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Abstract 

 

Ruthenium (II) polypyridyl complexes have been extensively investigated for cancer 

research as imaging probes or as therapeutic drug due to their photothermal stability, 

large stoke shifts, relatively long lifetimes, and potential anticancer activity. To overcome 

issues of solubility and delivery, gold nanoparticles (AuNPs) have emerged as nano 

carriers due to their relative chemical inertness, large surface area with possibilities of 

functionalisation as well as their unique multimodal imaging properties due to their 

surface plasmon resonance and electron density. Three ruthenium (II) complexes 

carrying DNA intercalating groups (RuPhenL1, RuPhenL2 and RuDppzL2) were 

successfully attached onto the surface of 13 nm and 25 nm gold nanoparticles. 

Luminescence studies of Au.RuPhenL1 and Au.RuPhenL2 revealed enhancement of the 

ruthenium luminescence lifetime upon attachment to gold nanoparticles by considering 

the type of ancillary ligands around the metal in combination with the type of surfactant 

used to stabilise the AuNPs. Furthermore, the negatively charged Au.RuPhenL2 and 

Au.RuDppzL2 conjugates demonstrated to have a high binding affinity with DNA, with 

binding constants comparable to known intercalators (Ka= 106 M-1). Unsurprisingly, 

Au.RuDppzL2 had the strongest interaction with DNA. For the first time, the interaction 

of the Au.RuPhenL2 and Au.RuDppzL2 conjugates is visualised by Transmission Electron 

Microscopy (TEM) and Energy Dispersed X-ray Spectroscopy (EDX). Intercalation and 

electrostatic interactions  with an uncoiling of DNA, are the suggested modes of binding 

between AuNP.Ru conjugates and DNA. The luminescent nanoparticles (Au.RuPhenL1, 
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Au.RuPhenL2 and Au.RuDppzL2) accumulated in the cytoplasm and in the nucleus of 

A549 cells just after 4 hours incubation. The larger 25 nm AuNPs showed  higher cellular 

uptake than the 13 nm ones for Au.RuPhenL1 and Au.RuPhenL2. However, in the case of 

Au.RuDppzL2 there was high uptake for both 13 nm and 25 nm sized nanoparticles. All 

the AuNP.Ru conjugates showed phototoxicity in the nanomolar range for A549 cells 

upon visible light irradiation at 535 nm, whereas no toxicity was found in the dark. 

Overall, novel AuNP.Ru conjugates demonstrated promising results as DNA probes for 

imaging and as pro-drugs for photodynamic therapy for an effective theranostics 

strategy against cancer. 
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1. Introduction 

 

1.1 Lung Cancer  
 

Lung cancer is the leading cause of cancer-related deaths worldwide, with the highest 

mortality rates among both men and women.1 Lung cancer begins with mutations in lung 

cells (to form abnormal cells) that grow in an uncontrolled way, forming a tumour. Lung 

cancer is often broken down into two main groups: non-small cell carcinoma (NSCLC) 

and small cell carcinoma (SCLC) (Figure 1.1).2 SCLC is usually caused by smoking tobacco 

and represents less than 20 % of worldwide lung cancer cases. It typically starts in the 

bronchi before rapidly spreading to other parts of the body. NSCLC represents the 

majority of lung cancer diagnoses, and it usually grows at a very slow rate with little to 

no symptoms until the advanced stages.3 There are three main types of NSCLC: 

adenocarcinoma, the most common type, which can be found in the outer region of the 

lung; Squamous cell lung, usually linked to tobacco smoking, which is usually found in 

the centre of the lung; and Large cell undifferentiated carcinoma, which can begin in any 

part of the lung and usually spreads very quickly.3  
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Figure 1.1- Schematic representation of the regions where different types of lung cancer start. 

 

The treatment of lung cancer, as for most cancers, depends on the stage of the disease 

and the type of cancer.2 Usually, the treatment for SCLC is immediate chemotherapy and 

radiation due to the fast spread of the disease, helping at least a quarter of patients to 

enter in remission.4 However, this type of cancer is still very likely to spread to other 

parts of the body. Due to the slower rate of spread of NSCLC cancers, early-stage 

diagnosis often retains the option of surgery to remove the tumour. However, only 25 % 

of people receive an early diagnosis.3 In later stages, chemotherapy is the most common 

treatment option.4 However, in 2020 there were still over a million deaths worldwide 

due to lung cancer, the main reason being that lung cancer is often diagnosed at a late 

stage, when the tumour has spread to other parts of the body, leading to very limited 

treatment options.1 This mortality rate will increase if no other viable treatments are 

found, and therefore it is crucial to continue investigating new ways to tackle this 

disease, especially if combined with an early diagnosis to avoid metastasis. 
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1.2 Ruthenium (II) complexes in cancer research 
 

Since the introduction of cisplatin (figure 1.2-A) as chemotherapeutic drug for cancer, 

metal complexes have been extensively explored in this field, especially platinum-based 

drugs.5 However, reports on the severe side effects of platinum-based drugs are 

increasing, so researchers have turned their attention to other metals.5 Today, 

ruthenium  is one of the most studied metals for cancer research.6-8 Ruthenium has three 

main oxidation states: Ru (IV) is unstable and so unsuitable for antitumor effects 

investigation. Ru (III) complexes have good stability and can usually be administered as 

inert complexes and be reduced to Ru (II) for a therapeutic effect.6 Ru (II) complexes are 

the most widely studied due to their ability to mimic iron and therefore easily binds to 

human serum transferrin, which is highly expressed in tumour cells, exhibits low toxicity 

for healthy cells and has the ability to coordinate with multidentate ligands, conferring 

characteristic properties to the metal complex.9, 10 Ruthenium (II) polypyridyl complexes 

exhibit photothermal stability, large Stokes shifts and considerably long luminescence 

lifetimes.11 Such properties make these complexes exciting candidates for cancer 

research, biological imaging11-13 and therapeutics11, 14, 15 but also for other applications 

such as redox catalysis16, 17 and solar cells18. Beyond excellent photophysical properties, 

some of these ruthenium (II) complexes have shown selective toxicity against cancer 

cells by cell division inhibition19 and interaction with DNA20, 21. Therefore, ruthenium (II) 

complexes are expected to become a new generation of clinical metal antitumour drugs.  

Two of the first ruthenium (II) complexes to reach clinical trials were NAMI-A and KP1019 

(Figure 1.2-B and C). However, after reaching phase II, the complexes were discovered to  
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cause severe side effects and to have poor water solubility.6, 22-24 More recently, the 

photosensitizer TLD-1433, has emerged as promising example of a ruthenium (II) 

complex in cancer research (Figure 1.2-D). This complex has a powerful therapeutic 

efficacy for bladder cancer, using photodynamic therapy, and it is currently in phase II 

clinical trials.25  

 

Figure 1.2- Chemical structures of metal complexes that reached clinical trials, (A) Cisplatin, (B), 
NAMI-A, (C) KP1019, (D) TLD1433. 

 

1.2.1 Ruthenium (II) complexes’ mode of action  
 

Ruthenium (II) complexes have different cellular targets and multiple mechanisms of 

antitumour efficacy. Some ruthenium (II) complexes were found to induce cell cycle  
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arrest and apoptosis, while others can bind to DNA and interfere with its replication and 

transcription. A ruthenium (II) complex bearing two 1,10-phenanthroline ligands and a 

plant derived analgesic (xanthoxylic) was studied on human hepatocellular carcinoma 

HepG2 cells.26 This complex showed to have cytotoxic effect and induce apoptosis in 

spheroids and in vivo, revealing an intercalation with DNA followed by its synthesis 

inhibition and a cell cycle arrest in the S-phase of HepG2 cells. Another ruthenium-based 

strategy currently used to tackle cancer cells is the targeting of G-quadruplex (G4) 

structures composed of guanosine residues, since G4 motifs are often found in the 

promoter regions of cancer related genes. McQuaid and co-workers showed that a 

ruthenium (II) complex, Λ-[Ru(phen)2(qdppz)]2+, (phen= 1,10-phenanthroline and 

qdppz= 12,17-dihydronaphtho[2,3-h]dipyrido[3,2-a:2’,3’-c]phenazine-12,17-dione) 

displayed enantiospecific G-quadruplex binding, inhibiting DNA replication.27 By 

interacting with G-quadruplex structures, ruthenium (II) complexes are expected to 

prevent the recognition and elongation of telomerase, towards telomere, hence 

unprotecting the chromosomes. Furthermore, Liao and co-workers demonstrated that a 

family of ruthenium (II) complexes (Figure 1.3) showed inhibition towards telomerase by 

stabilising the G4 structure.28 These complexes, were also found to inhibit 

topoisomerase. These enzymes are known to control DNA replication and transcription 

and are overexpressed in cancer cells, thus, designing a ruthenium (II) complex that can 

both inhibit telomerase and topoisomerase in cancer cells is a very powerful therapeutic 

strategy, producing strong apoptosis in tumour cells. 
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Figure 1.3- Structures of ruthenium (II) complexes that stabilise the G4 structure and inhibit 
topoisomerase, obtained from28. 

 

Producing new drugs that can target DNA produce cell responses that induce tumour 

cell apoptosis, such as a cell cycle arrest, DNA replication inhibition, mutagenic activity 

and RNA synthesis reduction.29 Therefore, DNA interactions of antitumor ruthenium (II) 

complexes are of a great interest and have been intensively explored in the recent 

years.30 However, typically ruthenium (II) complexes accumulate more in the organelles 

of the cytoplasm of cells, than in the nucleus.31 Thus, studies targeting the mitochondria 

have also emerged, which have shown ruthenium (II) complexes can decrease the 

membrane mitochondria potential, leading to its disfunction or activate mitochondrial 

apoptosis pathways.32, 33 One of the most common strategies to utilize mitochondria as 

a strategy to tackle cancer cells is the generation of reactive oxygen species (ROS).34 ROS 

are a group of molecules that derive from molecular oxygen and are usually formed by 

redox reactions or electronic excitation from oxidative metabolisms within the cells.35 

Mitochondria are the primary source of ROS due to their role in ATP production, in which 

molecular oxygen is reduced to water.36 Due to the presence of high levels of molecular 

oxygen in the mitochondria, intrinsic ROS species, like hydrogen peroxide, are locally 

generated by enzymes such as NADPH oxidases.35 Low levels of hydrogen peroxide are 

not harmful for cells. However, higher levels can lead to oxidative stress, inflammation  
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and later on to cell death.35 Organic hydroperoxides are another type of ROS generated 

from fatty acids and sterols which are also implicated in cell death. In cancer research, 

the most common type of ROS used to tackle tumour cells is singlet molecular oxygen 

(1O2) which is an electronically excited form of molecular oxygen that is generated by 

tissues exposed to light.37 1O2 can interact with biomolecules, generating their oxidative 

modification and consequently leading to cell death.37 Therefore, ruthenium (II) 

complexes’ ability to produce 1O2 upon visible light activation has recently been studied 

(mechanism details will be explained later in this Chapter-section 1.2.2.1). Han and co-

workers, showed that three ruthenium (II) complexes (Figure 1.4-A) can induce apoptosis 

of A549 cells by enhancing the ROS levels, leading to a decrease of the membrane 

potential of mitochondria. In particular, compound 3 that presents 1,10-phenanthroline 

ligands, has been demonstrated to activate cell responses that lead to cell death through 

apoptosis.38 Moreover, if the ruthenium (II) complexes can have a combinatory effect 

involving DNA damage, ROS generation and cell cycle arrest, this would produce a 

powerful response in tackling cancer cells (Figure 1.4-B).33  
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Figure 1.4. (A)- Structures of ruthenium (II) complexes 1, 2 and 3 that demonstrated reduction 
of membrane mitochondria potential and enhance ROS production, obtained from38, (B)- 
Structures of ruthenium (II) complexes that showed DNA damage, ROS production and cell cycle 
arrest, obtained from33.  

 

Lysosomes39, endoplasmic reticulum40, and cell membranes41 are also organelles where 

ruthenium (II) complexes can accumulate and so induce cytotoxicity to tumour cells. Qiu 

and co-workers, proposed a novel strategy with five different fluorinated ruthenium (II) 

complexes as photosensitisers to target both mitochondria and the cell membrane of 

cancer cells (Figure 1.5).42 These ruthenium (II) complexes offered a two-photon 

photodynamic therapy, inducing apoptosis of tumour cells under visible light irradiation, 

in deeper tissues with less damage to healthy cells.  
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Figure 1.5- Schematic illustration of ruthenium (II) complexes ablating the cytomembrane and 
mitochondria by two photon laser irradiation, obtained from42. 

 

Martin and co-workers synthesised a dinuclear ruthenium (II) complex conjugated with 

a peptide that allows mitochondrial penetration (Figure 1.6).43 This probe was 

specifically localised in the mitochondria after 2 hours of incubation in Hela cells. 

Moreover, this dinuclear ruthenium (II) complex can monitor oxygen changes within the 

cell by measuring its luminescence lifetime in the presence of Antimycin A. Antimycin A 

is a cellular respiration inhibitor that causes an increase in oxygen production, leading to 

a decrease in ATP production and an increase in production of reactive oxygen species 

that are toxic for the cells. Then, the ruthenium (II) complex rapidly responded to an 

oxygen level change by decreasing from 525 ns to 228 ns on its luminescence lifetime 

after 100 minutes (Figure 1.7). This decrease in lifetime was concluded to be due to a 

quenching mechanism from ROS formation. Overall, this study revealed that a dinuclear 

ruthenium (II) complex can be used as a probe for mitochondrial targeting and imaging  
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but also revealed an ability to monitor a disease progression, by responding to oxygen 

levels inside the cell.  

 

Figure 1.6. (L) Schematic illustration of the structure of the dinuclear Ruthenium (II) complex and 
(R) Luminescence lifetimes distributions in Hela cells after incubating with the dinuclear 
ruthenium (II) probe (A), after addition of Antimycin A for 10 minutes (B) and for 100 minutes 
(C), obtained from43. 

 

Importantly, most of the studies in the literature have shown that the ruthenium (II) 

complexes evaluated are effective against platinum resistant tumours, demonstrating 

the advantages of using this metal for cancer research.44-46 However, the main limitations 

involves the solubility of the ruthenium (II) complexes in cellular media and its 

intracellular delivery. Thus, novel systems need to be addressed to overcome such issues. 
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1.2.2 The photophysics behind ruthenium’s imaging and therapy  
 

Ruthenium (II) complexes typically have a broad absorption in the blue region (λmax= 450 

nm) of the visible spectrum due to the excitation of the singlet metal to ligand charge 

transfer (1MLCT) band (Figure 1.7). When this band is excited, fast intersystem crossing 

(ISC) followed by vibrational relaxation leads to population of the lowest triplet excited 

level, 3MLCT state. This state is highly energetic and unstable, so must undergo rapid 

decay to the ground state via emission of light and non-radiative decay (heat). The large 

Stoke shifts characteristic of these complexes allows none of the emitting light to be 

reabsorbed leading to a more efficient process. The relaxation to the ground state from 

a 3MLCT (spin forbidden transition), usually provides relatively long lifetimes (> 100 ns in 

aerated water) for these types of complexes.47-49 Therefore,  photothermal stability, large 

stokes shifts and reasonably long lifetimes makes ruthenium (II) polypyridyl complexes 

exciting candidates for use as probes and tracers for sub-cellular structure localisation or 

for detection of biomolecules in the microenvironment of the tumour.  

 

Figure 1.7- General schematic of Jablonsky diagram for the complex Ru(bpy3)Cl2. 
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1.2.2.1 Using light as treatment strategies 
 

Nowadays, there are three main areas of cancer research related to light activation: 

Photodynamic therapy (PDT), Photoactivated Chemotherapy (PACT) and Photothermal 

Therapy (PTT). PDT is a process that involves a photosensitizer (PS) which is non-toxic in 

the dark, but upon irradiation at a specific wavelength, is excited to the singlet state, 

followed by an intersystem crossing (ISC) process to the most stable excited triplet state 

(Figure 1.8). This excited triplet state can then decay by phosphorescence or influence 

the biological environment by two different pathways, type I or type II. Type I involves 

the transfer of an electron or proton to or from the photosensitizer to form radicals that 

can generate ROS. In a type II mechanism, the photosensitizer triplet excited state 

transfers its energy to molecular oxygen producing singlet oxygen species.50  

 

Figure 1.8- Mechanism of action of Photodynamic therapy (PDT), obtained from50. 

