AuNp bound complexes to assess any changes. There are 

examples in the literature of compounds which show potential as PDT agents to 

luminesce or fluoresce upon excitation and therefore also possess imaging 

potential [154]. Previous studies in our group on a similar series of compounds 

also confirmed the potential of PDT agents to act as biological imaging agents. 

Although the compounds discussed in this work are similar to the compounds in 

the previous studies carried out by our group they are not the same and therefore 

the PDT and imaging potential of the complexes needed to be assessed. The free 

and AuNp bound complexes were investigated for both imaging and PDT potential 

and the results compared to establish the effect of attaching the complexes to the 

nanoparticles.

Firstly the free Ru (11) and AuNp bound complexes were investigated for their 

potential as PDT agents. Re75 and Re77 induced an increase in cytotoxicity upon 

light activation suggesting PDT potential. However Re69 did not show an increase 

in cytotoxicity and therefore did not show PDT potential. The three Ru (II) 

complexes contain different ligands attached to the same ruthenium core. 

Therefore we can assume these differences in light dependent-cytotoxicity are due 

to the different ligands. These results suggest that the ligands phen and TAP, Re75 

and Re77 respectively, are involved in the light-dependent cytotoxicity whereas 

the Re69 ligand, bpy, is not. These results are similar to previous studies in our 

group which concluded that the complex Re37 (Appendix 1.6 ) which contained a 

TAP ligand bound to a Ru (11) core also showed light-dependent cytotoxicity in 

several cancer cell lines. The TAP ligand was anticipated to show light-induced 

cytotoxicity as it is an electron accepting ligand which upon photo-activation can 

transfer an electron to guanine and induce DNA strand breaks.
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Further investigation confirm ed the dark cytotoxicity observed  w ith  the free 

com plexes w as apoptotic cell death w h ereas upon illum ination the increase in cell 

death observed  w as necrotic. Many exam ples o f PDT agents in the literature  

induce a com bination of both types o f cell death w ith the localisation of the 

com plex w ithin a cell show n to pre-determ ine the cell death pathw ay induced. 

Com plexes w hich localise to the plasm a m em brane or lysosom es are know n to 

induce necrosis upon light activation, therefore perhaps this is w h ere  Re75 or 

Re77 are localising [78]. Upon attachm ent to AuNps, sAuNp75 and sAuN p77, the 

com plexes w ere no longer cytotoxic either in the dark or upon light activation. 

This resu lt m ay be due to the attachm ent o f the com plex to the sAuNp altering its 

intracellular localization and therefore altering its cytotoxic abilities. In contrast 

w hen com plex Re69 w as attached to the sAuNp light-dependent cytotoxicity  w as  

enhanced. This led to the conclusion that the effect o f attaching the com plexes to 

the sAuNp is dependent on the properties o f the original com plexes. A change in 

the anti-inflam m atory effects o f the com plexes w as also effected  by attaching the 

com plexes to the AuNps. RE75 displayed anti-inflam m atory properties but upon  

attachm ent displayed a pro-inflam m atory effect. As d iscu ssed  in the Introduction  

Chapter inflam m ation is involved in m any stages o f cancer progression  as w ell as 

been show n to be induced in response to PDT treatm ent. Further investigation  

into the inflam m atory effects o f the com pounds in vivo w ou ld  therefore be needed  

to a ssess  w h ether they  are advantageous or not.

A p ossib le  im provem ent that could be m ade to the com pounds w ou ld  be the 

attachm ent of an organelle targeting ligand. T hese com plexes have been  show n to 

cleave isolated DNA therefore if they  could be targeted to the nucleus an increase  

in cytotoxicity  w ould  be anticipated upon light activation. Not only w ou ld  this 

low er the light-dependent IC50 values o f the com plexes it could also  lead to a 

reduction in the dark cytotoxicity associated  w ith  the com plexes, therefore  

reducing the risk o f possib le side effects. Targeting m olecu les for particular cell 

types or specific cancers w ould  also be o f great benefit for PDT agents as it w ould  

increase the specificity. Again this w ould reduce possib le  side effects and dam age 

to non-cancerous cells in vivo.
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An interesting study which could be carried out w ith  these complexes would be to 

investigate the possible synergism between the complexes and current cancer 

therapeutics such as cisplatin. Further studies would need to be carried out to 

determine the target of these compounds and possible interactions in vitro that 

are inducing the observed cytotoxicity. Previous studies in our group w ith  the 

sim ilar complex Re37 looked at the interaction of the complex and mitochondria. 

It was concluded that the compound was interacting w ith  the mitochondria and 

affected the mitochondrial membrane potential and the movement and 

localisation o f mitochondria w ith in  the treated cells.

The free and AuNp complexes were also assessed for characteristics desirable for 

biological imaging agents due to their natural ab ility  to luminesce. Both the free 

and sAuNp bound complexes could be imaged in vitro upon excitation confirming 

the ir potential as biological imaging agents. The attachment of the complexes to 

the AuNp did not affect the ability of the complexes to luminesce upon excitation 

and therefore did not affect the potential of the complexes as biological imaging 

agents. Both the free and AuNp bound complexes were shown to be taken up 

rapidly by endocytic pathways in a time and concentration dependent manner. 

The AuNp bound complexes were clearly viable as dense spheres w ith in  the bright 

field images of the confocal studies as well as in TEM images. In contrast the free 

Ru (II) complexes could only be imaged using fluorescence microscopy hence 

highlighting a benefit of attaching the complexes to the AuNps for imaging studies. 

From the TEM studies the AuNp complexes were found to localise w ith in  

membrane enclosed vesicles w ith in  HeLa cells. These vesicles are thought to be 

either endosomes or lysosomes as a result of uptake via endocytosis. The AuNp 

complexes could be trapped in these vesicles w ith in  the cell and therefore unable 

to interact w ith  the ir molecular targets and hence the observed loss o f cytotoxicity 

of complexes Re75 and Re77 upon attachment to the AuNps. This loss of 

cytotoxicity is beneficial for potential imaging agents as it  suggests the AuNp 

bound complexes Re75 and Re77 could possibly be administered w ithout any 

cytotoxic side effects. The complexes were shown to be retained in HeLa and 

RAW264.7 cells over a 72h period however after 24h there was no evidence of 

uptake of either the free or sAuNp bound complexes by PBMCs. This suggests the
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complexes may have some selectivity for cancer cells over non-cancerous healthy 

cells, although much m ore w ork  is needed.

These complexes show  potential as both imaging and PDT agents and rep resen t  a 

s ta r ting  po in t which w ith  im provem ent could lead next to in vivo animal studies. 

An im p o r tan t  characteristic which needs to be im proved upon is the excitation 

and  em ission wavelengths of the com pounds. Although the com pounds could be 

im aged clearly in vitro  it may prove m ore difficult in vivo due to issues such as 

b iolum inescence and  tissue penetration. The optimal wavelengths for PDT agents 

are  h igher and  closer to the near  infra-red region of the light spectrum , >650nm. 