 

Most photosensitisers approved in clinic are derivatives of porphyrins, which have major 

drawbacks such as photobleaching, poor water solubility, lack of cancer cells selectivity 

and slow clearance from the body causing photosensitivity.51  So, in an attempt to tackle  
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the current disadvantages of known photosensitisers, ruthenium (II) polypyridyl 

complexes have been studied due to their high water solubility compared to porphyrins, 

large Stokes shifts, multiphoton excitation, and the ability to produce 1O2 species, which 

is ideal for PDT type II. Moreover, most of the ruthenium (II) complexes are chemically 

and photochemically stable, and display little or no photobleaching in contrast to 

porphyrins derivatives.50, 52 As previously described, a ruthenium (II) complex (TLD-1433) 

is nowadays in phase II clinical trials for a type II PDT treatment of bladder cancer.53 This 

complex can be activated with green light (520 nm to 540 nm) generating 1O2 to the 

bladder tumour. The difference of toxicity between dark and light has two orders of 

magnitude. Besides it demonstrates a very quick clearance in vivo, in which 24 hours 

after administrating the drug, the concentration was in the nM range. TLD-1433 does 

not show effects of skin photosensitivity, which is one of the side effects of the 

photosensitisers currently in the market.54, 55 

Due to its promising efficacy, current literature is rich in PDT studies using ruthenium (II) 

complexes.8, 56-58 PACT, however,  is a recent field and therefore there is a lack of studies 

in this area.59 PACT entails an irreversible photochemical reaction that leads to the 

formation of a new complex toxic to the cells. Ruthenium (II) complexes have very 

promising results for PACT due to their excited state nature.60 Light irradiation of inert d6 

Ru(II) complexes generates an excited triplet metal to ligand state (3MLCT) as stated 

above. However, the triplet metal state (3MC) for these compounds has a very similar 

energy to 3MLCT, allowing rapid interconversion between the 3MLCT and this highly 

dissociative character state (3MC) (Figure 1.9). This results in a ligand exchange between  
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the photoactivable ligand and solvent molecules. This ligand is then released inside the 

tumour and becomes toxic for the cells.61 

 

Figure 1.9- Mechanism of action of Photoactivated Chemotherapy (PACT), demonstrated by 
Jablonsky diagram. 

 

An ideal photosensitiser for light therapy should be nontoxic in the dark, stable in a 

biological media, and soluble under physiological conditions, while the wavelength of 

activation should ideally lie within the therapeutic window and have relatively high 

efficiency of the photochemical process.62, 63 Moreover, a photosensitiser should be 

independent of oxygen levels. Several tumours can be found in tissues that lack of 

oxygen (hypoxic tumours). In these cases, PDT efficacy can be limited.64 Moreover, 

although PACT is an exciting strategy that has gained a lot of attention in the last few 

years, there is no example of a PACT compound currently in clinical trials.65 The 

combination of a PDT and a PACT therapy can be a powerful strategy since it combines 

ROS production with a toxic compound formed upon irradiation on the tumour cells. 

Thus, studies on this synergetic effect have started to emerge, in which, the groups Turro 

and Bonnet have been extensively studying the combination effect between PDT and  
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PACT.66-71 The dual-active compound [Ru(bpy)(dppn)(CH3CN)2]2+ showed a 1O2 

production and photoinduced ligand exchange from CH3CN to water molecules, which 

exhibited a potent toxicity of 2.5 fold more potent than its precursors.72 Later, another 

ruthenium (II) complex with the same ligand dppn but also containing a peptide that 

inhibits enzymes leading to cell death (Figure 1.10), was shown to be a promising dual 

agent by undergoing ligand exchange and release the protein, but also by producing 1O2 

to kill tumour cells.73 Moreover, after light irradiation, the complex can damage DNA 

demonstrating a three-way therapeutic system to tackle Hela cells.  

 

Figure 1.10- Schematic representation of a ruthenium (II) complex dual phototoxicity by singlet 
oxygen species formation and release of a protein that inhibits enzymes, leading to cell death, 

obtained from73. 

 

1.2.2.2 Using DNA as treatment strategies 

 

In addition to light therapy, one of the most studied strategies for cancer therapy is the 

induction of DNA damage through interaction with small molecules. B form is the most 

common DNA conformation found within the cells. Although less common, A and Z  
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forms are also other conformations that DNA can adopt under certain specific conditions 

and can be identified as a left-handed double helix (A-form) or a left-handed helix with 

a zig-zag pattern on the phosphate bone (Z-form).74 Due to being the most common form 

in nature, scientists have been extensively studying B-form DNA, to allow an efficient 

interaction between DNA and small molecules.75, 76  B-form DNA is represented by two 

polynucleotide chains that coil around each other to form a right-handed double helix. 

The two chains are oriented in opposite directions, and they hold together by 

nucleobases that point towards the centre of the helix. Complementary nucleobases 

bind to each other by hydrogen bonds (cytosine (C)- guanine (G) and thymine (T) - 

adenosine (A)). These hydrogen bonds provide enough stability to hold the DNA in a 

double helix structure. DNA has a structural framework of alternating deoxyribose sugars 

and phosphate groups forming a linear chain that runs along the length of each DNA 

strand. This negatively charged backbone provides structural support and flexibility to 

the helix, allowing the nucleobases to be in the centre of the helix where they can 

interact with each other.  The π-π stack between the nucleobases provides a twisting of 

the strands which allows the presence of the minor and major grove on the DNA double 

helix. By having different sizes, the accessibility to each groove is also different and it 

depends very much on its position and the moleculare structure.77  

There are two types of interactions with DNA: irreversible and reversible. Irreversible 

interaction refers to the formation of a covalent or coordination bond between the small 

molecule and the DNA and usually implicates inhibition of DNA transcription or 

replication followed by cell death.78 A very well-known example of this mode of action is  
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cisplatin, where it binds to guanine sites of DNA.79 Reversible interactions can be from 

external electrostatic interactions (Figure 1.11- A), groove binding (Figure 1.11- B), 

external self-aggregation (Figure 1.11- C),  or intercalation (Figure 1.11- D).80 External 

electrostatic interactions originates from positively charged molecules that interact with 

the negatively charged phosphate backbone. The groove binding typically occurs when 

a molecule has the right size and flexibility to be able to lay in one of the grooves and 

interact with DNA by electrostatic interactions, Van der Waals forces and hydrogen 

bonds. Usually, these molecules have aromatic rings that allow them to rotate around 

the bonds and adapt to the DNA shape. External self-aggregation happens when a 

molecule, usually aromatic planar species, stacks in the external part of the double helix 

forming huge aggregates. Finally, intercalation is a stacking interaction upon the 

insertion of an aromatic planar species between the base pairs of DNA. This interaction 

comes from π-π stacking but also with Van der Waals forces and hydrophobic 

interactions. Intercalation can force DNA to change configuration from B-form to A-form 

and cause helix unwinding. Although these structural changes are not always harmful or 

toxic to DNA, several intercalators can be used as anticancer agents, antibiotics or 

antifungals.78, 80, 81  
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Figure 1.11- Schematic representation of the main reversible interactions, A- external 
interaction, B- interaction in the grooves, C- external self-aggregation, D- intercalation, obtained 
from80. 

 

Ruthenium (II) complexes have been extensively studied for their interaction with DNA.82 

These complexes exhibit octahedral geometry with a ruthenium (II) complex atom in the 

centre surrounded by three aromatic bidentate and planar ligands. Overall, these 

complexes interact noncovalently to DNA by electrostatic, Van der Walls forces and/or 

π-π stacking by intercalating their rigid planar aromatic ligands between DNA base 

pairs.83 When ruthenium (II) complexes interact with DNA, they can perturb the 

electronic properties of the intercalator allowing  monitoring this interaction by 

absorption spectroscopic studies. It is generally agreed that a hypochromic effect 

(decrease in absorption intensity) in the UV-Visible spectrum upon DNA binding is due 

to intercalation and a strong π-π stacking between the aromatic planar ligand of the 

ruthenium (II) complex and DNA base pairs.84 When an intercalator interacts with the 

DNA base pairs, the π* orbital of the intercalative ligand can couple with π orbital of the  
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base pairs, leading to a decrease in π- π* transition energy, resulting in a red shift in the 

intra ligand (IL) band visible on UV-Vis spectroscopy.85, 86 Emission spectroscopy is also a 

very useful tool to analyse DNA interactions with ruthenium (II) complexes. When 

ruthenium (II) complexes bind to DNA, they reduce the accessibility to water molecules, 

avoiding its luminescence quenching. Therefore, the emission intensity of ruthenium (II) 

complexes tends to increase upon interaction with DNA.87 Besides these two common 

techniques to analyse the interaction between ruthenium (II) complexes and DNA there 

are others methods that are equally important, such as linear and circular dichroism, 

viscosity, thermal denaturation and displacement studies. Linear and circular dichroism 

are also spectroscopic techniques used for analysis of DNA interaction. Linear dichroism 

(LD) measures the absorption of linearly polarised light and can give information on the 

orientation and conformation of a molecule.88 LD usually uses two beams, one parallel 

and another perpendicular to the flow, so that the molecules that are not oriented in 

each direction are not going to be detected. DNA helix can be oriented so that the base 

pairs are perpendicular to the helix axis, leading to a negative LD spectrum (Figure 1.12). 

If the molecule is oriented parallel to the flow then the LD spectrum would be positive.89 

When a ruthenium (II) complex is added to the oriented DNA solution, it is only possible 

to observe it if it binds to DNA, i.e, if binding occurs in the same orientation.90 Therefore, 

if the ruthenium (II) complex is an intercalator between the base pairs, then it will be 

oriented perpendicular to flow, producing a negative signal, whereas if it is a grove 

binding the signal will be positive. In contrary to LD, where the electromagnetic waves 

oscillate on a single plane, in circular dichroism (CD) two electromagnetic wave plans are 

at 90° degrees phase difference, rotating as the light beam propagates. The absorption  
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of left and right-handed circularly polarised light by chiral molecules is different, giving 

them different CD spectra.88 The CD spectrum can be very useful to detect 

conformational changes of DNA upon addition of another molecules, such as a 

ruthenium (II) complex. Although the base pairs of DNA are not chiral, the backbone of 

this structure is. The chirality of the sugar groups induces a CD signal in the π-π* 

transition of the base pairs and therefore each different DNA conformation has a 

different CD spectrum.91 Very often both LD and CD techniques complement each other 

to demonstrate an interaction between a ruthenium (II) complex and DNA.92 

 

Figure 1.12- Schematic representation of an LD and CD spectra in comparison with an absorption 
spectrum when a B-form DNA interacts with an intercalator (1,2) or a groove binder (3). 
Intercalators are oriented perpendicular to the flow and groove binders are usually with a 45° 
angle to the helix axis, adapted from88, 89.   

 

Viscosity is defined as a resistance to a liquid flow.93 When an intercalator bind to DNA 

between the base pairs, there is an increase in the DNA length and therefore an increase 

in DNA solution viscosity.94, 95 On the other hand, if the ruthenium (II) complex binds to  



1. Introduction 

 

21 
 

 

one of the grooves with no intercalation process, typically there will be no variation in 

DNA viscosity because the DNA length would not change.96 When a ruthenium (II) 

complex binds by partial intercalation, usually the DNA would bend, leading to a 

decrease in DNA length and viscosity.96 Therefore, measuring the viscosity of a DNA 

solution before and after ruthenium (II) interaction, can be a good indication to the type 

of binding involved between these two molecules.  

Thermal denaturation can be defined as the temperature needed to make the double 

strand DNA to dissociate into single strands. This effect usually leads to an hyperchromic 

effect (increase in absorption intensity) visible on the DNA bases’ absorption band (λmax 

= 260 nm). It is well known that the temperature where half of the total base pairs is 

unbonded (Tm) considerably increases in the presence of an intercalator, leading to an 

easy identification of an intercalation process.97-99 Displacements studies are usually 

carried out with DNA and ethidium bromide. This well-known DNA intercalator 

significantly increases its fluorescence upon DNA binding and therefore it is a very used 

dye for DNA detection.100 To understand if the ruthenium (II) complex is a DNA 

intercalator, a competitive spectroscopic study can be performed, where the 

concentration of DNA and ethidium bromide is kept constant, but the concentration of 

the ruthenium (II) complex gradually increases. If upon the addition of the ruthenium (II) 

complex, a decrease on ethidium bromide fluorescence is observed than it means that 

the ruthenium (II) complex is displacing the ethidium bromide and intercalating between 

the DNA base pairs.101 
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1.3 Nanomaterials 
 

Nanotechnology emerged in the 1980´s and since then, nanomaterials have been used 

in several applications such as environment, agriculture, biotechnology and biomedical 

sciences.102-104 Nanotechnology produces nanoparticles (NPs) of various types at a 

nanoscale level (1- 100 nm).103 Nanoparticles (NPs) can have different shapes such as 

nanorods105, nanostars106, nanowires107, nanofibers108 and quantum dots109, which can 

be made of gold110, silver111, platinum112, palladium113, silica114, carbon115, a wide range 

of polymers116 and many others. NPs have different size-dependent features, due to their 

very small size but large surface area. This allows the functionalisation of the 

nanoparticles’ surface with molecules of interest, creating a strong benefit in 

nanotherapeutics research, since nano sized particles can be functionalized with 

molecules to their surface such as antibodies, DNA fragments, nucleic acids, and other 

biological moieties.117 Consequently, NPs can easily accumulate inside the cells, due to 

their specific targeting and fast uptake. Due to a high surface area, nanoparticles have 

the potential to have high loading of compounds attached to their surface, and 

therefore, enable the delivery of larger quantities of drugs to the cells, than a typical 

molecular drug in solution. This has let to, NPs be extensively researched  for use in 

cancer imaging and therapy (Figure 1.13).118-120 
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Figure 1.13- Types of nanomaterials researched for cancer therapy: A- quantum dots, B- 
graphene, C- gold nanoparticles, D- polymeric micelles, E- liposomes, F- silica nanoparticles, G- 
magnetic nanoparticles, H- carbon nanotubes, I- polymer-drug conjugates, J- polymeric 
nanoparticles, obtained from118. 

 

The first nanomaterial approved by the Food and Drug administration (FDA) was a 

delivery system based on liposomes for the cancer drug doxorubicin in 1995.121 Since 

then, the quantity of research focussing on NPs as delivery systems has significantly 

increased.122 Until now, more than 90 nano drug delivery systems have been 

approved.123 The latest nanomedicine formulations approved by the FDA, in 2021, were 

Comirnaty and mRNA-1273, vaccines of mRNA-containing lipid nanoparticles for SARS-

CoV-2 virus.124-126 However, for the purpose of cancer treatment the last nanomedicine 

approved and marketed was in 2019, for metastatic breast cancer using paclitaxel (an 

approved anticancer drug) formulated as albumin bound nanoparticles.127 Paclitaxel  
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targets microtubules inducing apoptosis of cancer cells by mitotic arrest. However, this 

drug is associated with several side effects associated with the vehicles used to improve 

the solubility of the drug. Using an albumin nanoparticle carrier not only improved the 

solubility of the drug but also minimised the side effects, producing a good safety profile 

for cancer treatments.128 

 Despite the advances nanotechnology has brought to cancer treatments, mostly 

liposomes, polymers and protein-based nanoparticles have been approved. 

Nonetheless, various others, including inorganic nanoparticles, have generated 

significant attention due to their unique and promising characteristics; offering the 

possibility not only of treatment but also of an early diagnosis. For instance, gold 

nanoparticles have been extensively studied for biomedical applications, hinting to a 

promising future in nanomedicine.129 

 

1.3.1 Gold nanoparticles 

 

Gold nanoparticles (AuNPs) are nanomaterials made of gold. AuNPs have been prepared 

in various shapes such as spheres, rods, stars, wires and cages. These nanomaterials have 

been intensively explored for biosensors, diagnostics, and therapeutics in cancer but also 

bacteria resistance, due to their exciting properties.130 AuNPs have high chemical and 

physical stability as well as high biocompatibility, ease synthesis, characterisation, and 

functionalisation with a wide range of molecules, and their unique optical properties due 

to their surface plasmons.103, 131-133 Plasmons are oscillations of free electrons in metals 

at a defined frequency. In a nanoparticle, these oscillations create a localised electric  
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field around the nanoparticle, called a resonance (Figure 1.14). When the frequency of 

incident visible light matches the frequency in which the electrons oscillate collectively 

(plasmon resonance), the AuNPs absorb that light very efficiently, leading to scattering 

peaks and spectral absorption. The absorption of light by the AuNPs is therefore very 

dependent on the shape and size of the nanoparticles, which can be identified by UV-Vis 

spectroscopy. Thus, when the shape or size of the AuNPs changes, the electrical field 

density of the surface of the nanoparticles will change, and the surface plasmon 

resonance (SPR) of the AuNPs will change. Thus, the UV-Vis λmax will shift.130, 134, 135  

Moreover, the SPR of AuNPs offer the possibility of multimodal imaging such as dark field 

microscopy136, due to the light scattering properties, but also photoacoustic imaging137 

and electron microscopy138 due to the highly dense electronic structure and their high 

absorption in the visible and near infrared region.  

 

Figure 1.14- Illustration of localised surface plasmon resonance (SPR) in a gold nanoparticle. 

 

 

1.3.2 Gold nanoparticles for cancer theranostics 
 

Due to their large surface to volume ratio, facile functionalisation, surface plasmon 

properties and low cost, AuNPs have been tested as biomarkers for cancer diagnosis.139  

Light wave 
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For example, AuNPs can detect circulating tumour cells (CTC). CTCs are responsible for 

tumour metastasis, but they also can be found in early stages of cancer and therefore, 

their early detection is of primary important.140 Functionalising AuNPs with antibodies 

or aptamers that specifically target CTCs in the bloodstream is one of the strategies used 

in the current literature.141 By attaching up to 95 aptamers to AuNPs an enhanced 

capability of molecular recognition was observed leading to an increase from 49 % to 

92% of CTC’s detection (Figure 1.15).142 Besides CTCs, AuNP-based strategies have also 

demonstrated detection enhancement for circulating nucleic acids and vesicles in the 

blood, excluding healthy blood cells.141 

 

Figure 1.15- Schematic illustration of enhanced cell capture using AuNP-aptamer (a) versus a  
poorer detection with only aptamers (b), obtained from142. 

 

Proteases are implicated in a wide range of diseases, such as cancer, so monitoring 

proteases activity can be a useful biomarker in cancer diagnosis. Common tools to 

monitor proteases activity includes the use of fluorescence, mass spectrometry and 

MRI.143 However, recently a AuNP-based strategy showed promising results in vivo for 

colorectal cancer. A nano sensor was made by functionalising gold clusters with a large  
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protein carrier that binds to biotin (Neutravidin) and a protease-cleavable peptide 

linker.144 This nano sensor was made so that it disassembles with high levels of proteases 

such as MMP9 (Figure 1.16). After cleavage, the gold clusters are efficiently filtered 

through the kidneys and can be detected in the urine by a colorimetric assay. This 

strategy showed that this novel system can be used as a sensor for colorectal tumour, 

however it requires further investigation to determine if it can be extended to other 

types of cancer or disease .144 

 

Figure 1.16- Schematic demonstration of gold nano sensors for the detection of high levels of 
protease MMP9, obtained from144. 

 

AuNPs have been shown to be able to detect genetic mutations in tumours145 and even 

volatile organic compounds (VOCs)146 which are produced through the metabolism of 

cancer cells. Moreover, AuNPs are strong contrast imaging agents due to their absorption 

coefficient larger than organic dyes, optimal tissue penetration with no 

photobleaching.147 Thus, AuNPs can be used to track STEM cells in vivo by photoacoustic  
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imaging with high spatial and temporal resolution.148 In this study, gold nanorods were 

coated with silica, to shift the plasmon resonance peak to 910 nm, then coated with a 

ROS sensitive near infrared dye IR775c and doxorubicin (an anticancer drug known to 

intercalate with DNA and produce ROS species). The nano system was able to track cells 

viability for 10 days and monitor cell death caused by doxorubicin (Figure 1.17).  

 

Figure 1.17- Overtime photoacoustic images at 795 and 920 nm of labelled STEM cells with the 
nano system, showing a cell viability decrease due to the addition of doxorubicin, obtained 
from148. 

 

Besides photoacoustic imaging, AuNPs have been used as contrast agents for several 

other imaging techniques such as magnetic resonance imaging, computed tomography 

and photothermal imaging showing that AuNPs are a good option for long term imaging 

due to their biocompatibility, low toxicity and relatively long tumour retention.149-151 

Improving imaging techniques to allow early diagnosis of cancer is crucial to successfully 

tackling tumour cells. However, combining a system that allows for early imaging of a 

tumour with therapy has been the goal of cancer research. In general, chemotherapeutic 

drugs can have solubility and biocompatible issues, fail in tumour targeting or even  
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enhance drug efflux in resistant tumour cells. Therefore, AuNPs can be designed such 

that there is an increase in drug loading to maximise the therapy efficacy and utilise the 

visible and near-infrared response to eliminate drug resistance limitations. It has been 

shown in the literature that after making sure that the gold nanostars were accumulated 

in lung cancer cells, the drug mitoxantrone that was loaded in the surface of the 

nanostars, by electrostatic interactions, was released by laser irradiation and therefore 

effectively killed the tumour cells.152 In a different study, it was shown that by coating 

AuNPs with the anticancer drug, drug delivery around tumour cells and cellular uptake 

increased 6.5 fold rather than just using the drug by itself.153 Even without drug release, 

it is possible to kill cancer cells by using gold nano systems. AuNPs can be used as nano 

carriers of photosensitisers for photodynamic therapy (PDT) and therefore produce ROS 

species that allow cancerous cells apoptosis.154 Moreover, it has been shown that the 

fact that the photosensitisers are attached to AuNPs, enhances the ROS production due 

to its high localised plasmonic field.155, 156 The SPR effect can lead to the generation of 

high energy electrons upon light irradiation that can participate in redox reactions and 

contribute to the ROS production of the photosensitiser. Moreover, AuNPs themselves 

can generate ROS. It has been demonstrated that AuNPs can catalyse the decomposition 

of hydrogen peroxide into hydroxyl radicals and oxygen, which induces cell death 

mechanisms.157-159 It is important to note that although this ability can be beneficial for 

photodynamic therapy, it can also raise questions related to the toxicity of AuNPs. 

Therefore, it is important to bear this in mind during the design of an efficient gold nano 

system against cancer.  
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1.3.3. Gold nanoparticles in clinical studies 
 

Despite the promising results of AuNPs systems in nanomedicine, few of them have 

reached clinical trials. This is assumed to be due to the direction of AuNPs research being  

directed at a materials level, enhancing the nanomaterial properties rather than focusing  

on what is clinically relevant.160 Therefore, the only AuNPs that have reached clinical 

trials have had very simple formulations, making them easy to scale-up production and 

predict the in vivo behaviour. Moreover, there are studies that show gold accumulation 

in the liver and spleen, leading to incomplete excretion and toxicity concerns.160, 161 

However, with this in mind there is one case of AuNPs that is currently in phase II of 

clinical trials for cancer therapy, showing that AuNPs have exciting properties that cannot 

be matched by other formulations, and therefore reaching the market is a possibility.162 

CYT-6091 is a PEGylated AuNP functionalised with recombinant human tumour necrosis 

factor alpha (TNF-α). This is a protein produced by the immune system and is involved in 

several processes such as inflammation, immune response and apoptosis, and so it can 

be a key factor against the formation and progression of tumours. However, since TNF-α 

is a very important inflammatory mediator widely expressed in several cells, high levels 

of this protein can have the opposite effect, contributing to the promotion of tumour 

growth by creating a pro-inflammatory microenvironment.163 Therefore, TNF-α must be 

administered with strict control over quantity limits and biodistribution.164 Through the 

use of AuNPs, it is possible to control the amount of TNF-α as well as stablish an efficient 

targeted delivery system for tumours that are not able to be surgically isolated (Figure 

1.18). Using AuNPs allowed an easy functionalisation of the protein TNF-α to the surface 

of the nanoparticles, due to a strong thiol bond between the gold and the protein.   
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Moreover, the PEGylated AuNPs injected into solid tumours, increased the TNF-α 

circulation within the body. The results from phase I showed the safe delivery of TNF-α 

to tumour cells, even after administrating triple the usual dose of TNF-α. The AuNPs-TNF 

system was demonstrated to disrupt blood vessels in tumour sites allowing 

chemotherapeutics to penetrate and kill cancer cells.164 Aside from cancer therapy, there 

are AuNPs formulations that are active in phase I clinical trials for autoimmune disorder 

type 1 diabetes, a vaccine against dengue fever and COVID-19.160 

 

Figure 1.18- Schematic representation of drug distribution in a human body after administration 
of a AuNP-drug formulation (left) or only the drug by itself (right).  

 

 

1.4 Gold nanoparticles and ruthenium (II) complexes for cancer theranostics  
 

Given the remarkable properties of both AuNPs and ruthenium (II) complexes, it is 

evident that their combination can serve as a powerful theranostics strategy in cancer  
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research. In early studies, focus on conjugating ruthenium (II)  complexes to AuNPs was 

for use as a coating and stabilisation agent for the study of the photophysical properties 

of the complexes.165 Later, it was understood that this nano luminescent system can be 

used for cell imaging using techniques such as confocal microscopy to detect a 

ruthenium luminescence signal and transmission electron microscopy to detect AuNPs. 

Zhang and co-workers, made a RuNH2 complex and conjugated through the amine to the 

AuNPs to be used as a two-photon luminescence sensor.166 On addition of a thiolate 

amino acid (Cys and Hcy), there is displacement of the ruthenium (II) complex by the 

amino acid, on the surface of the AuNPs. The liberated ruthenium (II) complex then, 

exhibits a strong two-photon signal that can be detected in live cells and mouse tissues 

with a penetration depth up to 170 µm (Figure 1.19).166 

 

 

Figure 1.19- Schematic representation of the AuNP.RuNH2 nano system and the detection of the 
ruthenium signal by two-photon microscope in different penetration depths of a rat slice, figures 
obtained from166. 
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Later, the same group realised that by conjugating two-photon luminescence ruthenium 

(II) complexes, it would be advantageous not only for imaging but also to tackle cancer 

cells through photothermal therapy.167 Photothermal therapy (PTT) is a therapeutic 

strategy that converts light energy into heat. Tumour cells do not resist heat well, and 

therefore increasing the temperature of the tumour site allows the triggering of cell 

death mechanisms.168 In this study, three different ruthenium (II) complexes were 

conjugated to AuNPs, demonstrating that AuNP.Ru2 had the highest two-photon 

luminescence. So, the PTT effect of AuNP.Ru2 was investigated, which demonstrated the 

ability of real time imaging of the tumour and an in vivo tumour ablation through PTT 

after specific irradiation of the tumour tissue with 808 nm light (Figure 1.20). 

 

Figure 1.20- Schematic representation of the three different ruthenium (II) complexes in study 
attached to AuNPs and demonstration of the two-photon luminescence and PTT efficiency of the 
three nano systems, obtained from167. 

 

Recently, AuNP.Ru nano conjugates have been applied as stabilising agents for collagen 

in vitro, attributed to their ability to generate 1O2 through photo crosslinking.169 

Additionally, they have been employed to address the limitations of Ru(II) arene  
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complexes in cancer research, aiming to enhance their performance.170 Half sandwich 

Ru(II) arene complexes have shown their anticancer properties.171, 172 However, most of 

these complexes have two big limitations; the solubility in physiological media and  the 

short half-life during blood circulation. To overcome these drawbacks, these complexes 

can be attached to AuNPs, to increase their solubility and cytotoxicity against colorectal 

adenocarcinoma compared to the complex on its own. However, localisation of the 

AuNPs inside the cells and an apoptosis mechanism is needed in this study to evaluate 

the performance of AuNP-Ru(II) arene conjugates. 170  

The remarkable progress in the conjugation of AuNP with ruthenium (II) complexes for 

biomedical applications, specifically in cancer research, suggests the potential of these 

nano systems to progress to clinical trials. However, as the utilisation of these nano 

systems is still relatively recent, there is a lack of research on this topic. In order to fill 

the prerequisites essential for a formulation to reach clinical trials, it is crucial to continue 

the investigation in depth and acquire an extensive understanding of these nano 

systems’ behaviour.  

 

1.5 Thesis Outline 
 

In this work, AuNPs conjugated with three different luminescent ruthenium (II) 

complexes were designed, synthesised, and characterised. Using the appropriate 

distance from the metal complex to the gold and an appropriate surfactant, AuNP.Ru 

conjugates can enhance the luminescence lifetime of the ruthenium (II) complexes. The 

novel AuNPs-Ru conjugates showed the ability of live cell imaging of A549 cancer cells  
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and their accumulation in the cytoplasm and nucleus of the cells after 4- and 12-hours 

incubation. AuNP.Ru conjugates bound strongly to DNA by intercalation and electrostatic 

interaction, revealing a possible DNA uncoiling effect. Additionally, AuNP.Ru showed 

promising PDT effect by revealing phototoxicity in the nanomolar range upon irradiation 

with a 535 nm visible green light and no toxicity in the dark. 

Chapter 2 explains the photophysical study of two of the complexes synthesised 

(RuPhenL1 and RuPhenL2), their attachment to two different sizes (13 nm and 25 nm) 

AuNPs and their characterisation. It also demonstrates the importance of surfactants on 

the surface of AuNPs and their influence on the ruthenium luminescence signal, in which 

different types or lengths of surfactant can increase or decrease the luminescence 

lifetime of the ruthenium (II) complexes when attached to AuNPs.  

Chapter 3 evidence the photophysical study of the third luminescence ruthenium (II) 

complex (RuDppzL2) and its attachment to AuNPs. In this chapter, an investigation of the 

interaction between AuNP.Ru and DNA is carried out. To the best of our current 

knowledge, this is the first time that the interaction between AuNP.Ru and DNA can be 

visualised by microscopy, in which  a possible uncoiling of the double helix of DNA to two 

single strands upon AuNP.Ru binding is visible. This interaction is then further 

investigated, where intercalation and electrostatic interactions are the two suggested 

modes of binding between DNA and AuNP-Ru.   

Chapter 4 shows the visualisation of the AuNP.Ru conjugates in A549 cells by confocal 

and electron microscopy, demonstrating accumulation in both the cytoplasm and 

nucleus of the cells. 25 nm size AuNPs revealed a higher cellular uptake than 13 nm  
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AuNPs. However, the results also showed that higher lipophilicity of the ruthenium (II) 

complexes improved the uptake, even in 13 nm AuNPs.  The phototoxicity of AuNP.Ru 

conjugates was evaluated in the dark and after irradiation with visible green light at 535 

nm, revealing no toxicity in the dark in A549 cells but a significant drop in cell viability 

upon light irradiation, demonstrating a promising PDT effect. 