These higher wavelengths allow d eeper  tissue penetra tion  and reduced 

background signal for imaging studies. Also currently  m any commercially 

available m arkers  overlap the emission or excitation of these complexes and this 

limited co-localisation studies as well as fluorescent dyes available for FACS 

analysis. Preliminary studies w ere  carried out in o rder  to assess the potential of 

the complexes as imaging agents in vivo. Collaboration with the Gallagher group in 

UCD w as established due to the ir  previous experience carrying out imaging 

studies in vivo and access to the IVIS imaging system. The study w as carried  out by 

a m e m b er  of the Gallagher group while we w ere  waiting for individual 

au thorisa tion  to carry out our own in vivo studies. Samples of the sAuNp bound 

complexes w ere  adm inis te red  to euthanized  mice and imaged using the IVIS 

Imaging system. This prelim inary  study w as designed to te s t  the ability of the 

complexes to be observed in vivo before organising a full study in live mice. The 

study  w as successful and the sAuNp bound  complexes could be imaged through 

the skin of the mice, see Appendix 1.7. We then  proceeded  to organise a full study 

w ith  imaging time courses, biodistribution and PDT toxicity studies in 

collaboration with the Gallagher group w ith the plan to be tra ined  in the 

p rocedures  and carry  out the w ork  ourselves. However due to time constraints 

and  also problem s with the synthesis of the sAuNp complexes we w ere  unable to 

take this study  any further a t this point. However prelim inary  in vivo w ork  is still 

ongoing.

Throughou t this project the re  w ere  several problem s obtaining sufficient 

quantities  of the complexes due to a combination of factors such as the high cost of
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materials and the low yields of the methods. This therefore was a limiting factor of 

this work and experimental compromises had to be made to make the most of the 

available quantities. We decided that altering the composition of the nanoparticles 

from gold to an alternative compound, such as silica, would be of interest for 

future studies. If a full animal study was to go ahead it would be extremely time 

consuming and expensive to synthesise enough of the current complexes and 

therefore an alternative nanoparticle would be more efficient and we hypothesise 

that switching to silica nanoparticles would not have an impact on the imaging 

potential of the complexes.

A further improvement which could possibly aid the progression of these 

complexes would be the functionalisation of the nanoparticles with a targeting 

molecule as well as the Ru (II) complexes. This would produce a multifunctional 

nanoparticle which could image specific organelles within cancer cells or could be 

targeted to specific cells types. Also if, as suggested above, the light-dependent 

cytotoxicity of the complexes could be increased these nanoparticle bound 

versions could act as theranostic agents. This would allow the simultaneous 

diagnosis and trea tm ent using a single complex. Theragnostics are fast becoming 

optimal tools in anti-cancer and other therapies.

In a separate study a set of potentially neuroactive compounds were investigated 

as potential anti-inflammatory or anti-cancer agents. Results proved several 

compounds to be potent anti-cancer and anti-inflammatory agents with compound 

12 emerging as the most potent compound from both studies suggesting the anti

inflammatory and anti-cancer ability of these compounds is linked. The lead 

compound 12 was shown to be a potent inhibit of TLR-4 signalling in response to 

LPS. As discussed in the Introduction targeting TLR-4 is of interest for the 

treatm ent of sepsis and other inflammatory diseases where inflammation is over 

active. A more extensive screen of these libraries could produce a compound 

which is a specific TLR-4 inhibitor as we anticipated this would produce fewer 

side effects in vivo.

Similar to the Ru (II) complexes the amphetamine library also showed anti-cancer 

potential in the two Mesothelioma cell lines CRL5195 and ONE58. The
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am phetam ine  complexes w ere  not tested  for light induced cytotoxicity bu t w ere  

m ore p o ten t  com pounds than  the Ru (11] complexes with light activation. Further 

investigation into the mechanism of cell death  w as not achieved due to timing 

constrain ts  how ever it is im portan t for fu rther  development. Previous studies 

carried ou t on the first generation am phetam ine com pounds discussed in this 

w ork  show ed  the  induction of apoptosis in Burkitt's Lymphoma cell lines upon 

trea tm ent. Hence we anticipate tha t further studies w ith the second generation 

library w ould  produce similar results. These com pounds have not yet been tested 

in vivo the re fo re  upon further investigation in vitro  a lead com pound could be 

chosen for an  in vivo study to assess the toxicities and an ti- tum our effects of the 

compounds.

Further  investigation into the ta rge t of these com pounds and the s truc tu re  activity 

rela tionship  is of great interest. There are  many links em erging be tw een  cancer 

and inflam m ation as our knowledge of the tw o expands. Perhaps these 

com pounds a re  targeting a specific molecule which is involved in both  process and 

would explain the  observed anti-inflammatory and anti-cancer potential. A nother 

possibility is th a t  the com pounds’ ta rge t is involved in one p rocess and  the 

in teraction of the  com pound w ith the ta rge t then has an indirect effect on the 

o the r  process. W e cannot be sure  which is true  w ithou t further investigation.

In conclusion this w ork  has showed the potential of several sets of com pounds for 

further developm en t as therapeu tic  agents for diseases such as sepsis, c e m c a l  

cancer and  m esothelioma. Although these com pounds may not cure e i ther  of these 

diseases they  could be successful a t increasing life expectancy of patien ts  or lead 

to the developm ent of therap ies  w ith reduced side effects and  therefore  improve 

the quality of the patien t 's  life. This w ork  has also shown tha t active com pounds 

may have the  potential to be used in m ore than  one disease and  also as m ore than  

one type of therapeutic .
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Appendix 1.1 Uv/Visable spectrum of compounds in solution
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Appendix 1.2 DNA binding spectrum of compounds in solution
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Appendix 1.3 Ethidium brom ide d isp lacem en t assay  results
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Appendix 1.4 Light induced DNA cleavage results
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AuNp-77 (P/D 10); Lanes 9-10: RE 77 and AuNp-77 + lOmM NaN^ (P/D 10).
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Appendix 1.5 HEK Blue TLR-4 amphetamine screen results
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to Quanti Blue detection media and incubated at 37°C for Ih. The OD 650nm 
values were read using an absorbance microplate reader. The results were plotted 
using Graphpad Prism 5; graph represents three independent experiments carried 
out in triplicate.
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Appendix 1.6 Structure of Re37
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Appendix 1.7 In vivo imaging of sAuNp bound complexes

A euthanized mouse was injected subcutaneously with 25 1̂ of XI, X3, X6 and X12 
dilutions in PBS of sAuNp75 (S.lmM). The mouse was then imaged using the IVIS 
spectrum with the excitation filter 450nm and the emission filter 605nm. The 
background auto-fluorescence has been removed in the above image and red 
depicts the area of highest fluorescence intensity.

308



References

309



1. Imoto, Y., et al., The cell cycle, including the m ito tic cycle and organelle division cycles, 
as revealed by cytological observations. Journal o f Electron Microscopy, 2011. 60: p. 
S117-S136.

2. Murray AW, H .T.,. ,  The Cell Cycle: An Introduction. New York: Oxford University Press. 
, 1993: p. 251p.

3. Schafer, K.A., The cell cycle: a review. Vet Pathol, 1998. 35(6): p. 461-78.
4. Elmore, S., Apoptosis: A review o f programmed cell death. Toxicologic Pathology,

2007. 35(4): p. 495-516.
5. Cai, J.Y., J. Yang, and D.P. Jones, M itochondria l control o f apoptosis: the role o f 

cytochrome c. Biochimica Et Biophysica Acta-Bioenergetics, 1998.1366(1-2): p. 139- 
149.

6. Hill, M.M., et al.. Analysis o f the composition, assembly kinetics and activity o f native 
Apaf-1 apoptosomes. Embo Journal, 2004. 23(10): p. 2134-2145.

7. Joza, N., et al.. Essential role o f the m itochondrial apoptosis-inducing fa c to r in 
programmed cell death. Nature, 2001. 410(6828): p. 549-554.

8. li, M., et al., A novel cyclohexene derivative, ethyl (6R)-6-[N-(2-Chloro-4- 
fluorophenyl)sulfamoyl]cyclohex-l-ene-l-carboxylate (TAK-242), selectively inhibits 
toll-like receptor 4-mediated cytokine production through suppression o f intracellular 
signaling. Mol Pharmacol, 2006. 69(4): p. 1288-95.