Each research chapter contains a brief literature review to introduce the context 

discussed, followed by discussion of results and conclusions. Afterwards, there is an 

experimental section and appendices detailing additional data. To finish, a general 

conclusion and future work is presented.   
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2. Effect of surface coating on ruthenium gold nanoparticles 

luminescence properties 
 

2.1 Introduction 
 

2.1.1 Luminescence properties of Ruthenium (II) complexes 

 

The combined luminescence and cytotoxic properties of ruthenium (II) complexes make 

them promising candidates for biomedical applications. The luminescence properties of 

the complexes depend on the ligand field strength, ligand intrinsic properties and 

oxidation states of the metal.173 Therefore, the type of ancillary ligand around the metal 

centre plays a very important role on tunning the overall properties of the complex. One 

of the first and therefore most studied complexes, Ru(bpy)3Cl2,(bpy= 2,2’-bipyridine) was 

found to be of relevant interest because of its photochemical stability, relatively high 

luminescence in aqueous solution (4 % quantum yield and 360 ns of luminescence 

lifetime) and good water solubility.48 Nevertheless, it was discovered early on that 

Ru(phen)3Cl2, (phen= 1,10-phenanthroline) had higher luminescence lifetimes and 

quantum yields than Ru(bpy)3Cl2 (8 % quantum yield and 450 ns of luminescence lifetime 

in aqueous solution).48, 174, 175 The complex Ru(phen)3Cl2, although structurally analogous 

has a characteristic blue shift in absorption and emission, when compared with 

Ru(bpy)3Cl2.48 It is assumed that this is due to the incorporation of the bridgehead carbon 

into the 1,10-phenanthroline structure causing some rigidity to the ligand. This causes 

destabilization and an increase on energy of the πL* orbital and therefore a bigger gap 

between HOMO and LUMO. This increase in the HOMO-LUMO gap leads to a likelihood 

decrease for non-radiative decay processes which causes an increase of quantum  
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yield.176-178 Fluorescence quantum yield is defined as a measure of emission efficiency of 

radiative photons upon excitation by light; that is, the ratio of the number of photons 

emitted to the number of photons absorbed. This can be showed as a relationship 

between the rate of radiative decay (k) and the total decay rate (eq.1) 

  

ɸ =
𝑘

𝑘 +  𝑘𝑛𝑟
 

 

(1) 

 

The luminescence lifetime is defined as the inverse of the total decay rate. (eq.2) The 

total decay rate includes radiative decay (k) such as fluorescence or phosphorescence 

and nonradiative decay (knr) which involves dissipation of energy by heat or vibrations, 

or energy transfer decay.  

  

𝜏 =  
1

𝑘 +  𝑘𝑛𝑟 
 

 

(2) 

Therefore, the relationship between quantum yield and lifetime can be expressed as  

  

ɸ =  
𝑘𝜏 

(1 +  𝑘𝑛𝑟𝜏)
 

 

(3) 

The lifetime of a molecule is related to the probability of undergoing radiative and 

nonradiative decay pathways. If a molecule has long lifetimes, this does not mean that 

the radiative decay is long, in fact it could mean that the nonradiative decay is longer  
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than the radiative decay. The quantum yield is influenced by the competition between 

radiative and nonradiative decay. If the molecule undergoes extensive nonradiative 

decay, that means there are fewer photons emitted compared to the number of photons 

absorbed and therefore, the quantum yield will decrease.179-181 An increase in 

luminescence lifetimes and quantum yields could make a difference when used for 

biomedical applications such as imaging in cells. From that reason, the ligand 1,10-

phenantroline was chosen for the two complexes studied in this chapter. 

2.1.2 Influence of surface coating on gold nanoparticles 
 

Gold nanoparticles (AuNPs) due to their unique chemical and physical properties have 

potential for medical applications. Their small size carries a big advantage since it makes 

it possible to cross multiple biological barriers and be internalised into cells and specific 

organelles of the cells, that otherwise would be very hard to reach and penetrate.182 

Peckys and co-workers have showed, using scanning transmission electron microscopy 

(STEM), that 30 nm gold citrate nanoparticles could be internalised by live kidney cell 

type and bound to membrane of vesicles.183 More recently, Katoozi and co-workers 

studied the uptake of cetyltrimethylammonium bromide (CTAB) coated gold 

nanoparticles and quantified the number of particles inside the cells by dark-field 

microscopy and reflectance confocal.184 Furthermore, studies have showed 

internalisation of PEG coated gold nanoparticles into cells by using techniques such as 

induced coupled plasma mass spectrometry (ICP-MS)185, 186, transmission electron 

microscopy (TEM)187 or even confocal microscopy, in reflection mode, can be very 

efficient188. However,  if a fluorophore is attached to AuNPs, luminescence imaging also  
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becomes a reality. Due to the high electron density on the surface of AuNPs and the 

presence of a fluorophore, multimodal imaging is possible, making it a big advantage of 

these systems in relation to the traditional molecular probes used for biological 

imaging.187 To attach fluorophores to gold nanoparticles usually is necessary to include 

anchoring groups, such as carboxylic acids189, disulfides190, sulfonates191. However, thiols 

are by far the most studied molecules due to their high binding affinity with gold and 

long-term stability.192, 193 

 Ruthenium (II) complexes, due to the photophysical properties, are good candidates as 

luminescent probes on the surface of the gold nanoparticles. Within the Pikramenou 

group, ruthenium (II) complexes attached to AuNPs have been explored due to its easy 

functionalisation to the surface of AuNPs and good photostability.194-198 Rogers, Claire 

and co-workers synthesised 13 and 100 nm gold nanoparticles coated with a ruthenium 

(II) complex analogous with Ru(bpy)3Cl2 but with an aliphatic chain ending in a thiol 

group, and managed to image single particles in flow with the same emission than the 

ruthenium (II) complex in solution. Moreover, the 100 nm AuNPs were found inside of 

the nucleus using luminescence and electron microscopy.196 More recently, a similar 

ruthenium (II) complex coated in 13 nm gold nanoparticles was quantified, within cells, 

not only by ICP-MS, which is the standard technique to quantify AuNPs, but also by the 

binary image produced by the greyscale of confocal microscopy images (Figure 2.1). The 

number of particles inside the cells was quantified for both techniques and there was a 

clear correlation, revealing a multi modal pathway to quantify particles inside cells.194 
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Figure 2.1- (L) structure of RuS12 complex functionalised in AuNPs with 13 nm size. (R) a) 
confocal image acquired of a single cell with gold nanoparticles visualised through Ru signal (red 
channel), b) conversion of a) to greyscale, c) Thresholding of the greyscale image in ImageJ to 
binary image to visualise single luminescence spots, d) and e) the binary image is analysed in 
ImageJ to calculate the number of features and thus the number of particles. F- Luminescence 
image and emission spectrum of a solution of gold nanoparticles 100 nm in flow imaged using 
epiluminescence microscopy. Emission spectrum shows that the particles possess the 
luminescence properties of the ruthenium (II) complex with the characteristic 3MLCT centred at 
640 nm. Scale bar- 40µM.  Adapted from194. 

 

Although, the coating of AuNPs with fluorophores are very advantageous for imaging 

and quantification, there are still limitations. It has been reported previously that the 

attachment of fluorophores to the gold nanoparticles can quench the fluorescent signal.  

This quenching is induced by short distances from the fluorophore to the gold due to the 

strong electromagnetic field generated at the surface of the gold.199, 200 This “near-field” 

has showed that if an organic fluorophore is within 5 nm to the surface of the gold, then 

its close enough to the excited electrons to be donated from the fluorophore to the 

gold.201 However, if the fluorophore is distant enough from the surface of the gold 

particle by attaching long linkers to it, this effect is not observed, and in some cases the 

fluorescence can even be enhanced.195 Osborne and co-workers studied coated gold 

nanoparticles, 13, 50 and 100 nm, with ruthenium bipyridine complexes with different  
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size linkers to the gold (Figure 2.2). This study showed an increase on luminescence 

lifetime compared to the free complex, of 20% for the shortest distance and an 

enhancement of 70% for the longest distance between the ruthenium (II) complex and 

the gold surface. The longest linker complex also showed an increase of quantum yield 

in relation to the free complex showing that this increase is due to a radiative decay and 

a decrease of non-radiative decay. However, it is noted that this luminescence 

enhancement was only possible due to the presence of a surfactant attached to the gold 

particles.195  

 

Figure 2.2- Schematic illustration of RuS1, RuS6 and RuS12 distances to the gold when 
functionalised into AuNPs, adapted from195. 

 

Studies have showed that even with optimal distances from the gold, the luminescence 

signal of the ruthenium (II) complexes is quenched when attached to the AuNPs. Kedem 

and co-workers showed that at different distances of 3 nm and 20 nm from the gold, 

Ru(bpy3)Cl2 showed a weak luminescence in both cases, thus the luminescence intensity  
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was not only dependent on distance between probe and gold surface.202 Several studies 

have used this ruthenium quenching signal as an advantage to create bio sensors.12 

Nonetheless, if the aim is to image the AuNPs in cells, this signal quenching effect can be 

disadvantageous.203 

2.1.3 The role of surfactants in gold nanoparticles 

  

The attachment of surfactants to AuNPs is widely used to prevent aggregation and thus 

helping the conjugation to other ligands.204 Aggregation occurs when the nanoparticles 

tightly bond and clump together, making it difficult to break by mechanical forces. 

Aggregated nanoparticles are influenced by several factors such as temperature, pH or 

cationic molecules addition, leading to a colour change, larger size particles, reduction 

on UV-Vis absorbance and a red shift in the SPR band attributed to the coupling of the 

plasmon resonances of the particles.205-207 Although the latter effect be advantageous 

for imaging, the colloidal stability is poor and therefore difficult to tune the nanoparticles 

size.208 Moreover, aggregation could influence the AuNPs ability to interact or enter cells, 

leading to an inefficient imaging strategy.209, 210 Albanese and Chan were one of the first 

studying the effect of AuNPs aggregates in vitro.211 By coating different sizes AuNPs with 

transferrin and analysing uptake in three different cell lines, they realised that not only 

the AuNPs immediately aggregated in cell media, but also hindered cell uptake. They 

realise with this study that predicting a cell’s response to a heterogeneous size particles 

samples can be very challenging since it depends on several factors such as expression 

of target receptor, endocytosis mechanism and cell phenotype (Figure 2.3). 
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Figure 2.3- Scheme comparing 30 nm AuNPs uptake of a single particles and aggregates showing 
that when the aggregate’s tip interacts with the cell membrane there is not enough free energy 
produced by ligand-receptor binding to promote the uptake, adapted from211. 

 

To gain some control on gold nanoparticles self-assembly, the functionalisation of AuNPs 

with small molecules or polymers is a crucial step.212 Polyethylene glycol  (PEG) anchored 

with thiol groups is one of the most common surfactants used on AuNPs. PEGylation, 

creates a  “corona” (layer that is spontaneously formed around the NP), so AuNPs are 

not recognised by the immune system. Moreover, PEG is commercially available, 

inexpensive, and approved by the FDA.213 David and co-workers compared 30 nm citrate 

capped AuNPs with functionalised PEG-thiol AuNPs and demonstrated that, contrary to 

citrate-AuNPs, the functionalised nanoparticles with PEG-thiol can undergo cellular 

uptake without aggregation.214 Wang and co-workers found that cyclised PEG on the 

surface of AuNP can enhance dispersion stability of the nanoparticles due to an increase   
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of steric repulsions, when compared with linear PEG, reducing aggregation even through 

freezing, lyophilization or heating (Figure 2.4).215 

 

 

Although AuNPs exhibit excellent biocompatibility, it is known that proteins can absorb 

into the surface of AuNPs and alter their pharmacokinetics and biodistribution in the 

cells.216 Plasma proteins in blood are no exception, creating the so called “protein 

corona” around the surface of the AuNPs, leading to an accumulation in the liver, that 

acts as a biological filtration system, increasing toxicity on this organ and contributing to 

nonspecific distribution.217 PEG was found to minimise nonspecific protein adsorption 

and therefore reduce the uptake of AuNPs by the liver and enhance targeting effects.218 

Clark and co-workers synthesised gold nanoparticles conjugated with transferrin (Tf) 

antibodies that bind to transferrin receptors in the blood-brain barrier (BBB) to enable 

crossing of the BBB and enter the central nervous system (Figure 2.5). To do so, they 

used a PEG linker, that is sensitive at mildly acidic pH, between the gold and the antibody 

to provide stability while circulating in the blood. When the linker was used as a  

Figure 2.4- Linear and cyclised PEG surfactants used to study the dispersion 
stability of gold nanoparticles upon freezing, lyophilization or heating, adapted 
from41. 



2. Effect of surface coating on Ruthenium gold nanoparticles luminescence properties 

46 
 

 

stabilizing agent, antibody moieties were only released upon reaching the acidic vesicles, 

allowing free movement of the AuNPs to the brain.219 

 

Figure 2.5- Proposed mechanism of action of the gold nanoparticles conjugated with a 
transferrin (Tf) antibody and an acid cleavable peg linker. After endocytosis, there is a rapid 
acidification of the endosome causes the release of the antibody to bind to the Tf receptors and 
allowing free movement of the gold nanoparticles (left), structure of the gold nanoparticles with 

the acid cleavable peg linker and the antibody (right). Adapted from reference219. 

 

Besides blood proteins, single stranded DNA is also able to absorb in AuNPs surface and 

this has been used for different applications such as drug delivery220, 221 and 

biosensors222, 223. However, there is also the risk of nonspecific DNA binding interferes 

with the biological aim of the AuNPs. Zhang and co-workers coated AuNPs with single 

strand DNA and PEG and evaluated the rate of DNA hybridization with and without the 

surfactant coating.224 By this study they showed that there is an enhancement on the 

DNA hybridization rate, due to PEG being able to block nonspecific DNA interactions with 

AuNPs.  

Although PEG is the most common surfactant to stabilise AuNPs, it is not the only one 

used. CTAB225, 226, oleic acid227, tiopronin228 and Triton X-100229 can also be used to  
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control the growth and monodispersity of the gold nanoparticles. Surfactants are also 

necessary for stabilisation of AuNPs before addition of a charged complex. AuNPs are 

usually prepared by an adapted Turkevich method230, which sodium citrate is used as a 

reducing and capping agent. The layer of absorbed citrate anions keeps the particles 

separated, hence avoiding immediately aggregation after synthesis. Therefore, the 

functionalisation of a positively charged complex to the surface of the negatively charged 

AuNPs leads to a destabilisation and a flocculation of the particles. Flocculation can be 

defined as a random process of nondirectional and nonselective binding of molecules 

with opposite charges, when dissolved in a polar solvent like water.231 Flocculation in 

AuNPs have been studied for a while, but Murthy and co-workers showed that upon the 

addition of a positively charged poly(L-lysine) (PLL) to the negatively charged AuNPs, 

formed a spherical floc structure.231 However, this phenomenon usually creates 

structures with random sizes and shapes due to the lack of spatial and directional 

control, which can lead to a poor uptake in cells.  Therefore, the type of surfactant used 

to coat the AuNPs needs to be carefully chosen according to the biological aim since 

different surfactants can interact very differently with cells membrane and influence 

cellular uptake.232  

Fluorinated molecules are one more example of surfactants that have increasingly grown 

interest due to its properties. Fluorinated surfactants are lipophilic and chemically and 

thermally stable, with low surface tension and tuneable properties, making them very 

biocompatible, and thus very interesting for biomedical application.233 Fluorocarbons 

moieties in surfactants have been used in the literature due to their ability to fluidize the  
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lipidic monolayer which can be used to gain elasticity of the cell membrane and therefore 

improve the AuNPs uptake.234, 235 Moreover, fluorocarbon surfactants have showed the 

ability to increase the luminescence lifetimes. Kondo and co-workers developed a 

micelle made of surfactants that contained fluorocarbon groups and hydrocarbon groups 

(Figure 2.6).236 These structures showed unusual long lifetimes when compared to 

general surfactant micelles. This is due to its structure and the presence of very strong 

C-F bonds, the hydrophobic chain can come close by van der Waals forces and overlap 

with each other, providing extra stability to the micelle and longer lifetimes.236 

 

Figure 2.6- Chemical structure of fluorocarbon surfactant F6H5OS, adapted from236. 

 

Interestingly, this effect seems to also happen with ruthenium (II) complexes. Osborne 

and co-workers studied the luminescence effect of the ruthenium probe upon addition 

of the surfactant Zonyl FSA (Figure 2.7). This surfactant is a perfluorocarbon compound 

and its interaction with gold nanoparticles has been previously demonstrated.196 Two 

out of the three different ruthenium probes analysed had an increase of up to 70% on 

the lifetime. The increase in lifetime is due the protection of 3O2 quenching from the 

surfactant to the ruthenium (II) complex. In this study it was observed that by increasing  



2. Effect of surface coating on Ruthenium gold nanoparticles luminescence properties 

49 
 

 

the hydrophobicity of the ruthenium probe through increasing the aliphatic chain, the 

interaction with the surfactant increased and therefore improved the oxygen shielding.  

 

Figure 2.7- Schematic representation of the attachment of the fluorinated surfactant, zonyl FSA, 

and the ruthenium probes to a gold nanoparticle. Adapted from reference.30 

 

Overall, functionalisation of metal complexes on AuNPs is an exciting new strategy for 

imaging and thus increasingly studies have been emerging. 

Recent reports include investigation of DNA binding affinities and cellular imaging of 

luminescence ruthenium (II) complexes functionalised AuNPs, using ruthenium (II) 

complexes such as Ru(bpy)3Cl2, Ru(phen)2Cl2 and Ru(TAP)3Cl3 anchored with an aliphatic 

group containing a thiol at the end and attached to 4 nm AuNPs (Figure 2.8).237 Within 

this study, they showed that the functionalised AuNPs showed affinity for DNA and at 

same time were able to monitor the uptake and localisation of the 4 nm AuNPs by 

confocal microscopy and TEM.237 However, since no surfactant was used, the quantum 

yield of the ruthenium (II) complexes was lower on the nanoparticles when compared to  
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the free complexes, due to an energy transfer quenching by interaction with the gold 

surface.203 

 

Figure 2.8- Structure of the ruthenium (II) complexes and representation of their attachment to 
AuNPs, adapted from237.  

 

Although, ruthenium coated gold nanoparticles (AuNP.Ru) are explored in the literature, 

there are no examples of luminescence optimization studies using different surfactants 

and probes on AuNPs. This optimization is required to further understand the role of the 

interaction between surfactant and ruthenium and therefore obtain enhanced 

luminescent gold nanoparticles.   

2.2 Chapter Aims 
 

In this chapter the luminescence behaviour effect of two different ruthenium (II) 

complexes (RuPhenL1 and RuPhenL2) attached to monodispersed gold nanoparticles will 

be analysed and the nanoparticles fully characterised. Both complexes contain two  
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(1,10-phenantroline) ligands, with the difference on the third ligand (Figure 2.9). 

RuPhenL1 contains a 2,2-bipyridine ligand with a long aliphatic chain and RuPhenL2 has 

a 1,10-phenantroline ligand with a shorter aliphatic chain attached. The differences on 

the third ligand between both ruthenium (II) complexes will be used to compare 

luminescence properties. The effect of three different surfactants (Zonyl FSA and two 

different sizes PEG – nominated as SPEG and LPEG) will also be studied and its effect on 

the ruthenium luminescence will be compared.  

 

Figure 2.9- Schematic representation of  gold nanoparticles functionalised with ruthenium (II) 

complexes RuPhenL1 (left) and RuPhenL2 (right). 
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2.3 Results and Discussion 
 

2.3.1 Synthesis and properties of Ru  (II) polypyridyl complexes RuPhenL1 and RuPhenL2 

 

Two ruthenium (II) polypyridyl complexes with structures [Ru(1,10-

phenanthroline)2(L1)]Cl2 (RuPhenL1) and [Ru(1,10-phenanthroline)2(L2)]Cl2 (RuPhenL2), 

were synthesised and fully characterised following previously published methods in the 

Pikramenou group.195, 196, 238  

Figure 2.10 shows the schematic representation of the synthesis for RuPhenL1 and 

RuPhenL2. Before the synthesis of the final complexes, the synthesis of the linkers (L1 

and L2) and the precursor ruthenium (II) complexes type [Ru(L)Cl2]2+  such as: 

[Ru(phen)2Cl2]+2 was successfully carried out. 

 

 

L1 L2 

Figure 2.10- Schematic representation of general synthesis of the ruthenium (II) 

polypyridyl complexes RuPhenL1 (blue) and RuPhenL2 (red). 

RuPhenL2 RuPhenL1 
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Synthesis of ligands L1 and L2 

The synthesis of ligand L1 was carried out in six steps and the schematic representation 

of the reactions is shown in Figure 2.11. L1 ligand has been previously made by our group 

and showed an efficient attachment to gold surfaces and nanoparticles.196, 238 

 

 

 

In brief, di-tert-butyl decarbonate (BOC) protection of the amine group of 5-amino-1-

pentanol formed (2). Following the protection, conversion of the hydroxyl group into a 

tosyl group was carried out in a presence of a weak base (pyridine) (3); this step renders 

the alkyl chain susceptible to backside attack in a proceeding SN2 reaction to produce 

4,4-dihydroxy-2,2-bipyridine (4) A nucleophilic substitution reaction was carried out 

forming compound 5. The deprotection is allowed by TFA (6) followed by the reaction of 

a carboxylic group and amine to form the final 4,4- Di(5-lipoamido-1-pentoxy)-2,2-

bipyridine (L1). 

 

Figure 2.11- Schematic representation of the L1 ligand synthesis. 
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The synthesis of the new ligand L2 was based on previous published methods203  and in 

collaboration with Elena del Giorgio from the Pikramenou group. The synthesis was 

carried out in one step as shown in Figure 2.12, by a 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) coupling between the 

carboxylic acid of the α-lipoic acid and the amine on 1,10-phenanthroline-5-amine. 

 

 

Figure 2.12- Schematic representation of the L2 ligand synthesis. 

 

One advantage of ligand L2 is it required of only one step for synthesis and high atom 

economy, instead of the six steps needed for ligand L1. However, the L1 ligand contains 

a longer aliphatic chain, which increases the distance between the gold and ruthenium 

(II) complex. Moreover, L1 contains a 2,2-bipyridil ligand while L2 has a 1,10-

phenanthroline, which although structurally similar it has different photophysical 

properties. Therefore, the comparison study between complexes, with the two different 

ligands L1 and L2, it is an important analysis to evaluate the influence of these ligands 

on the AuNPs luminescence.  
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2.3.2 Photophysical characterisation of RuPhenL1 and RuPhenL2  

 

The absorption, steady state excitation and emission were recorded in aerated water 

with 2% methanol, for both complexes. The photophysical properties of similar 

complexes (RuS12, RuPhenS12) in acetonitrile have been studied previously by the 

Pikramenou group,196, 238 and for that reason are not going to be studied.  

The photophysical properties of RuPhenL1 and RuPhenL2 are similar (Figure 2.13). The 

absorbance (black lines) shows the metal to ligand charge transfer (MLCT) spin allowed 

(d - π*) from 400-500 nm with the maximum at 446 nm and 220nm which is similar to 

its parent Ru(Phen)3Cl2.174 RuPhenL1 exhibits the MLCT bands at 456 nm and 230 nm. 

RuPhenL2 has a 10 nm blue shift in absorbance maxima compared to RuPhenL1, which 

is attributed to the 1,10-phenanthroline rigidity on L2 ligand. The singlet MLCT molar 

absorptivity for RuPhenL2 is 15000 M-1 cm-1 and RuPhenL1 has a molar absorptivity of 

~14000 M-1 cm-1 . The fact that this last complex has a lower molar absorptivity when 

compared to RuPhenL2 is anticipated, since it is known that phenanthroline ligands have 

higher molar absorptivity than bipyridine ligands.178, 239 The Ligand Centre (LC) state (π - 

π*) is assigned at 260 nm for RuPhenL2 and 264 nm for RuPhenL1.48 The emission of 

both complexes is represented by the broad band in red between 580 and 680 nm region 

as is characteristic for ruthenium (II) complexes.13, 174, 240-243 Similar to the absorption 

spectra, the emission spectra show a blue shift from the RuPhenL1 (625 nm) to 

RuPhenL2 (615 nm), indicating that the presence of 1,10-phenanthroline ligands raised 

the energy of 3MLCT transition for RuPhenL2 and therefore a bigger gap between HOMO 

and LUMO.178 This leads to an emitted light with higher energy and shorter wavelengths.  
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The excitation spectra mirror the absorbance, with the MLCT and LC in the same region 

for both complexes.  

 

Figure 2.13- Absorption (black), excitation (blue) and emission (red) spectra of (20µM) a) 
RuPhenL1 (λexc=456 nm,  λem=625 nm) and b)RuPhenL2 , (λexc=446 nm, λem=615 nm) in aerated 
H2O with 2% MeOH. 

  

The lifetime of the complexes Ru(bpy)3Cl2 and Ru(Phen)3Cl2 are 360 ns and 450 ns in 

aqueous solution, respectively. Ru(Phen)3Cl2 is expected to show a higher lifetime than 

Ru(bpy)3Cl2 due to its rigid structure and increased π-conjugation, increasing the gap 

between HOMO-LUMO. With a larger HOMO-LUMO gap, the likelihood of the molecule 

to undergo radiative decay is higher than nonradiative decay.244 RuPhenL1 has a lifetime 

of 514 ns and RuPhenL2 has 574 ns, in aerated water solution with 2% MeOH (Figure 

2.14). Since both complexes contain 1,10-phenanthroline ligands it is expected that the 

lifetime is higher than Ru(bpy)3Cl2. The mixed ligand complex, RuPhenL1, has a lower 

lifetime as in mixed ligand complexes, the probability of undergoing radiative or 

nonradiative decay depends on a variety of factors, including the type of ligands, their 

relative energy levels, and the electronic and molecular structure of the complex.241  
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Nakamaru and co-workers studied the luminescence of 

Ru(Phen)2(4,4dimethylbypiridne) and Ru(bpy)2(4,4dimethylbipyridine).178 For both 

complexes, the lifetime decreases when compared with its parents Ru(Phen)3Cl2 and 

Ru(bpy)3Cl2, which is explained by a decrease in radiative decay and an increase on 

nonradiative decay. This is even more significant for mixed ligand complexes that contain 

1,10-phenanthroline. The rate of nonradiative decay constant is lower for 1,10-

phenanthroline than for bipyridyl ligands due to its rigid structure. So, when different 

ligands are added to the equation, the nonradiative decay is much more significant than 

for bipyridine.178  

The increase in lifetime of RuPhenL1 and RuPhenL2 compared to parent Ru(Phen)3Cl2 is 

unexpected because in previous studies from the group it has been shown that the 

oxygens on the L1 ligand,  for the complex Ru(bpy)2L1, can quench the luminescence 

signal and the lifetime decreases.238 However, in this case, replacement of two 2,2-

bipyridine ligands for two 1,10-phenanthroline, the effect of oxygen quenching is 

reduced, demonstrating the advantage of using this ligand for luminescence studies. 

RuPhenL2, although very similar to its parent Ru(Phen)3Cl2 has an increased lifetime 

likely due to L2 ligand. The presence of an aliphatic chain with electrophilic groups 

attached  to a 1,10-phenanthroline ligand may stabilise the lowest excited state, triplet 

MLCT, and therefore increase the gap between triplet MCLT and triplet MC decreasing 

the nonradiative decay pathway and therefore increase the lifetime.245  However, it is 

noted that the luminescence lifetime signal is clearly weaker for RuPhenL2 than for  
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RuPhenL1. This effect is  attributed to possible settlement and aggregation of particles 

in solution, which is an effect further explored in Chapter 3. 

The quantum yields of the triplet MLCT for both complexes are 1.4 % for RuPhenL1 and 

1.5 % for RuPhenL2, therefore, the substitution from a 2,2-bipyridine to a 1,10-

phenanthroline, this does have a significant contribution to the quantum yield. 

RuPhenL1 has a lower quantum yield than Ru(Phen)3Cl2 (5 %) because of mixed ligand 

complexes interfering with its luminescence. Surprisingly, RuPhenL2 also has a smaller 

quantum yield than Ru(Phen)3Cl2. The reason for this could be related with changes on 

the nonradiative decay due to the alkyl chain, oxygen quenching from the L2 ligand or 

even possible self-quenching upon aggregation of the complex in solution. To be sure 

which is the reason, further studies, beyond the scope of this work, are required.  

 

Figure 2.14- Luminescence lifetime decay of RuPhenL1 (a) and RuPhenL2 (b). Laser excitation 
source was at 445nm and collection wavelength of 620nm, with a 550nm filter. Decay curves 
were fitted with χ2 values between 1.0 and 1.2 of all the lifetimes. The quantum yields obtained 
were 1.4 % and 1.5 % for RuPhenL1 (a) and RuPhenL2 (b), respectively. 
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2.3.3 Synthesis and characterisation of gold nanoparticles 

 

Gold nanoparticles (AuNPs) were synthesised based on the modified Turkevich 

method.230 This is a common method for synthesis as it produces AuNPs of tuneable size 

(5 nm-150 nm) which are nontoxic, stable and water soluble. The citrate ion that 

stabilizes the nanoparticles, can be easily exchanged by other molecules with higher 

affinity to gold, such as thiols, which therefore makes these AuNPs very easy to 

functionalise. However, while the Turkevich method is one of the most used, previous 

research in the group has found that the nanoparticles have a very large size distribution 

and lacks reproducibility. More recently, it has been suggested to invert the Turkevich 

method to obtain a faster nucleation and therefore a narrow size distribution.246 To get 

a fastest nucleation, it is necessary to increase the rate of the reaction which is 

dependent on the formation of the precursors and pH.247, 248 Thus, the synthesis of 

AuNPs in the Pikramenou group consist in bringing to reflux citric acid, used to create a 

suitable pH, forming a citrate buffer, and trisodium citrate which helps to reduce the Au3+ 

ion in the HAuCl4 gold salt, to produce, H+, CO2 and Au0. EDTA is also added to this 

solution to promote shape and size uniformity. Upon nucleation, spherical AuNPs will 

grow with more of a narrow size distribution of 12-14 nm size nanoparticles. To grow 

AuNPs with larger sizes, it is important that the smaller ones are monodisperse and 

uniform, so that the seeding process is also uniform. For this synthesis, ascorbic acid is 

also added, so it helps as reducing agent as well as stabilizing the seeding process of the 

remaining gold onto the smaller AuNPs (see experimental section). 

In this work two different sizes of AuNPs were studied, 13 nm (Au13) and 25 nm (Au25) 

(Figure 2.15). Both set of particles were characterized by dynamic light scattering (DLS),  
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surface plasmon resonance (SPR) band by UV-Vis and transmission electron microscopy 

(TEM). Although different techniques showed slight variations on the AuNPs sizes, these 

discrepancies fall within the error. Therefore, for the purpose of simplification, the 

AuNPs are going to be designated as Au13 and Au25 throughout this thesis.   

 

Figure 2.15- Schematic representation of both sizes gold nanoparticles 13nm (Au13) and 25 nm 
(Au25). 

 

UV-Vis spectroscopy of Au13 shows an absorption band with a maximum, λmax, at 516 

nm and Au25 at 519 nm, which is characteristic of their SPR and is in agreement with 

previous studies.194-196 The size distribution by DLS confirmed that particles were made 

with sizes of 11.5 ± 2.9 nm for Au13 and 20.1  ±  5.0 nm for Au25, with a polydispersity 

index (PDI) of 0.09 and 0.08 respectively. A small PDI shows a narrow size distribution in 

solution and illustrate the AuNPs have similar sizes. TEM images show that the size of 

Au13 is 13 ± 1 nm and 23 ± 2 nm for Au25 which are in good agreement with the DLS 

results (Appendices- figure 2.29). Besides of the number distribution, DLS can also 

measure intensity and volume distribution, which gives information of the size by the 

volume of nanoparticles in solution or by the intensity of light scattered. Since size by 

intensity considers the scattered light, is, by definition, more accurate than size by 

number or volume, which will be considering every nanoparticle. However, for both  
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Au13 and Au25, the size by intensity is 18.2 ± 5.7 nm and 30.1 ± 8.8 nm, respectively. In 

comparison, size by  number seems to resemble the size by TEM. Therefore, for 

simplicity, only size by number will be reported for this study.  