9. Cory, S. and J.M. Adams, The Bcl2 fam ily: regulators o f the cellular life-or-death switch. 
Nat Rev Cancer, 2002. 2(9): p. 647-56.

10. Howley, B. and H.O. Fearnhead, Caspases as therapeutic targets. Journal o f Cellular 
and Molecular Medicine, 2008 .12(5A): p. 1502-1516.

11. Philchenkov, A., Caspases: potentia l targets fo r  regulating cell death. Journal of 
Cellular and Molecular Medicine, 2004. 8(4): p. 432-44.

12. Yang, Y., S. Zhao, and J. Song, Caspase-dependent apoptosis and -independent 
poly(ADP-ribose) polymerase cleavage induced by transform ing grow th fa c to r be ta l. 
Int J Biochem Cell Biol, 2004. 36(2): p. 223-34.

13. Fesik, S. W., Promoting apoptosis as a strategy fo r  cancer drug discovery (vol 5, pg 876, 
2005). Nature Reviews Cancer, 2005. 5(12): p. 995-995.

14. Robertson, C.A., D.H. Evans, and H. Abrahamse, Photodynamic therapy (PDT): a short 
review on cellular mechanisms and cancer research applications fo r  PDT. J Photochem 
Photobiol B, 2009. 96(1): p. 1-8.

15. Zong, W.X. and C.B. Thompson, Necrotic death as a cell fa te. Genes Dev, 2006. 20(1): 
p. 1-15.

16. Bergsbaken, T., S.L. Fink, and B.T. Cookson, Pyroptosis: host cell death and 
inflammation. Nat Rev Microbiol, 2009. 7(2): p. 99-109.

17. Pasparakis, M. and P. Vandenabeele, Necroptosis and its role in inflammation. Nature, 
2015. 517(7534): p. 311-20.

18. Kumar, H., T. Kawai, and S. Akira, Toll-like receptors and innate immunity. Biochem 
Biophys Res Commun, 2009. 388(4): p. 621-5.

19. Lemaitre, B., et al.. The dorsoventral regulatory gene cassette spatzle/Toll/cactus 
controls the potent antifungal response in Drosophila adults. Cell, 1996. 86(6): p. 973- 
983.

20. Alexopoulou, L., et al.. Recognition o f double-stranded RNA and activation o f NF- 
kappaB by Toll-like receptors. Nature, 2001. 413(6857); p. 732-8.

21. Kanzler, H., et al.. Therapeutic targeting o f innate im m unity w ith Toll-like receptor 
agonists and antagonists. Nat Med, 2007.13(5): p. 552-9.

22. Hughes, A.L. and H. Piontkivska, Functional diversification o f the toll-like receptor gene 
fam ily. Immunogenetics, 2008. 60(5): p. 249-56.

310



23. Invitrogen, http://www.invitrogen.com /site/us/en/hom e/Products-and- 
Services/Applications/Cell-and-Tissue-Analvsis/Signaling-Pathwavs/Toll-like-Receptor- 
TLR.html.

24. Bowie, A. and L.A. O'Neill, The interleukin-1 receptor/Toll-like receptor superfamily: 
signal generators fo r  pro-inflam matory interleukins and microbial products. J Leukoc 
Biol, 2000. 67(4): p. 508-14.

25. Gong, J., et al.. Inhibition o f Toll-like receptors TLR4 and 7 signaling pathways by 
SIGIRR: A computational approach. Journal o f Structural Biology, 2010.169(3): p. 323- 
330.

26. Akira, S., K. Takeda, and T. Kaisho, Toll-like receptors: critical proteins linking innate 
and acquired immunity. Nature Immunology, 2001. 2(8): p. 675-680.

27. Cohen, J., The immunopathogenesis o f sepsis. Nature, 2002. 420(6917): p. 885-91.
28. O'Neill, L.A., Immunity's early-warning system. Sci Am, 2005. 292(1): p. 24-31.
29. Kantari, C., M. Pederzoli-Ribeil, and V. Witko-Sarsat, The role o f neutrophils and

monocytes in innate immunity. Contrib Microbiol, 2008.15: p. 118-46.
30. Takeuchi, 0. and S. Akira, Pattern recognition receptors and inflammation. Cell, 2010. 

140(6): p. 805-20.
31. Bone, R.C., et al.. Definitions fo r  sepsis and organ fa ilure and guidelines fo r  the use o f 

innovative therapies in sepsis. The ACCP/SCCM Consensus Conference Committee. 
American College o f Chest Physicians/Society o f Critical Care Medicine. Chest, 1992. 
101(6): p. 1644-55.

32. Martin, G.S., et al.. The epidemiology o f sepsis in the United States from  1979 through 
2000. N Engl J Med, 2003. 348(16): p. 1546-54.

33. Angus, D.C., et al.. Epidemiology o f severe sepsis in the United States: Analysis o f  
incidence, outcome, and associated costs o f care. Critical Care Medicine, 2001. 29(7): 
p. 1303-1310.

34. Smirnova, I., et al., Assay o f locus-specific genetic load implicates rare Toll-like receptor 
4 mutations in meningococcal susceptibility. Proc Natl Acad Sci USA,  2003.100(10): p. 
6075-80.

35. Kurt-Jones, E.A., et al.. Pattern recognition receptors TLR4 and CD14 mediate response 
to respiratory syncytial virus. Nat Immunol, 2000.1(5): p. 398-401.

36. Kumar, V. and A. Sharma, Innate Immunity in Sepsis Pathogenesis and Its Modulation: 
New Immunomodulatory Targets Revealed. Journal o f Chemotherapy, 2008. 20(6): p. 
672-683.

37. Hoshino, K., et al.. Differential involvement oflFN-beta in Toll-like receptor-stimulated 
dendritic cell activation. Int Immunol, 2002.14(10): p. 1225-31.

38. Hoebe, K., et al., Upregulation o f costimulatory molecules induced by 
lipopolysaccharide and double-stranded RNA occurs by Trif-dependent and Trif- 
independent pathways. Nat Immunol, 2003. 4(12): p. 1223-9.

39. Kawai, T., et al.. Unresponsiveness o f MyD88-deficient mice to endotoxin. Immunity, 
1999. 11(1): p. 115-22.

40. Yamamoto, M., et al.. Role o f adaptor TRIP in the MyD88-independent toll-like 
receptor signaling pathway. Science, 2003. 301(5633): p. 640-3.

41. Feterowski, C., et al.. Effects o f functional Toll-like receptor-4 mutations on the 
immune response to human and experimental sepsis. Immunology, 2003.109(3): p. 
426-431.

42. Weighardt, H., et al.. Identification o f a TLR4- and TRIF-dependent activation program  
o f dendritic cells. European Journal o f Immunology, 2004. 34(2): p. 558-64.

43. Nagai, Y., et al.. Essential role o fM D -2 in LPS responsiveness and TLR4 distribution. Nat
Immunol, 2002. 3(7): p. 667-72.

311



44. Hotchkiss, R.S. and I.E. Karl, Medical progress: The pathophysiology and treatm ent of 
sepsis. New England Journal of Medicine, 2003. 348(2): p. 138-150.

45. Nagaoka, I., et al., Cathelicidin fam ily o f antibacterial peptides CAP18 and C A Pll 
inhibit the expression ofTNF-alpha by blocking the binding o f LPS to CD14(+) cells. 
Journal of Immunology, 2001.167(6): p. 3329-38.

46. Marra, M .N., et al.. Bactericidal/permeability-increasing protein has endotoxin- 
neutralizing activity. Journal of Immunology, 1990.144(2): p. 662-6.