2.3.4 Functionalisation of gold nanoparticles with the surfactants Zonyl FSA, SPEG 

and LPEG 

 

Figure 2.16- Schematic representation of gold nanoparticles functionalised with surfactant, 
which in this study can be Zonyl FSA, short PEG (SPEG) or long PEG (LPEG). 

 

Surfactants are important to stabilise the AuNPs before coating with charged compounds 

(Figure 2.16),  by reducing the surface tension between the nanoparticle and water, 

preventing aggregation of the particles. In previous studies, fluorinated surfactants 

increased the luminescence lifetime of ruthenium (II) complexes195, so in this study, the 

commercially available Zonyl FSA, is used as one of the surfactants. Polyethylene glycol 

(PEG) is also commonly used as gold nanoparticles surfactant due to being nontoxic, 

inexpensive, and biocompatible. Therefore, two different sizes of PEG polymer, labelled 

as short PEG (SPEG)  and long PEG (LPEG), were used as surfactants, and compared with 

the Zonyl FSA, upon addition of the ruthenium (II) complexes (Figure 2.17). 
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Figure 2.17- Chemical structure representation of the three surfactants Zonyl FSA, short PEG 
(SPEG) Mn=460 and long PEG (LPEG) Mn=2100, before coating with the ruthenium (II) complexes. 

 

Both SPEG and LPEG contain thiol groups to allow attaching to the AuNPs, whereas Zonyl 

FSA binds through the S-bond from perfluorooctanesulfonamide group. To understand 

the optimal concentration of surfactant to add to the AuNPs, the binding curves of the 

concentration of surfactant vs SPR shift were analysed. While the surfactant is attaching 

to the gold, the SPR slightly increases until it reaches a plateau where no more coating 

is observed, and the AuNPs solution is saturated. The optimal concentration is then 

determined when the plateau is reached.  Due to Zonyl FSA have been extensively 

studied in the Pikramenou group194-196, the optimal concentration has been determined 

(10 µM), and for that reason it will not be showed in this study. From the binding curves, 

it was calculated that the optimal concentration for SPEG is 10 µM and for LPEG is 5 µM 

(Figure 2.18). For both surfactants, the polymers bind to the AuNPs via covalent 

interactions, until it reaches a saturation point. Non-linear regression was performed so 

the maximum specific binding was found for the AuNPs coated with PEG surfactant. The 

binding constant is 3 x 10-5 M-1 for Au13.SPEG and for 7 x 10-5 M-1 for Au13.LPEG. 

(Appendices-Table 7) The concentration maximum found to LPEG to reach a plateau was 

half of the SPEG concentration, hence the binding constant being bigger for LPEG 

surfactant. That is, at equilibrium, the concentration needed to achieve half of maximum  
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binding is higher for SPEG than LPEG. Au25 are approximately half of the concentration 

of Au13 but have double of the surface area, so the same concentration of surfactant 

used for Au13, is also suitable to use for Au25. 

 

Figure 2.18- a) chemical structure of LPEG and SPEG surfactant, b) UV-Vis titration of LPEG and 
SPEG with a visible SPR band shifting upon binding to a 3.5 nM AuNPs solution c) fitting curve of 
concentration versus SPR shift, with a non-linear regression, used to find the binding constants. 

 

DLS shows an increase on the size of AuNPs upon coating with surfactants.  The size by 

number, for nanoparticles coated with Zonyl FSA (Au13.Z) is 19.3 ±  5.3 nm, 15.0  ±  4.2  
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nm for short PEG (Au13.SPEG) and 18.8  ±  5.1 nm for long PEG (Au13.LPEG) (Figure 2.19 

and table 1). The sizes correspondent to Au25 are 22.6 ± 6.6 for Au25.Z, 22.6 ± 6.6 for 

AuNPs coated with short PEG and 25.1 ± 6.9 for AuNPs coated with LPEG. Important to 

note that although the hydrodynamic sizes slightly increase with the coating, throughout 

this work the AuNPs are still going to be labelled as Au13 and Au25, for simplicity. 

 

 

Figure 2.19- Size by number distribution on DLS of Au13 before and after coating with the 
surfactants to give, Au13.Z, Au13.SPEG, Au13.LPEG. Arrow shows the increase of sizes after 
coating. 

 

Table 1- Sizes by number distribution and polydispersity index (PDI) comparison for citrate 

particles Au13 and Au25 with coated particles , Au13.Z, Au13.SPEG, Au13.LPEG, Au25.Z, 

Au25.SPEG and Au25.LPEG. 

 

Dynamic Light Scattering (DLS) 

 Au13.Z Au13.SPEG Au13.LPEG Au13 

Number distribution /nm 19.3 ± 5.3 15.0 ± 4.2 18.8 ± 5.1 11.5 ± 2.9 

PDI 0.25 0.19 0.24 0.09 

 Au25.Z Au25.SPEG Au25.LPEG Au25 

Number distribution /nm 22.6 ± 6.6 22.6 ± 6.6 25.1 ± 6.9 20.1 ± 5.0 

PDI 0.23 0.26 0.25 0.08 
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The difference on sizes is due to the different sizes of the surfactants used, which affects 

the hydrodynamic size of the nanoparticles given by DLS. Hydrodynamic size 

corresponds to the diameter of the nanoparticles dispersed in solution and therefore 

takes into account the electric dipole layer around the particles.249  

Although, the surfactant LPEG is substantially bigger (~11 nm in length) than Zonyl (~2 

nm) and SPEG (~1 nm) (Figure 2.20), the hydrodynamic size by DLS does not change, 

which can be explained by the type of conformation that these polymers can undergo 

upon attachment. Polymers like PEG can wrap in themselves in a “mushroom” or a 

“brush like” shape upon attachment to surfaces, depending on how closely pack the 

polymers are.250 The mushroom formation occurs when the distance between each 

polymer side by side is bigger than the radius of the polymer itself, whereas the brush 

conformation happens when that distance is smaller than the radius of the polymer.251-

253 Since all polymers studied have different lengths it is possible that both undergo 

different conformations. However, to know exactly which conformation each polymer 

undergoes upon attachment to the AuNPs, further studies are required. Nonetheless, in 

this case, even though LPEG is longer than Zonyl and SPEG, the hydrodynamic sizes are 

very similar showing a possible dependence on the conformations taken by each 

polymer (Figure 2.21).  

To compare the differences on size between citrate and surfactant coated particles, TEM 

images were also analysed, and the size of the particles was calculated by the average of 

20 single AuNPs  and processed by the software ImageJ. Figure 2.22 shows that all  
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particles are monodisperse after coating with the surfactants. The AuNPs sizes are within 

the error of citrate AuNPs (Au13 and Au25). This is due to TEM only measure 

electronically dense metals and for that reason the polymer coating should not be visible 

under the microscope used.  

 

Figure 2.20- Structures of the surfactants short PEG (SPEG), Zonyl FSA and long PEG (LPEG) 
relaxed to an energetically stable conformation by chem3D software. Images are obtained with 
a three-dimensional representation by CrystalMaker software with elements colour coded. The 
structures are represented as ball and stick  models. The measured length for each surfactant is 
: SPEG= 17.074 Å, Zonyl FSA= 9.724 Å and LPEG= 106.851 Å. 
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Figure 2.21- Schematic representation of both conformations that PEG surfactant can undergo, 
brush and mushroom like shape, upon attachment to the gold nanoparticles. Representation 
showing that although different conformations are possible, the hydrodynamic size of particles 
(represented in a blue arrow) can be very similar. 
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Figure 2.22- Transmission electron microscopy (TEM) of a) Au13.Z, b) Au13.SPEG, c) Au13.LPEG, 
d)Au25.Z, e) Au25.SPEG, and f) Au25.LPEG. TEM sizes were calculated by an average of 30 AuNPs 
and processed by ImageJ software. The sizes of the AuNPs were 13 ± 1 nm for Au13.Z, 15 ± 1  nm 
for Au13.SPEG and 14 ± 1 nm for Au13.LPEG. The sizes for Au25.Z were 23 ± 2 nm, for Au25.SPEG 
were 24 ± 1 nm and for Au25.LPEG were 23 ± 2 nm.  Scale bars are 200 nm and 100nm. 

 

2.3.5 Functionalisation of gold nanoparticles with luminescence ruthenium (II) 

complexes 

 

The ruthenium (II) complexes, RuPhenL1 and RuPhen2 were attached to AuNPs through 

the S-bond of the thiol groups on the complexes (Figure 2.23). The coating process was 

developed by our group in previous studies195, in which a 1 mM solution of ruthenium 

(II) complex in methanol is titrated into AuNPs (6.5 nM). Upon titration of RuPhenL2 and 

RuPhenL1 to AuNPs solution, a red shift in the λmax is visible, until it reaches a saturation 

point where no shift is observed, monitored by UV-Vis spectroscopy. The saturation point 

gives a good estimation of the maximum concentration of ruthenium attached to the 

particles. To make sure no unbound complex remains in solution, the AuNPs were 

purified by size exclusion chromatography. 
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Figure 2.23- Schematic representation of coating ruthenium (II) complexes (RuPhenL2 and 
RuPhenL1) on the surface of gold nanoparticles, previously stabilised with surfactant. 

 

The binding curves show the optimal concentration of RuPhenL2 is 80 µM for Au13.Z 

solution, whereas for Au13.SPEG and Au13.LPEG only 12 µM (Figure 2.24) was attached 

to AuNPs. Similarly, for RuPhenL1 (Appendices-figure 2.30), the optimal concentration 

of RuPhenL1 for AuNPs coated with Zonyl FSA (Au13.Z.RuPhenL1), is 60 µM of the 

complex but for SPEG (Au13.SPEG.RuPhenL1) and LPEG (Au13.LPEG.RuPhenL1) is 5 and 

8 µM, respectively. The binding constants for the ruthenium (II) complexes upon AuNPs 

attachment were found to be 4 x 10-4  M-1 for Au13.Z.RuPhenL2, 3 x 10-3  M-1 for 

Au13.SPEG.RuPhenL2 and 5 x 10-5  M-1 for Au13.LPEG.RuPhenL2 (Appendices-table 7). 

RuPhenL1 attached to Au.PEG does not follow the standard binding curve appearance 

and therefore a binding constant was not possible to find for these particles. However, 

the optimal concentration for these particles (5 µM) was found by analysing the SPR 

shifts.  
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Figure 2.24- Titrations of a 1 mM stock solution in MeOH of RuPhenL2 in 6.5 nM AuNPs by UV-
Vis spectroscopy and binding curves of concentration vs SPR shift with non-linear fitting curves 
to find the binding constants of a) Au13.Z.RuPhenL2, b )Au13.SPEG.RuPhenL2 and c) 
Au13.LPEG.RuPhenL2. 

 

By analysing the absorbance λmax shifts, it gives a good indication of the ruthenium (II) 

complexes attachment. When the surface of the AuNPs is modified, the SPR shifts to 

higher values, since the AuNPs surface plasmon effect is dependent on the nanoparticles 

functionalisation.147 This behaviour supports the attachment of the surfactants as 

demonstrated previously, but also the ruthenium (II) complexes, being the most 

noticeable shifts after the ruthenium coating (Table 2). Since it is possible to attach more 

ruthenium on AuNPs coated with Zonyl FSA than with PEG, the absorbance λmax shift is 

also higher. Analysis of the elemental composition of the AuNPs by inductively coupled 

plasma mass spectrometry (ICP-MS) showed higher ratio of ruthenium per nanoparticles 

coated previously with Zonyl FSA.  According to ICP-MS,  Au13.Z.RuPhenL2 has 400  
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complexes and Au13.Z.RuPhenL1 has 600 complexes per particle. AuNPs that were 

coated with PEG have less ruthenium per particles (200 ruthenium complexes per 

particle), which was indicated by maximum concentration of ruthenium (II) complexes 

added in titrations. As expected, for 25 nm AuNPs, the amount of ruthenium per 

nanoparticle is two times more than for 13 nm AuNPs, due to having a bigger size. 

(Appendices-Figure 2.31) 

Table 2- Summary of SPR shifts upon attachment of surfactants and ruthenium (II) complexes. 

The SPR shifts were calculate by the difference in the λmax of each sample by UV-Vis after 

particles isolation. 

 

The coating of AuNPs with RuPhenL1 and RuPhenL2 is also investigated using DLS (Figure 

2.25 and appendices-tables 5 and 6). As expected, the size and polydispersity index (PDI) 

slightly increase upon coating for AuNPs of 13 nm and 25 nm size. After coating, the 

AuNPs in solution have different hydrodynamic sizes due to the attachment of 

surfactants and ruthenium (II) complexes but also due to the interaction of the 

nanoparticles with the solvent. For all the AuNPs studied, one single peak is observed  

Sample 
λmax 

Shift / 

nm 
Sample λmax 

Shift / 

nm 
Sample λmax 

Shift / 

nm 

Au13 516 0 Au13 516 0 Au13 516 0 

Au13.Z 518 2 Au13.SPEG 517 1 Au13.LPEG 517 1 

Au13.Z.RuPh
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showing that there is only one size population. However, for some cases this population 

has a higher standard deviation than others, showing a less monodispersed 

nanoparticles and therefore a higher PDI, due to the presence of small quantity of large 

artifacts, which scatter more light. However, by combining DLS data with UV-Vis, it is 

possible to conclude that RuPhenL1 and RuPhenL2 were successfully functionalised onto 

the surface of the AuNPs, the particles show good quality distribution, and do not 

aggregate after coating.  

 

Figure 2.25- Increase of the size by number distribution of coated AuNPs with surfactants (Zonyl 
FSA, SPEG and LPEG) and ruthenium (II) complexes, RuPhenL1 and RuPhenL2 in comparison with 
citrate AuNPs. 
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Transmission electron microscopy showed AuNPs were monodisperse after coating 

(Figure 2.26). Au13 have sizes between 14-16 ± 1  nm and Au25 have sizes between 22- 

24 ± 1 nm, upon surfactant and ruthenium (II) complex coating (Appendices-table 6). 

While DLS clearly indicates an increase on hydrodynamic size after AuNPs coating, the 

same is not observed by TEM. Once again, this difference is attributed to the fact that 

the coating is not visualised and therefore further staining is required. In conclusion, 

AuNPs with three different surfactants coated with two different luminescent ruthenium 

(II) complexes were successfully synthesised and characterised as monodispersed, with 

no aggregation in solution. Therefore, the luminescence study of Au.RuPhenL1 and 

Au.RuPhenL2 was carried out, always considering the main aim of using the AuNPs as 

imaging agents.  
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Figure 2.26- Transmission electron microscopy of coated AuNPs, where a-c) 13 nm AuNPs coated 
with RuPhenL2, d-f) 13 nm AuNPs coated with RuPhenL1, g-i) 25 nm AuNPs coated with 
RuPhenL2, j-l) 25 nm AuNPs coated with RuPhenL1. All the samples were previously coated with 
the different surfactants, Zonyl FSA, SPEG and LPEG. TEM sizes were calculated by an average of 
15 AuNPs and processed by ImageJ software. Scale bars are 200 nm and 100 nm. The sizes of the 
AuNPs were 15 ± 1 nm, 15 ± 1 nm and 16 ± 1 nm for Au13.Z.RuPhenL2, Au13.SPEG.RuPhenL2 
and Au13.LPEG.RuPhenL2, respectively. Au13.Z.RuPhenL1 has 15 ± 1 nm, Au13.SPEG.RuPhenL1 
14 ± 2 nm and Au13.LPEG.RuPhenL1 has 16 ± 1 nm. For AuNPs25, the sizes were 24 ± 2 nm, 24 
± 3 nm, 24 ± 2 nm for Au25.Z.RuPhenL2, Au25.SPEG.RuPhenL2 and Au25.LPEG.RuPhenL2, and 
23 ± 2 nm, 24 ± 2 nm, 22 ± 1 nm for Au25.Z.RuPhenL1, Au25.SPEG.RuPhenL1 and 
Au25.LPEG.RuPhenL1, respectively. 
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2.3.6 Luminescence studies of the ruthenium (II) complexes functionalised on AuNPs with 

Zonyl-FSA and PEG surfactants. 