47. Cristofaro, P. and S.M. Opal, Role o f Toll-like receptors in infection and immunity: 
clinical implications. Drugs, 2006. 66(1): p. 15-29.

48. van der Poll, T. and S.J. van Deventer, Cytokines and anticytokines in the pathogenesis 
o f sepsis. Infect Dis Clin North Am, 1999.13(2): p. 413-26, ix.

49. Methe, H., et al.. Statins decrease Toll-like receptor 4 expression and dow/nstream 
signaling in human CD14+ monocytes. Arterioscler Thromb Vase Biol, 2005. 25(7): p. 
1439-45.

50. Matsuda, N. and Y. Hattori, Systemic inflammatory response syndrome (SIRS): 
molecular pathophysiology and gene therapy. Journal of Pharmacological Sciences, 
2006.101(3): p. 189-98.

51. Sahay G l, A.D., Kabanov AV., Endocytosis o f nanomedicines. Journal of Controlled 
Release, 2010.145(3): p. 182-95.

52. Pucadyil, T.J. and S.L. Schmid, Conserved Functions o f Membrane Active GTPases in 
Coated Vesicle Formation. Science, 2009. 325(5945): p. 1217-1220.

53. Simons, K. and D. Toomre, Lipid rafts and signal transduction. Nature Reviews 
Molecular Cell Biology, 2000.1(1): p. 31-39.

54. Carver, L.A. and J.E. Schnitzer, Caveolae: Mining little caves fo r new cancer targets. 
Nature Reviews Cancer, 2003. 3(8): p. 571-581.

55. Mercer, J. and A. Helenius, Virus entry by macropinocytosis. Nature Cell Biology, 2009. 
11(5): p. 510-520.

56. Hanahan, D. and R.A. Weinberg, Hallmarks o f cancer: the next generation. Cell, 2011. 
144(5): p. 646-74.

57. Colotta, F., et al.. Cancer-related inflammation, the seventh hallmark o f cancer: links to 
genetic instability. Carcinogenesis, 2009. 30(7): p. 1073-81.

58. Hanahan, D. and R.A. Weinberg, The hallmarks o f cancer. Cell, 2000.100(1): p. 57-70.
59. Ireland, N.C.R., Trends in Irish Cancer Incidence 1994-2002, with projections to 2020. 

2006.
60. Jaishree Bhosle, G.H., Principles o f cancer treatm ent by chemotherapy. Surgery, 2009. 

27(4): p. 173-177.
61. Falk, S., Principles o f cancer treatm ent by radiotherapy. Surgery, 2003. 21(11): p. 269- 

272.
62. Andrew T King, J.N.P., Principles o f cancer treatm ent by surgery. Surgery, 2003. 21(11): 

p. 284-288.
63. Zucali, P.A. and G. Giaccone, Biology and management o f malignant pleural 

mesothelioma. European Journal of Cancer, 2006. 42(16): p. 2706-2714.
64. Raghvendra, Recent trends in the managment o f mesothelioma- A rare form  o f cancer: 

A review. International Journal of Pharmaceutical Sciences Review and Research,
2010. 3(1): p. 148-154.

65. http://www.asbestos.com /m esotheliom a/pleural.php.
66. Chen, S.E. and M.B. Pace, Malignant pleural mesothelioma. Am J Health Syst Pharm, 

2012. 69(5): p. 377-85.
67. Donaldson, K., et al.. Asbestos, carbon nanotubes and the pleural mesothelium: a 

review o f the hypothesis regarding the role o f long fibre retention in the parietal 
pleura, inflammation and mesothelioma. Part Fibre Toxicol, 2010. 7: p. 5.

312



68. Underhill, D.M. and H.S. Goodridge, Information processing during phagocytosis. Nat 
Rev Immunol, 2012. 12(7): p. 492-502.

69. Kao, S.C., et al.. Malignant mesothelioma. Intern Med J, 2010. 40(11): p. 742-50.
70. Grivennikov, S.I., F.R. Greten, and M. Karin, Immunity, Inflammation, and Cancer. Cell, 

2010. 140(6): p. 883-899.
71. Vakkila, J. and M.T. Lotze, Inflammation and necrosis promote tumour growth. Nat 

Rev Immunol, 2004. 4(8): p. 641-8.
72. Karin, M., Nuclear factor-kappaB in cancer development and progression. Nature, 

2006. 441(7092): p. 431-6.
73. Zitvogel, L., et al.. Immunological aspects o f cancer chemotherapy. Nat Rev Immunol, 

2008. 8(1): p. 59-73.
74. Murdoch, C., et al.. The role o f myeloid cells in the promotion o f tumour angiogenesis. 

Nat Rev Cancer, 2008. 8(8): p. 618-31.
75. Condeelis, J. and J.W. Pollard, Macrophages: obligate partners fo r tumor cell 

migration, invasion, and metastasis. Cell, 2006.124(2): p. 263-6.
76. Gabrilovich, D.l. and S. Nagaraj, Myeloid-derived suppressor cells as regulators o f the 

immune system. Nat Rev Immunol, 2009. 9(3): p. 162-74.
77. porphyrin and non-porphyrin photosensitizers in oncology: preclinical and clinical 

advances in photodynamic therapy. Photochemistry and photobiology, 2009. 85: p. 
1053-1074.

78. Chatterjee, D.K., L.S. Fong, and Y. Zhang, Nanoparticles in photodynamic therapy: an 
emerging paradigm. Adv Drug Deliv Rev, 2008. 60(15): p. 1627-37.

79. http://www.raremetalbloe.com/2010/10/heaven-help-us-heaven-help-us.html.
80. Gallagher, W.M., et al., A potent nonporphyrin class o f photodynamic therapeutic 

agent: cellular localisation, cytotoxic potential and influence o f hypoxia. Br J Cancer, 
2005. 92(9): p. 1702-10.

81. Firczuk, M., D. Nowis, and J. Golab, PDT-induced inflammatory and host responses. 
Photochem Photobiol Sci, 2011.10(5): p. 653-63.

82. Hajri, A., et al.. In vitro and in vivo efficacy o f photofrin and pheophorbide a, a 
bacteriochlorin, in photodynamic therapy o f colonic cancer cells. Photochem 
Photobiol, 2002. 75(2): p. 140-8.

83. Kobayashi, H., et al.. New strategies fo r fluorescent probe design in medical diagnostic 
imaging. Chem Rev, 2010.110(5): p. 2620-40.

84. Kircher, M.F., H. Hricak, and S.M. Larson, Molecular imaging fo r personalized cancer 
care. Mol Oncol, 2012. 6(2): p. 182-95.

85. Weissleder, R. and M.J. Pittet, Imaging in the era o f molecular oncology. Nature, 2008. 
452(7187): p. 580-9.

86. Chen, T.F., et al.. Ruthenium Polypyridyl Complexes That Induce Mitochondria- 
Mediated Apoptosis in Cancer Cells. Inorganic Chemistry, 2010. 49(14): p. 6366-6368.

87. Friedman, A.E., et al.. Molecular Light Switch fo r DNA - Ru(Bpy)2(Dppz)2+. Journal of 
the American Chemical Society, 1990.112(12): p. 4960-4962.

88. Kostova, I., Ruthenium complexes as anticancer agents. Current Medicinal Chemistry, 
2006.13(9): p. 1085-1107.

89. Guichard, S.M., et al.. Anti-tumour activity in non-small cell lung cancer models and 
toxicity profiles fo r novel ruthenium(ll) based organo-metallic compounds. Biochem 
Pharmacol, 2006. 71(4): p. 408-15.