 

To study the photophysical properties of the ruthenium (II) complexes when attached to 

the AuNPs, UV-Vis spectroscopy, fluorescence emission and excitation spectra were 

analysed (Figure 2.27). The absorption spectrum shows a well-defined SPR band of λmax 

at 517 nm. The excitation profile for all Au.RuPhenL1 and Au.RuPhenL2 is characteristic 

of ruthenium (II) complexes in solution. 

 

Figure 2.27- Absorption (black), emission (red) and excitation (blue) of 3.5 nM a) 
Au13.Z.RuPhenL2, b) Au13.SPEG.RuPhenL2, c) Au13.LPEG.RuPhenL2 (λex= 446 nm, λem=615 nm)  
d) Au13.Z.RuPhenL1, e) Au13.SPEG.RuPhenL1 and f) Au13.LPEG.RuPhenL1 (λex= 456 nm, λem=625 
nm) in aerated water. 

  

Figure 2.28 shows that there is not a significant shift on the λmax of the emission for 

either complex RuPhenL2 or RuPhenL1 after attachment to the AuNPs showing that  
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there is no effect on the distance of complex to the AuNPs in emission of the triplet 

MLCT. No change in the MLCT could be due to presence of surfactant on the 

nanoparticles, protecting the ruthenium (II) complexes against interacting with each 

other and from solvent quenching. Previous studies have showed that when ruthenium 

(II) complexes attach to AuNPs with no surfactant, a 15 nm blue shift is observed.238  

 

Figure 2.28- Overlayed emission of (left) RuPhenL1, Au13.Z.RuPhenL1, Au13.SPEG.RuPhenL1 and 
Au13.LPEG.RuPhenL1(λex= 446 nm, λem=615 nm)  and (right) RuPhenL2, Au13.Z.RuPhenL2, 
Au13.SPEG.RuPhenL2 and Au13.LPEG.RuPhenL2 (λex= 456 nm, λem=625 nm). All the solutions are 
in aerated water. 

 

The luminescence lifetimes are presented on table 3. Both complexes (RuPhenL1 and 

RuPhenL2) have a higher luminescence lifetime when attached to AuNPs. The AuNPs that 

have LPEG as surfactant, have the opposite effect and decrease the lifetime. For that 

reason, only Zonyl FSA and SPEG AuNPs will be analysed in further studies. Interestingly, 

Zonyl FSA and SPEG AuNPs do not quench ruthenium signal. Moreover, it seems  to 

protect the complexes from 3O2 quenching leading to an  improvement of the 

luminescence lifetime. Au13.Z.RuPhenL1 has the highest lifetime. This could be  
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attributed to the fact that RuPhenL1 is more hydrophobic than RuPhenL2. It is known 

that increasing hydrophobicity, increases the interaction with the surfactants, which 

allows a better protection from 3O2 quenching and thus, higher lifetime. In conclusion, 

the luminescence lifetimes of ruthenium (II) complexes can alter on the nanoparticles, 

depending on the type and length of surfactant used. 

In all the nanoparticles lifetimes, three components were found, unlike the ruthenium 

(II) complexes in solution, where only one component is observed. Luminescence 

lifetime process can involve multiple steps or pathways leading to the emission of light. 

Each of these pathways can have a different rate of efficiency. Furthermore, lifetimes can 

also be influenced by the local environment as for example the solvent where the 

solution is dissolved. In this case, the ruthenium (II) complexes are attached to AuNPs 

suspended in water, where a surfactant is also present. Therefore, there are differences 

in the different local environments, hence, it is not surprising that more than one 

component is observed for these luminescent AuNPs.  

Table 3- Luminescence lifetimes recorded for RuPhenL2 and RuPhenL1, coated AuNP13 and 
AuNP25 in aerated water. Lifetimes were recorded using a 450 nm laser and were fitted with a 
χ2  between 1.0 and 1.2. 

Sample NAME 
Lifetimes / ns air Sample NAME Lifetimes / ns air 

RuPhenL2 583 (100%) RuPhenL1 514 (100%) 

Au13.Z.RuPhenL2 618 (75%), 115 (15%), 17 (11%) Au13.Z.RuPhenL1 793 (70%), 293 (26%), 40 (4%) 

Au13.SPEG.RuPhenL2 754 (80%), 89 (14%), 4 (5%) Au13.SPEG.RuPhenL1 610 (50%), 52 (13%), 4 (37%) 

Au13.LPEG.RuPhenL2 457 (80%), 30 (9%), 4 (10%) Au13.LPEG.RuPhenL1 406 (70%), 16 (13%), 2 (17%) 
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Au25.Z.RuL2 465 (73%), 50 (17%), 9 (10%) Au25.Z.RuPhenL1 565 (75%), 144 (20%), 11 (5%) 

Au25.SPEG.RuL2 715 (75%), 78 (5%), 5 (19%) Au25.SPEG.RuPhenL1 664 (55%), 77 (4%), 4 (40%) 

Au25.LPEG.RuL2 459 (79%), 7 (14%), 1 (6%) Au25.LPEG.RuPhenL1 184 (54%), 121 (30%), 3 (16%) 

 

Table 4- Quantum yield of complexes RuPhenL2, RuPhenL1 and coated AuNPs in aerated water. 

Sample Name ɸ / % Sample Name ɸ / % 

RuPhenL2 1.5 RuPhenL1 1.4 

Au25.Z.RuPhenL2 5.2 Au25.Z.RuPhenL1 5.5 

Au25.SPEG.RuPhenL2 8.0 Au25.SPEG.RuPhenL1 2.0 

 

Quantum yield for the gold nanoparticles were difficult to obtain due to a very weak 

signal. However, quantum yields were recorded for AuNPs of 25 nm size, due to higher 

quantity of ruthenium coating and therefore higher signal (Table 4). For both complexes, 

the quantum yield mirrors the luminescence lifetime, in which the complexes in solution 

have the lowest quantum yield but when attached to the nanoparticles, the quantum 

yield increases. As seen in the lifetime, SPEG-AuNPs have a higher quantum yield than 

Zonyl FSA-AuNPs when coated with RuPhenL2. However, the opposite happens for the 

particles coated with RuPhenL1, where Zonyl FSA-AuNPs have the highest quantum 

yield. This shows that the luminescence of the AuNPs does depend on the surfactant 

used but also on the ruthenium (II) complex used, as different ruthenium (II) complexes 

can have very different behaviour when shared the same surfactant on the surface of 

the AuNPs. In this study it is possible to observe that for AuNPs functionalised with 

RuPhenL1, Zonyl FSA is the best surfactant to be used due to its higher lifetime and  
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quantum yield, whereas for AuNPs coated with RuPhenL2, SPEG is the surfactant the 

allows increased luminescence.  

2.4 Conclusions 
 

Two ruthenium polypyridyl complexes with two different auxiliary ligands (RuPhenL1 

and RuPhenL2) were successfully synthetised and characterised. Both complexes 

showed an emission by the MLCT band in the visible region, providing promising grounds 

for further biological studies and therapeutics. RuPhenL2 showed higher lifetime than 

RuPhenL1 due to its mix ligand structure, however, both complexes showed longer 

luminescence lifetime than its parent Ru(Phen)3Cl2. Two different sizes of gold 

nanoparticles, 13 nm and 25 nm were successfully synthesised and demonstrated to be 

monodispersed, with low polydispersity index and good quality distribution. To stabilise 

the AuNPs, three different surfactants were also functionalised on the AuNPs surface, 

Zonyl FSA, SPEG and LPEG. These surfactants are different not only on its structure but 

also on the conformation adapted when attached to the gold nanoparticles, influencing 

AuNPs hydrodynamic size. Surfactants and posteriori ruthenium attachment to the 

AuNPs was evidenced by increase of hydrodynamic size by DLS and slight red shifts on 

the AuNPs SPR band. Even with the presence of the surfactants on the nanoparticles, 

there is  400/ 885 (RuPhenL2) and 600 /1700 (RuPhenL1) per Au13 / Au25 respectively, 

showing that it is possible to coat gold nanoparticles with a considerable number of 

complexes without particles aggregation. The attachment of the ruthenium to the AuNPs 

did not affect the lowest excited state position since the emission of the ruthenium did 
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not significantly change. However, the luminescence lifetime and quantum yield 

improved when attached to the gold due to the presence of the surfactants. 

Au.SPEG.RuPhenL2 had a ~30% increase and Au.Z.RuPhenL1 had a 50% increase on its 

lifetime compared to the complexes in solution. Interestingly, LPEG has the opposite 

effect and decrease the luminescence signal. This showed that the lifetime of ruthenium 

(II) complexes can be improved on the AuNPs depending on the type or length of 

surfactant used. Lastly, it was showed in this chapter, that a system of luminescence 

monodisperse AuNPs was successfully carried out and it is suitable for future cell studies. 
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2.7 Appendices 
 

 

Figure 2.29- a) UV-Vis of Au13 (black) and Au25 (red) showing the SPR band at 516 nm and 519 
nm, respectively. b) Transmission electron microscopy (TEM) of Au13 (left) and Au25 (right). TEM 
sizes were calculated by an average of 15 AuNPs and processed by ImageJ software. The sizes of 
Au13 were 13 ±  1.1  and 23 ± 1.8 nm for Au25. Scale bars are 200nm. 

  

 

Figure 2.30- Titrations of a 1mM stock solution in MeOH of RuPhenBSS in 6.5nM AuNPs by UV-
Vis, binding curves of concentration vs SPR shift and correspondents fitting curves with non-
linear regression  for  a) Au13.Z.RuPhenL1, b )Au13.SPEG.RuPhenL1. c) Au13.LPEG.RuPhenL1 was 
not possible to perform any fitting due to the lack of points. 
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Figure 2.31- Representation of AuNPs coated with the different surfactants and ruthenium (II) 
complexes and the amount of ruthenium (II) complexes per nanoparticles given by ICP-MS 

Table 5- Size by number distribution and polydispersity index of citrate and coated Au13 by DLS. 

 

Dynamic Light Scattering (DLS) 

Number distribution / nm Polydispersity Index (PDI) 

Au13 11.5 ± 2.9 0.09 

Au13.Z 19.3 ± 5.3 0.23 

Au13.SPEG 15.0 ± 4.2 0.19 

Au13.LPEG 18.4 ± 5.1 0.16 

Au13.Z.RuPhenL2 22.9 ± 7.5 0.36 

Au13.SPEG.RuPhenL2 24.6 ± 6.9 0.35 

Au13.LPEG.RuPhenL2 23.8 ± 7.2 0.28 
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Au13.Z.RuPhenL1 23.1  ±  7.4 0.29 

Au13.SPEG.RuPhenL1 29.0 ± 8.3 0.36 

Au13.LPEG.RuPhenL1 19.3 ± 5.3 0.23 

 

Table 6- Size by number distribution and polydispersity index of citrate and coated Au25 by DLS. 

 

Dynamic Light Scattering (DLS) 

Number distribution / nm Polydispersity Index (PDI) 

Au25 20.1 ± 5.0 0.08 

Au25.Z 22.6 ± 6.6 0.23 

Au25.SPEG 22.6 ± 6.6 0.26 

Au25.LPEG 25.1 ± 6.9 0.25 

Au25.Z.RuPhenL2 24.0 ± 9.1 0.30 

Au25.SPEG.RuPhenL2 32.9 ± 11.9 0.29 

Au25.LPEG.RuPhenL2 31.2 ± 9.2 0.22 

Au25.Z.RuPhenL1 26.5 ± 13.8 0.25 

Au25.SPEG.RuPhenL1 46.7 ±  18.7 0.19 

Au25.LPEG.RuPhenL1 23.0 ±  7.2 0.29 

Table 7- Binding constant for surfactant PEG and ruthenium (II) complexes upon gold 
nanoparticles functionalisation. Bmax corresponds to the maximum specific binding in nm. Kd is 
the equilibrium dissociation constant in M. When in equilibrium, is the concentration needed to 
achieve half binding. Ka is the equilibrium association constant in M-1. 

 Au13.LPEG Au13.SPEG 
Au13.Z. 

RuPhenL2 

Au13.SPEG 

.RuPhenL2 

Au13.LPEG. 

RuPhenL2 

Au13.Z. 

RuPhenL1 

Bmax / nm 6.016 5.853 6.315 10360 6.010 7.072 

Kd / M 1.500 3.094 22.10 348.6 2.098 28.97 

Ka / M-1 666667 323206 45249 2869 476644 34528 
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Figure 2.32- 1H-NMR of L1 ligand in CDCl3. 

 

Figure 2.33- L1 ligand ESI+ MS with the fragments 757.7 and 735.7 which corresponds to 
(M+Na)+ and (M+H)+. 
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Figure 2.34-1H-NMR of L2 ligand in DMSO-d6. 

 

Figure 2.35- L2 ligand ESI+ MS, with the fragment 384.10, 406 corresponds to (M+H)+. 
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Figure 2.36-1H-NMR of RuPhen2Cl2 in DMSO-d6. 

 

 

Figure 2.37- RuPhen2Cl2 ESI+ MS with the main fragment 497 (M-Cl)+. 
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Figure 2.38-1H-NMR of RuPhenL1 in MeOD. 

 

 

Figure 2.39- RuPhenL1 ESI+ MS with the fragment 598 (M-2(PF6))2+. 
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Figure 2.40-13C-NMR of RuPhenL1 in MeOD. 

 

 

Figure 2.41- 2D HSQC of RuPhenL1 in MeOD. 
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Figure 2.42-2D HMBC of RuPhenL1 in MeOD. 

 

 

Figure 2.43- 2D COSY of RuPhenL1 in MeOD. 
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Figure 2.44-1H-NMR of RuPhenL2  in CD3CN. 

 

 

Figure 2.45- RuPhenL2 ESI+ MS with the fragment 422.6 (M-2(PF6))2+. 
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Figure 2.46- 13C-NMR of RuPhenL2 in CD3CN. 

 

 

Figure 2.47-2D HSQC of RuPhenL2 in CD3CN. 
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Figure 2.48-2D HMBC of RuPhenL2 in CD3CN. 

 

 

Figure 2.49-2D COSY of RuPhenL2 in CD3CN. 