90. Elmes, R.B., et al., Quaternarized pdppz: synthesis, DNA-binding and biological studies 
o f a novel dppz derivative that causes cellular death upon light irradiation. Chem 
Commun (Camb), 2011. 47(2): p. 686-8.

313



91. Lemercier, G., et al., (MLCT)-M-3 excited states in Ru(ll) complexes: Reactivity and 
related two-photon absorption applications in the near-infrared spectral range. 
Comptes Rendus Chimie, 2008.11(6-7): p. 709-715.

92. Rajendiran, V., et al., [Ru(phen)2(dppz)]2+ as an efficient optical probe fo r  staining 
nuclear components. J Inorg Biochem, 2010.104(2): p. 217-20.

93. Srishailam, A., et al., Cellular uptake, cytotoxicity, apoptosis, DNA-binding, 
photocleavage and molecular docking studies o f ruthenium(ll) polypyridyl complexes. J 
Photochem Photobiol B, 2014.132: p. 111-23.

94. Poon, C.T., et al., An amphiphilic ruthenium(ll)-polypyridyl appended porphyrin as 
potentia l bifunctional two-photon tumor-imaging and photodynamic therapeutic 
agent. J Inorg Biochem, 2010.104(1): p. 62-70.

95. Lasagna-Reeves, C., et al.. Bioaccumulation and toxicity o f gold nanoparticles afte ' 
repeated administration in mice. Biochemical and Biophysical Research 
Comnnunications, 2010. 393(4): p. 649-655.

96. Li, J.J., et al., Autophagy and oxidative stress associated w ith gold nanoparticles. 
Biomaterials, 2010. 31(23): p. 5996-6003.

97. Giljohann, D.A., et al., Gold nanoparticles fo r  biology and medicine. Angew Chem nt 
Ed Engl, 2010. 49(19): p. 3280-94.

98. Chithrani, B.D., A.A. Ghazani, and W.C. Chan, Determining the size and shape 
dependence o f gold nanoparticle uptake into mammalian cells. Nano Lett, 2006. 6(4):
p. 662-8.

99. Kim, K., et al.. Tumor-homing m ultifunctional nanoparticles fo r  cancer theragnosis: 
Simultaneous diagnosis, drug delivery, and therapeutic monitoring. Journal o f 
Controlled Release, 2010.146(2): p. 219-227.

100. Hallett, A.J., et al.. Luminescent, water-soluble gold nanoparticles functionalised v/ith 
(MLCT)-M-3 em itting rhenium complexes. Chemical Communications, 2009(28): p. 
4278-4280.

101. Elmes, R.B., et al.. Luminescent ruthenium(ll) polypyridyl functionalized gold 
nanoparticles; their DNA binding abilities and application as cellular imaging agents. 
Journal o f the American Chemical Society, 2011.133(40): p. 15862-5.

102. Berman, S.M., et al.. Potential adverse effects o f amphetamine treatm ent on brain and 
behavior: a review. Mol Psychiatry, 2009.14(2): p. 123-42.

103. Sulzer, D., et al.. Mechanisms o f neurotransm itter release by amphetamines: a review. 
Prog Neurobiol, 2005. 75(6): p. 406-33.

104. Boyle, N.T. and T.J. Connor, Methylenedioxymethamphetamine ('Ecstasy'}-inducei 
immunosuppression: a cause fo r  concern? Br J Pharmacol, 2010.161(1): p. 17-32.

105. Jefferson, J.W., A review o f the cardiovascular effects and toxicity o f tricyclic 
antidepressants. Psychosom Med, 1975. 37(2): p. 160-79.

106. Zohar, J. and H.G. Westenberg, Anxiety disorders: a review o f tricyclic antidepressants 
and selective serotonin reuptake inhibitors. Acta Psychiatr Scand SuppI, 2000. 403: p. 
39-49.

107. Kerr, G.W., A.C. McGuffie, and S. Wilkie, Tricyclic antidepressant overdose: a review. 
Emerg Med J, 2001.18(4): p. 236-41.

108. Wishart, D.S., et al., DrugBank: a comprehensive resource fo r  in silico drug discovery 
and exploration. Nucleic Acids Res, 2006. 34(Database issue): p. D668-72.

109. Hutchinson, M.R., et al.. Evidence that tricyclic small molecules may possess toll-1 ke 
receptor and myeloid differentiation protein 2 activity. Neuroscience, 2010.168(2): p. 
551-63.

110. Hutchinson, M.R., et al.. Evidence tha t opioids may have toll-like receptor 4 and MD-2 
effects. Brain Behav Immun, 2010. 24(1): p. 83-95.

314



111. Cloonan, S.M., et al., Synthesis and serotonin transporter activity o f sulphur- 
substituted alpha-alkyl phenethylamines as a new class o f anticancer agents. Eur J 
Med Chem, 2009. 44(12): p. 4862-88.

112. McNamara, Y.M., et al., Synthesis and serotonin transporter activity o f l,3-bis(aryl)-2- 
nitro-l-propenes as a new class o f anticancer agents. Bioorg Med Chem, 2011.19(3): 
p. 1328-48.

113. Ahmed, S.A., R.M. Gogal, Jr., and J.E. Walsh, A new rapid and simple non-radioactive 
assay to m onitor and determine the proliferation o f lymphocytes: an alternative to 
[3H]thymidine incorporation assay. J Immunol Methods, 1994.170(2): p. 211-24.

114. Goegan, P., G. Johnson, and R. Vincent, Effects o f serum protein and colloid on the 
alamarBlue assay in cell cultures. Toxicol In Vitro, 1995. 9(3): p. 257-66.

115. Smith, P.K., et al.. Measurement o f protein using bicinchoninic acid. Anal Biochem, 
1985.150(1): p. 76-85.

116. Macia, E., et al., Dynasore, a cell-permeable inh ib itor ofdynamin. Dev Cell, 2006.
10(6): p. 839-50.

117. Ris, H.B., et al.. Photodynamic therapy with chlorinsfor diffuse malignant 
mesothelioma: in itia l clinical results. Br J Cancer, 1991. 64(6): p. 1116-20.

118. Takita, H., et al.. Operation and intracavitary photodynamic therapy fo r  malignant 
pleural mesothelioma: a phase II study. Ann Thorac Surg, 1994. 58(4): p. 995-8.

119. Moskal, T.L., et al.. Operation and photodynamic therapy fo r  pleural mesothelioma: 6- 
year follow-up. Annals o f Thoracic Surgery, 1998. 66(4): p. 1128-1133.

120. Clarke, M.J., Ruthenium metallopharmaceuticals. Coordination Chemistry Reviews, 
2002. 232(1-2): p. 69-93.

121. Liu, Y.H., R.; Lutterman, D. A.; Joyce, L. E.; Thummel, R,P; Turro, C., Inorg. Chem., 
2008.48: p. 375.

122. Mayer, C.R., E. Dumas, and F. Secheresse, 1,10-Phenanthroline and 1,10- 
phenanthroline-terminated ruthenium(ll) complex as efficient capping agents to 
stabilize gold nanoparticles: application fo r  reversible aqueous-organic phase transfer 
processes. J Colloid Interface Sci, 2008. 328(2): p. 452-7.

123. Mayer, C.R., et al.. Gold nanocomposites with rig id fu lly  conjugated heteroditopic 
ligands shell as nanobuilding blocks fo r  coordination chemistry. Chem Commun 
(Camb), 2006(40): p. 4183-5.

124. Barton, J.K., Targeting DNA sites w ith chiral metal complexes. Pure and Appl. Chem., 
1989. 61(3): p. 563-564

125. Gill, M.R., et al., A ruthenium(ll) polypyridyl complex fo r  direct imaging o f DNA 
structure in living cells. Nature Chemistry, 2009.1(8): p. 662-667.

126. Gu, Y.J., et al.. Nuclear penetration o f surface functionalized gold nanoparticles.
Toxicol Appl Pharmacol, 2009. 237(2): p. 196-204.

127. Nativo, P., I.A. Prior, and M. Brust, Uptake and intracellular fa te  o f surface-modified 
gold nanoparticles. ACS Nano, 2008. 2(8): p. 1639-44.

128. Andersen, J.S., et al.. Directed Proteomic Analysis o f the Human Nucleolus. Current 
Biology, 2002.12(1): p. 1-11.

129. Poon, C.T., et al., An amphiphilic ruthenium(ll)-polypyridyl appended porphyrin as 
potentia l bifunctional two-photon tumor-imaging and photodynamic therapeutic 
agent. Journal o f Inorganic Biochemistry, 2010.104(1): p. 62-70.

130. Gallagher, W.M., et al., A potent nonporphyrin class o f photodynamic therapeutic 
agent: cellular localisation, cytotoxic potentia l and influence o f hypoxia. British Journal 
o f Cancer, 2005. 92(9): p. 1702-1710.

315



131. Vollano, J.F., et al., The synthesis and in vitro photodynamic activity o f a series o f novel 
ruthenium(ll)-2,3-naphthalocyanines. Journal o f Photochemistry and Photobiology B: 
Biology, 1997. 37(3): p. 230-235.

132. Biswas, R., et al., Carboplatin synergistically triggers the efficacy o f photodynamic 
therapy via caspase 3-, 8-, and 12-dependent pathv^ays in human anaplastic thyroid 
cancer cells. Lasers in Medical Science, 2014. 29(3): p. 995-1007.

133. Khan, H.A., et al., Effects o f Naked Gold Nanoparticles on Proinflammatory Cytokines 
mRNA Expression in Rat Liver and Kidney. Biomed Research International, 2013.

134. Baoqin, Z., Toxicity to the normal hemocytes by ALA-PDTfor the ex vivo purging o f 
hematopoietic stem cell grafts. Academic Journal o f Xi'an Jiaotong University(English 
Edition), 2008. 20 (4): p. 250-255

135. Boulares, A.H., et al.. Role o f poly(ADP-ribose) polymerase (PARR) cleavage in 
apoptosis - Caspase 3-resistant PARR m utant increases rates o f apoptosis in 
transfected cells. Journal o f Biological Chemistry, 1999. 274(33): p. 22932-22940.

136. Peng, T., T.R. Golub, and D.M. Sabatini, The immuno suppress ant rapamycin mimics a 
starvation-like signal distinct from  amino acid and glucose deprivation. Molecular and 
Cellular Biology, 2002. 22(15): p. 5575-5584.

137. Schutte, B., et al., Annexin V binding assay as a tool to measure apoptosis in
differentiated neuronal cells. Journal o f Neuroscience Methods, 1998. 86(1): p. 63-69.

138. Gunning, P.W., et al.. Nerve Growth Factor-Induced Differentiation o f Pcl2 Cells - 
Evaluation o f Changes in Rna and DNA Metabolism. Journal o f Neuroscience, 1981. 
1(4): p. 368-379.

139. Yankner, B.A. and E.M. Shooter, Nerve Growth-Factor in the Nucleus - Interaction with 
Receptors on the Nuclear-Membrane. Proceedings o f the National Academy of 
Sciences o f the United States o f America, 1979. 76(3): p. 1269-1273.

140. Oberdoerster, J. and R.A. Rabin, NGF-differentiated and undifferentiated PC12 cells
vary in induction o f apoptosis by ethanol. Life Sci, 1999. 64(23): p. PL 267-72.

141. Hajri, A., et al.. In vitro and in vivo efficacy ofPhotofrin (R) and pheophorbide a, a 
bacteriochlorin, in photodynamic therapy o f colonic cancer cells. Photochemistry and 
Photobiology, 2002. 75(2): p. 140-148.

142. Kawczyk-Krupka, A., et al.. The role o f photosensitized macrophages in photodynamic 
therapy. Oncology Reports, 2011. 26(1): p. 275-280.

143. Lin, J., et al.. Photosensitizer-loaded gold vesicles with strong plasmonic coupling effect 
fo r  imaging-guided photothermal/photodynamic therapy. ACS Nano, 2013. 7(6): p. 
5320-9.

144. Mironava, T., et al.. Gold nanoparticles cellular toxicity and recovery: effect o f size, 
concentration and exposure time. Nanotoxicology, 2010. 4(1): p. 120-37.

145. Gill, M.R., et al., A ruthenium(ll) polypyridyl complex fo r  direct imaging o f DNA 
structure in living cells. Nat Chem, 2009.1(8): p. 662-667.

146. Dougherty, T.J., et al., Photodynamic therapy. J Natl Cancer Inst, 1998. 90(12): p. 889-
905.

147. Hryhorenko, E.A., et al.. Antigen specific and nonspecific modulation o f the immune 
response by aminolevulinic acid based photodynamic therapy. Immunopharmacology, 
1998. 40(3): p. 231-40.

148. Zhu, J. and C. Mohan, Toll-like receptor signaling pathways-therapeutic opportunities. 
Mediators Inflamm, 2010. 2010: p. 781235.

149. McNamara, Y.M., et al.. Synthesis and serotonin transporter activity o f l,3-bis(aryl)-2- 
nitro-l-propenes as a new class o f anticancer agents. Bioorganic &amp; Medicinal 
Chemistry, 2011. 19(3): p. 1328-1348.

316



150. Hutchinson, M.R., et al., Proinflammatory cytokines oppose opioid-induced acute and 
chronic analgesia. Brain Behav Immun, 2008. 22(8): p. 1178-89.

151. McCoy, S.L., et a!.. Identification o f a peptide derived from vaccinia virus A52R protein 
that inhibits cytokine secretion in response to TLR-dependent signaling and reduces in 
vivo bacterial-induced inflammation. J Imnnunol, 2005.174(5): p. 3006-14.

152. Tapping, R.I., et a!.. Toll-like receptor 4, but not toll-like receptor 2, is a signaling 
receptor fo r Escherichia and Salmonella lipopolysaccharides. J Innmunol, 2000.
165(10): p. 5780-7.

153. Matsunaga, N., et a!., TAK-242 (Resatorvid), a Small-Molecule Inhibitor o f Toll-Like 
Receptor (TLR) 4 Signaling, Binds Selectively to TLR4 and Interferes with Interactions 
between TLR4 and Its Adaptor Molecules. IVlolecular Pharmacology, 2011. 79(1): p. 34- 
41.

154. Ge, J.C., et al., A graphene quantum dot photodynamic therapy agent with high singlet 
oxygen generation. Nature Communications, 2014. 5.

317



I A C S
JO U R N A L  O F  T H E  A M E R IC A N  C H E M IC A L  SO C IE TY

COMMUNICATION

pubs.acs.org/JA C S

L u m in e sce n t  Ruthenium (ll )  Polypyridyl Func t iona l ized  Gold 
N anopa r t ic le s ;  Their  DNA Binding Abilities a n d  Applica t ion  
As Cellular Im ag ing  A g en ts
Robert B. P. E lm es/’̂  Kim N. Orange/'® Suzanne M. Cloonan/'® D. Clive W illiams/’*’® and 
Thorfinnur Gunnlaugsson*’*'®

 ̂ School of Chemistry, Centre for Synthesis and Chemical Biology, Trinity College, Dublin, Dublin 2, Ireland 

^School of Biochemistry and Immunology, Trinity College, Dublin 2, Ireland 

^Trinity College Biomedical Sciences Institute, Dublin 2, Ireland

Supporting  In form ation

ABSTRACT: The synthesis and photophysical and biolog
ical investigation of Ru(lI)-polypyridyl stabilized water- 
soluble, luminescent gold nanoparticles (AuNPs) are de
scribed. These structures bind to DNA and undergo rapid 
cellular uptake, being localized within the cell cytoplasm and 
nucleus within 4 h.

The development of functional supramolecular nanostruc
tures for applications in photonics,' sensing,^ catalysis’ and 

medicine,^ etc. is a fast emerging interdisciplinary research field. 
The design and synthesis of nanoparticles* and, in particular, 
functionalized gold nanoparticles (AuNPs) has been at the fore
front of this effort in recent times, with many examples being 
developed for use in biological and medical applications,* due to 
their biocompatibility, unique size- and shape-dependence, and 
optoelectronic properties. Similarly, Ru(II)-polypyridyl complexes 
have been intensively studied due to their photophysical 
properties,^ where they have been employed for example in 
luminescent recognition and sensing,* as sensitive and structure- 
specific DNA probes.® Luminescent d^ transition metal ion 
complexes have often been proposed as useful fluorophores for 
cellular imaging,*®'" but until very recently their use in actual 
applications has remained scarce. With our interest in the devel
opment of luminescent novel cellular targeting (therapeutic/ 
imaging) agents^ '̂*’’'" and surface modified AuNPs, we envisaged 
that the combination of Ru(Il)-polypyridyl complexes, spatially 
separated from the surface of AuNPs, by a covalent spacer, could be 
employed as luminescent probes/imaging agents for various bio
logical applications.’* Herein we describe the synthesis of the 
Ru(II) complexes 1—3, Figure 1, all of which possess a terminal 
alkyl thiol group which facilitates their adsorption onto AuNPs, 
leading to the formation of the three water-soluble systems AuNP- 
1, AuNP-2 and AuNP-3 (Figure 1). We demonstrate that these 
luminescent AuNPs offer attractive photophysical properties, ideal 
for application in cellular imaging which we demonstrate using 
HeLa cells. These are, to the best of our knowledge, the first 
examples of such Ru(II)-polypyridyl functionalized AuNPs to be 
employed for such cellular applications.

The syntheses of 1, 2, and 3 are shown in Scheme SI (see also 
full details in Supporting Information) and were achieved in a 
few steps. The common ligand for all of these complexes is 4,

AuNP-1 AuNP-2 AuNP-3

Figure 1. Structure of the complexes 1, 2, and 3 (Ru = Ru(II)), ligand 4, 
and cartoon representation of their corresponding AuNPs-1—3 systems.

the synthesis of which was achieved by employing peptidic 
(carbodiimide) coupling of 1 1 -mercaptoundecanoic acid''*^ vwth 
5-amino,-1,10 phenanthroline in CH 2 CI2 , yielding 4 as an off- 
white solid in 78% yield. The microwave irradiation of 4 in the 
presence of the Ru(II) bispolypyridyl dichlorides Ru(bpy)2 Cl2 , 
Ru(phen)2 Cl2 , and Ru(TAP)2 Cl2  gave 1, 2, and 3, respectively, 
after 40 min. These were isolated, by precipitation from water, 
using excess N H 4 PF6 , followed by purification using automatic 
column chromatography [flash silica; 40:4:1 CH 3 C N /H 2 O / 
NaNOs (sat)], yielding 1—3 in 75%, 65%, and 54%, respectively. 
These isolated N 0 3 ^ salts were reconverted to their correspond
ing PF^~ salts and were fiilly characterized, which included the 
use of ID and 2D N M R The characteristic MLCT based 
absorbance spectra of 1 — 3, together vnth the excitation and 
emission spectra, are shown in the Supporting Information. All of 
the complexes were found to be fully water-soluble as their C P  
salts (see Supporting Information), and their photophysical 
properties were investigated in 10 mM phosphate-buffered 
aqueous solutions at pH 7.4. The absorption spectrum of 1 
showed characteristic 7t—7l' intraligand transitions centered at
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Figure 2. (A )  M L C T  absorption band of 1, and AuNP-1 in buffered H 2O  
at pH 7.4. (B ) Transmission electron microscopy image o f AuNP-1.

285 nm ( f  = 49 500 cm ' M  ')  assigned to the ancillary ligands, 
while the characteristic M L C T  transitions of the R u (Il)  center 
were observed at 450 nm (£ = 12400 cm ' M  '). Similar 
transitions were found for 2 and 3. Excitation into the M L C T  
bands of 1—3 gave rise to, on all occasions, M L C T  based 
emission occurring at =  610 nm (^>p = 0.054), 605 nm 
(O p = 0.056), and 635 nm (4>f = 0.028), for 1—3, respectively. 
For all of these, the excitation spectra structurally matched those 
of the absorption spectra.

The syntheses of A uN P -1—3 were achieved using the two- 
phase Brust method which gave tetraoctylammoniumbromide 
(TO A B ) stabilized AuNPs.'^'* Exchange of TOAB on the surface 
of AuNPs with 1 — 3 was achieved upon stirring TOA B -A uN P  
with 1 — 3, respectively, for 12 h at room temperature, followed 
by centrifugation and the removal of any unbound complex by 
employing a method developed by Mayer et al.'^** involving 
double anion exchange. The AuNPs were characterized using 
U V —visible spectroscopy, where the surface plasmon resonance 
(SPR) band was found at 520 nm (Supporting Information) 
slightly overlapping with the M L C T  absorption bands of 1 — 3, 
Figure 2A. Using U V —vis spectroscopy, AuNP-1 — 3 were found 
to be stable in aqueous-buffered solution at pH 7.4 at room 
temperature for many months. Excitation into the M L C T  
absorption bands of AuNP-1 —3 gave rise to, on all occasions, 
M L C T  centered emission vrith at 610, 605, and 635 nm, for 
AuNP-1 —3 respectively, with i()f of ~0.002, demonstrating that 
these were significantly less emissive after adsorption to the 
AuNP surface, as has previously by seen for [Ru(bpy)3 ] '̂̂  in the 
presence of AuNPs coated with thiolate monolayers. AuNP- 
1 — 3 were further characterized using T E M , which showed 
spherical nanoparticles vrith an average diameter of 4.0 ±  1.3, 
4.3 ±1.3, and 3.2 ±1 .1  nm for AuNP-1, AuNP-2, and AuNP-3  
respectively, vrith no evidence of aggregation, Figure 2A, and 
using DLS which gave hydrodynamic radii of 3—7 nm 
(Supporting Information).

Ru(ll)-polypyridyl complexes are known to bind to D N A  and 
cause photosensitized D N A  damage, but the binding constant 
and the photocleavage efficiency are highly structurally depen
dent.^''* Consequently, the D N A  binding affinities of 1—3, and 
A uN P-1—3, were evaluated in 10 m M  phosphate buffer at 
pH 7.4 using salmon testes DNA. In the case of 1—3, D N A  
binding gave rise to hypochromic effects in the M L C T  band in 
the U V —vis absorption spectra, which in the case of 1 was ca. 
30% (Supporting Information). From these, a binding constant

= 5.5 X 10  ̂M ~ ' was determined, while, for 3, Kb = 6.4 x 10  ̂
M  ' was calculated. Concomitantly, the M L C T  centered emis
sion was also modulated, being most noticeable for 3, with ca. 
75% quenching being observed (see Supporting Information). 
Similarly, the binding of A uN P -1—3 also gave rise to changes in
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Figure 3. Changes in the emission spectrum o f A uN P -3  450 nm ) 
with increasing concentration o f D N A  ( 0 —77 / /M ) .  The blue and the 
red spectra demonstrated the non-D N A  and the D N A  bound A uN P-3. 
Inset: Plot o f the change in integrated M L C T  intensity as a function of 
P /D  ratio.

the photophysical properties of the surface modified R u (Il) 
complexes. In the case of AuNP-1, an initial red shift in the 
U V —vis absorption spectra, followed by a ca. 26% hypochroism, 
was observed upon binding to DNA. Similar changes were seen 
for AuNP-2 and AuNP-3. Significant changes were also seen in 
the emission spectra of A uN P -1 — 3, as demonstrated in Figure 3, 
upon binding of AuNP-3 to DNA, giving rise to 71% quenching 
in the M L C T  based emission (see Supporting Information for 
AuNP-1 —2). This is in agreement with the behavior of other 
.T-deficient R u (ll) complexes of the general formula [Ru 
(T A P )2 (L)]^'^ (L  = phen or bpy)/*^ as those complexes contain
ing two TAP ligands have been showm to photo-oxidize guanine- 
containing nucleotides through a proton coupled photoinduced 
electron transfer (P C E T) process.'^ The affinities of AuNP-1 — 3 
for D N A  were further confirmed by carrying out ethidium 
bromide (EtBr) displacement assays (Supporting Information),’® 
which demonstrated that A uN P -1 — 3 displaced EtBr vrith an 
apparent binding constant (K^pp) of ~10^ M ^ '.  From these 
results, it is clear that A uN P -1 — 3 all interact with D N A  in a 
strong manner. To further confirm this, we investigated the 
ability of these nanostructures to bind to D N A  using confocal 
fluorescence imaging, by treating a solution of D N A  (4 m M ) 
vdth a solution of A uN P-1—3. This led to immediate forma
tion of a precipitate and the formation of fibrous networks and 
smaller aggregates, which are currently under investigation in 
our laboratory.

Having demonstrated high D N A  binding affinities of AuNP- 
1 — 3, we next carried out cellular uptake and localization studies 
of these systems using confocal fluorescence microscopy. We 
anticipated that A uN P -1 — 3 would be taken up by cells as has 
been seen vrith many AuNP conjugates.'* This may occur 
through receptor mediated transport (e.g., endocytosis), or by 
plasma membrane driven transport due to their cationic nature. 
The results are shown in Figure 4. In Figure 4A, a brighfield 
image shows the presence of the AuNP (as aggregates) within 
live HeLa (cervical cancer) cells as dense 'dark spots’, after 
incubation with AuNP-1 (~ 1 6  nM ) 4 h prior to imaging. 
Fluorescence confocal laser scanning microscopy confirmed this 
uptake and localization, as demonstrated in Figure 4B, which 
shows an image of these cells upon excitation at 450 nm, where 
these dense areas of Figure 4A are seen to overlap perfectly with

15863 dx-doi.org/10.1C21/ja206n59 \J. Am. Chem. Soc. 2011,133, 15862-15865
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Figure 4. Live cell confocal laser scanning m icroscopy images o f A uN P-1 (~ 1 6  nM  gold concentration^**) with H eLa cells: (A ) the bright field image; 
(B ) em ission arising fi-om 600 to  700 nm ; (C ) overlay o f the lum inescence firom A uN P-1 (red), nuclear costain D A Pl (b lue), and the brigh t field image; 
(D ) TE M  image o f  A u N P -I following incubation v«th H eLa cells.

F igure S. Confocal fluorescence Z-section live cell images o f A uN P-2 (20  /<M) w ith Hela cells shovring lum inescence in three dim ensions. Shown is 
the image obtained  with cells costa ined  w ith nuclear stain DAPI (b lue) and A uN P -2  (red ). Scanning from  left to  right.

th e  red  fluorescence em an atin g  from  w ith in  the  cell interior. T h e  
im age clearly confirm s th a t A uN P -1  is lum inescen t w ithin the  
cells; w ith ap p aren t localization  in th e  cy toplasm  an d  the  nucleus, 
w here these can be  seen  as d isc re te  'p ac k e ts’ o r  aggregates o f  
fluorescence. In add ition , Z -stack  ex perim en ts clearly show  that 
th e  observed lum inescence is spherical in th ree d im ensions; 
co rre spond ing  to  the  A u N P s being  located  inside the  cells and  
n o t b o u n d  to  th e ir  exterior, F igure 5, for A u N P -2  (See larger 
im age in S upporting  In fo rm atio n  as well as fo r A uN P -1  and 
A uN P -3 ).

C ostain ing  o f  th e  nucleus, using D A PI, fu rther confirm ed the  
nuclear localization o f  A u N P -1 , as d em o n s tra ted  in Figure 4C , 
w here the  costa ined  im age is overlap p ed  w ith  the  b righ t field 
im age (Figure 4A ) an d  th e  lu m in esce n t im age (Figure 4B ). 
Sim ilar behavior was observed  fo r A u N P -2 , F igure S, and A uN P - 
3 w ith the  lum inescence in ten sity  bein g  slightly dim in ished  in the  
case o f  A uN P -3  due  to  th e  P C E T  process d iscussed above 
(S upporting  In fo rm atio n ). T h e  u p take  o f  A uN P -1  was also 
confirm ed by T E M  im aging w ith in  th e  H eL a cells, confirm ing 
their localization w ith in  b o th  th e  cytosol, F igure 4D , and  the  
nucleus. W e also carried  o u t tim e  d e p e n d e n t fluorescence 
confocal im aging studies, w here  th e  cellular up take  o f  A uN P-1 
was im aged at 2 and  6  h  in ad d itio n  to  th e  4  h d iscussed above. 
T h e  results (see S u p p o rtin g  In fo rm a tio n ) clearly dem o n stra ted  
th a t only  m inim al u p take  had  occu rred  after 2 h. A fter 6  h, results 
sim ilar to  those  seen  a t 4  h w ere observed , th o u g h  w ith slightly 
enhanced  cellular con trast.

T o  assess the  antiproliferative effects o f  these A u N P s we 
a tte m p te d  to  d e term ine  the  E C jo  value o f  A uN P -1  by carrying 
o u t an  A lam ar b lue cytotoxicity  assay w ith  a large range o f  
co n cen tra tio n s o f  A uN P-1 in the  m eso the liom a cell line 
CR LS195. In short, and  as is eviden t from  Figures 4  and  S using 
H eL a cells, no  significant apoptosis was observed  for A uN P -1 , 
and  in fact, an IC 5 0  value could  n o t be d e te rm in ed  for A uN P-1 
from  th e  co n cen tra tio n  range used  as % viability d id n o t d rop  
below  60% (see S upporting  In fo rm atio n ).

In  sum m ary, w e have developed, to  th e  b es t o f  o u r know ledge, 
the  first exam ples o f  novel supram olecu lar D N A  targeting  m otifs 
based  on  R u ( ll)  stabilized A uN P s. W e have shovm  th a t A uN P - 
1 — 3 all b in d  to  D N A  w ith  high affinity, while a t th e  sam e tim e 
bein g  nontoxic, and  th a t w e can m o n ito r  th e  b ind ing  o f  these  to 
D N A  using various spectroscop ic techn iques. M oreover, by  using 
fluorescence confocal m icroscopy and T E M  imaging studies, we 
have dem onstrated their cellular uptake and localization within the 
cytoplasm  and nucleus. These studies confirm  the potential use of 
such R u(Il)  polypyridyl functionalized A uN Ps as highly sensitive 
cellular imaging agents. W e are currently investigating the m echa
nism  o f  their uptake, and their fate, in greater detail.
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