 

 



2. Effect of surface coating on Ruthenium gold nanoparticles luminescence properties 

92 
 

500 1000 1500 2000 2500 3000 3500 4000 4500

0

20

40

60

80

100

120

T
ra

n
s
m

it
ta

n
c
e
 /

 %

Wavenumber / cm-1

 RuPhenL1 PF6

 RuPhenL1 Cl2

500 1000 1500 2000 2500 3000 3500 4000 4500

0

20

40

60

80

100

T
ra

n
s
m

it
ta

n
c
e
 /

 %

Wavenumber / cm-1

 RuPhenL2 Cl2

 RuPhenL2 PF6

 

Figure 2.50- FTIR of RuPhenL1 and RuPhenL2 with PF6 or chloride salt. 
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3. Luminescent gold nanoparticles for DNA recognition  
 

3.1 Introduction 
 

3.1.1 Stereoselectivity of ruthenium(II) tris phenanthroline in binding DNA 
 

Given the importance of targeting DNA for biological applications, many studies have 

been undertaken to explore if and how different structures are able to interact with 

DNA.254 However, since DNA is a polymorphic structure with different conformations,  

targeting can be challenging for small molecules.80 Ruthenium (II) polypyridyl complexes, 

are one of the main metals studied for DNA interaction due not only to their attractive 

luminescence characteristics but also because they offer the possibility to choose ligands 

according to the ability to fit between base pairs. Moreover, Ruthenium (II) complexes 

are also positively charged which permits electrostatic attractions. Therefore, two of the 

main and first ruthenium (II) complexes studied for DNA interactions are Ru(bpy3)Cl2 and 

Ru(phen3)Cl2.255 The nature of the interaction between ruthenium metal complexes and 

DNA relies upon the characteristics of the ligands, particularly the presence of an 

aromatic π-system that facilitates π-π  stacking, the planarity of the ligand and its ability 

to penetrate the base pairs of DNA.80 Soon it was found that Ru(bpy3)Cl2 did not have 

the ideal characteristics for an effective interaction with DNA.256 The 2,2’-bipyridyne 

ligand possesses a small π-system making it difficult for π-π stacking and it cannot 

penetrate the double helix due to its length and nonplanarity.256 In comparison, 

Ru(phen3)Cl2, due the 1,10-phenanthroline’s rigid structure, planarity, and bigger π-

system than 2,2’-bipyridine, allows an easier interaction between base pairs of DNA 

undergoing partial intercalation. Ru(phen3)Cl2 has the optimal characteristics to bind to  
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DNA through intercalation, however, the binding mode of this complex led to interesting 

findings.257 Well-known DNA intercalators, like ethidium bromide, exhibit specific 

characteristics upon DNA binding, such as a significant hypochromic effect with a red 

shift, an increase on luminescence upon DNA binding, an increase on DNA viscosity and 

an increase on distance between base pairs.258, 259 When an intercalator interacts with 

the DNA base pairs, the π* orbital of the intercalative ligand can couple with π orbital of 

the base pairs, leading to a decrease in π- π* transition energy, resulting in a red shift in 

the intra ligand (IL) band visible on UV-Vis spectroscopy.85, 86 Moreover, the coupling of 

a π orbital with partially filled electrons decreases the transitions probabilities, resulting 

in a hypochromic effect.176, 260 Besides, when an intercalator binds to the DNA base pairs, 

reduces its accessibility to water molecules, preventing luminescence quenching and 

resulting in an emission intensity increase.87 (Further details on DNA binding techniques 

can be found on Chapter 1- section 1.2.2.2). Although Ru(phen3)Cl2 had a hypochromic 

effect (12 % decrease in absorbance) and an increase on luminescence intensity (48 %), 

these effects were smaller than known intercalators. Moreover, this complex upon DNA 

interaction, decrease the viscosity and the distance between base pairs on the helical 

axis of DNA, which is the opposite behaviour of an intercalator.261 Ultimately, a 

hypothesis was raised that Ru(phen3)Cl2 had a partial intercalation between the base 

pairs involving just one ring of the 1,10-phenanthroline.95 Due to its structure, only one 

of the rings of one 1,10-phenanthroline ligand fits between the base pairs and the other 

two ligands are free to direct the enantiomeric selection.95, 256, 262 Ru(phen3)Cl2 is a chiral 

complex, which has an enantiomeric preference in binding to DNA. As observed on figure 

3.1, for Δ enantiomer, the two free ligands thar are not stacked between the base pairs,  
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can fit very closely along the groove, whereas for Λ enantiomer, the ligands are sterically 

repelled by the phosphate backbone of the duplex.95 Moreover, an hypochromic effect 

and an increase on luminescence lifetime seems to be stronger for the Δ isomer than the 

Λ isomer when interact with B-DNA, showing the higher affinity for B-DNA of one 

enantiomer versus the other.257  

  

Figure 0.1- Schematic representation of B-DNA double helix and intercalation of Λ and Δ 
enantiomers of RuPhen3. Image adapted from 95. 

 

Studies of different 1,10-phenanthroline functionalities ruthenium (II) complexes 

showed that the racemic complex Ru(TMP)3 (TMP= 3,4,7,8- tetramethylphenanthroline) 

displays preference for A form of DNA. This complex showed to be too big to fit between 

the base pairs of a B-DNA, however through electrostatic and hydrophobic  interactions, 

it can bind very well in the major grove of A-DNA.263 More recently, Boynton and co-

workers studied a sterically expansive aromatic ruthenium (II) complex with the ligand 

benzo (c-1,7) naphthyridine-1-isoquinoline and two 2,2’-bipyridines ligands, that is 

selective for DNA mismatches (Figure 3.2).264 The binding of the complex is assumed to  
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be through metalloinsertion, with an affinity of 500 times higher for mismatched sites 

than for well-matched double helix due to its sterically bulky ligands that can only fit in 

destabilised DNA forms.264, 265 Although these studies have been an important 

breakthrough on the field of DNA interactions, the discovery of the light switch effect 

exponentially increased the studies of some particular ruthenium (II) polypyridyl 

complexes for DNA binding.  

 

Figure 0.2- Chemical structure of [Ru(bpy)2(BNIQ)]2+, from264. 

 

3.1.2 Light switch effect 
 

In 1990, [Ru(bpy)2(dppz)]2+, dppz = dipyrido[3,2-a:2’,3’-c phenazine] (Figure 3.3) was 

found to be a molecular “light switch” for DNA by displaying photoluminescence 

behaviour when binds to DNA in nonaqueous solution at room temperature.266 This 

complex has an extensive planar aromatic ligand, dppz, that can easily intercalate with 

DNA, but also it can be used as a luminescent probe for nucleic acids.266 Moreover, soon 

it was realised that [Ru(phen)2(dppz)]2+ also binds to DNA by intercalation and has the 

same luminescent behaviour as [Ru(bpy)2(dppz)]2+ and therefore, an extensive 

investigation on these complexes binding mode was caried out.  
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Figure 0.3- Chemical structures of (L) [Ru(bpy)2(dppz)]2+and (R) [Ru(phen)2(dppz)]2+. 

 

Studies have shown that the most likely binding site of [Ru(phen)2(dppz)]2+ is the minor 

groove for both enantiomers, Δ and Λ.267 Although, the Δ enantiomer contributes for 

around 80% of the luminescence increase, both enantiomers bind strongly to DNA, 

which was proven by linear dichroism (LD) as well as luminescence titration with binding 

affinities of 108 M-1 which is much higher than its parent complex Ru(phen3)Cl2 (103 M-

1).95, 260 Interestingly, each enantiomer has two lifetime components when interacted 

with calf thymus DNA, one in the range of 700 ns and another one on the range of 200 

ns. This effect can be related with a difference in the local environment. For example, 

the long lifetime showed in [Ru(phen)2(dppz)]2+ is hypothesised to be related to 

sequences of closely bound intercalators and the short lifetimes relies on isolated 

intercalators, thereby differing in solvent exposure and neighbouring complexes 

interactions.260,268 Prior to existence of crystal structure of the complex 

[Ru(phen)2(dppz)]2+, the difference on luminescence upon DNA binding, compared to 

aqueous solutions, was attributed to the presence of two metal to ligand charge transfer 

(3MLCT) states on the dppz ligand.269-271 However, more recently, the existence of a dark 

and bright state have been explored.272,273 The bright state (3MLCT’) corresponds to the  
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2,2´-bipyridine portion of the dppz ligand and the dark state (3MLCT’’) is associated with 

the phenazine portion of dppz (Figure 3.4). The 3MLCT’ or bright state is the first state to 

be populated followed by intersystem crossing and population of the dark state. 

However, the 3MLCT’’ energy is related to the solvent, more specifically with the polarity 

of the solvent and its ability to form hydrogen bonds with the phenazine fragment. For 

the light switch to occur, there is an enthalpic competition that favours dark state and 

entropic competition that favours bright state. The increase of solvent polarity stabilises 

the dark state, which will increase the gap between dark and bright state and therefore 

increase the non-radiative decay from the dark state. This model explains the results 

observed previously, where luminescence was observed when the complexes were 

dissolved in nonaqueous solvents.266 Moreover, this model also supports why the 

complexes are luminescent upon DNA binding, since DNA  

can shield the nitrogen atoms from the phenazine and prevent hydrogen binding from 

solvents. 
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Figure 0.4- General jablonski diagram representing the excited states and transitions of the “light 

switch effect” for [Ru(bpy)2(dppz)]2+ or [Ru(phen)2(dppz)]2+  and the solvent influence. GS= 

ground state. Image adapted from80 and chemical structure of dipyrido[3,2-a:2’,3’-c phenazine. 

 

Since the discovery of the “light switch effect”, multiple complexes carrying a dppz ligand 

or a derivative of it, have been studied for diagnosis and therapeutics purposes.274-276 

These particular complexes offer potential for use in cellular imaging, especially for 

nucleus staining. However, such complexes must overcome some difficulties such as 

cellular uptake and nucleus permeabilization.31 A study demonstrated that different 

ruthenium (II) complexes that carried a dppz ligand as one of the ancillary ligands,  

realised that they are not internalised in the nucleus for Hela cells.31 Although, all the 

complexes were uptake by the cells after 2 hours for the complex [Ru(DIP)2(dppz)]2+, 

where DIP is 4,7-diphenyl-1,10-phenanthroline (Figure 3.5), and after 4 hours for 

complexes [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+, they all were localised in the 

cytoplasm of the cells. Interestingly, the most bulky complex, [Ru(DIP)2(dppz)]2+, has the 

fastest internalisation on cells, showing that one of the most important factors on 

complexes internalisation is its lipophilicity, rather than the size of the complex itself.31  
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Figure 0.5- Chemical structures of dipyridophenazine Ru (II) complexes, adapted from31. 

 

 

Although many studies have been taking advantage of the “light switch effect” seen in 

dppz complexes and other similar complexes277, not all the ruthenium (II) complexes 

bearing a dppz ligand have that effect. However, that does not mean that these 

complexes cannot be used for diagnosis purposes. Recently, Elgar and co-workers  

showed that even though not all the complexes have the “light switch effect”, it is still 

possible to use them as fluorescent probes and take advantage of their DNA intercalation 

behaviour, by using FRET (Forster resonance energy transfer) pairs with other 

fluorophores bound to the DNA.278  FRET relies on dipole-dipole coupling between the 

excited state of a fluorophore donor to the ground state of a fluorophore acceptor. 

Therefore, in this study, upon ruthenium (II) complex binding to DNA, the 3MLCT 

emission state undergoes resonance energy transfer with a fluorophore previously 

linked to DNA, resulting in a red-shit emission and a significant lifetime increase. 

Furthermore, this strategy shows anticancer properties by affecting DNA replication.   
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Beyond cancer diagnosis, Ru-dppz complexes have also been studied for therapeutic 

purposes within bioinorganic research. Gasser’s group is one of the main groups 

dedicated to explore derivatives of Ru-dppz complexes with the aim to maintain the DNA 

interaction behaviour of these complexes but increase its phototoxicity upon visible light 

irradiation.279, 280 Besides, other groups made new complexes of the type 

[Ru(dppz)2(LL)]2+ and found out that the complexes are multi-intercalators78 by binding 

two or even the three ligands to DNA. This leads to a more significant distortion of the 

double helix and consequently, creates a physical barrier that prevents DNA replication. 

This complex combined with an inhibitor for breast cancer, allowed the enhancement of 

cell cycle arrest and apoptosis. However, it was also found that this complex has poor 

aqueous solubility and moderate potency, which limits its effect.281, 282 Thereby, although 

the exciting results in this field, there are still a lot to develop and hence, other strategies 

need to be considered in order to allow these type of complexes to move forward into 

clinical trials.283 

3.1.3 Gold nanoparticles and DNA hybrids 
 

Due to their easy surface modification and biocompatibility, AuNPs emerged to facilitate 

some of the challenges that the drugs by themselves face, such as targeted drug delivery. 

The conjugation of drugs into nanocarriers might also prevent drug deactivation by other 

biomolecules and its bioavailability and stability enhancement.284 Kang and co-workers 

synthetised 30 nm gold nanoparticles functionalised with PEG and bioconjugated with a 

peptide responsible for cell adhesion to the extracellular matrix (ECM) and a nuclear 

localisation signal peptide. 285 With this system, they managed not only to specifically  
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target cancer cells but also target the nucleus of the cells. They also found that the 

bioconjugated AuNPs were cytotoxic to cancer cells by disrupting the cell cycle through 

DNA damage, resulting in apoptosis.285  Conjugation of AuNPs with DNA moieties, have 

showed promising results and therefore, hairpins286, single and double stranded DNA287-

289 , aptamers290 and others have been attached to AuNPs for biological applications. The 

first DNA-AuNPs hybrid, was introduced in 1996, by two different groups, Mirkin and  

Alivisatos and co-workers, for targeted drug delivery and imaging.291, 292 Since then, 

many others followed and created DNA-AuNPs systems that can be used for biosensing 

and diagnosis.293, 294 Deka and co-workers, made a competitive bio sensor of AuNPs and 

DNA hybrids to monitor helicase activity.289 Helicases are enzymes that can unwind the 

DNA and play a key role in multiple processes such as DNA replication, repair and RNA 

transport. This new hybrid system involves the functionalisation of AuNPs with a self-

assembled monolayer of DNA and oligo-ethylene glycol (TOEG6) to give nanoparticle 

stability and specificity. When no enzyme is present, the solution of the AuNPs is purple 

due to the aggregates formed by the DNA binding. However, when helicase is added to 

the solution, with ATP, the solutions turn red due to the unwinding of the DNA and 

consequent disruption of the aggregates (Figure 3.6). This strategy allows to assess the 

helicase activity not only by eye but also with a simple UV-Vis spectrophotometer.289  
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Figure 0.6- Diagram illustrating the formation of DNA-AuNPs aggregates and consequent 
disruption of the DNA double helix upon helicase addition. Adapted from289 

 

DNA-AuNPs hybrids can  also be used to achieve gene detection, regulation295, 296 and 

targeted delivery297. Some drugs lack specificity, causing damage to healthy cells as well 

as the tumour. However, aptamers can specifically recognise the tumour and distinguish 

it from healthy cells.298 Luo and co-workers, built a AuNP- aptamer/hairpin system  for 

targeted delivery of doxorubicin (clinical approved anticancer drug). The DNA aptamer 

possess great affinity with a peptide overexpressed in leukemia cell line CCRF-CEM, and 

upon illumination with plasmon resonance light, the cytotoxic effect of doxorubicin was 

enhanced.299  Yang and co-workers constructed a nano cage of AuNPs for the delivery of 

siRNA, which interferes with expression of specific genes and thus, prevents 

translation.300 To enhance the treatment efficacy, doxorubicin (DOX) was also added by 

intercalation into double stranded DNA fragments (DNA1-5) also conjugated on the 

nanoparticle (Figure 3.7). The gold cages were then closed off with aptamers (AS1411) 

to allow specificity and single stranded DNA around it, linked with a cleavable peptide  
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(MMP-2). When the nanocage reaches the tumour, the enzymes MMP2 - overexpressed 

in cancer cells, can break the peptide chain and release doxorubicin, at same time that 

laser irradiation is applied the tumour cells. Within this system, this study showed a 

combined genetic, chemotherapeutic and photothermal therapy where a nearly 

complete tumour regression in mouse was observed.300  

 

Figure 0.7- Schematic illustration of the gold nanocages for targeted lung cancer therapy, 

showing the DOX releasing mechanism by breaking the peptide chain by the overexpressed 

MMP-2 enzymes on cancer cells, adapted from300. 

 

 

3.1.4 Recognition of gold nanoparticles with DNA 
 

Although many advances have been made on DNA-AuNPs hybrids for diagnosis or 

therapy, there are very few examples on literature that show evidence of AuNPs 

interacting with DNA. Elmes and co-workers are one of the few studies that showed that 

it is possible to show DNA interaction with luminescence AuNPs (Figure 3.8).237  
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Figure 0.8- Diagram illustrating gold nanoparticle functionalised with a luminescent ruthenium 

(II) complex for imaging in cancer cells. Adapted from237 

 

Using ruthenium (II) complexes with ligands such as 2,2-bipyridine, 1,10-phenanthroline 

or 1,4,7,10- tetraazaphenanthrene (tap), to stabilise gold clusters during gold nucleation, 

they formed 4 nm positively charged AuNPs. The AuNPs showed to have a 105 M-1 affinity 

to DNA binding, and a hypochromic effect with a red shift in the MLCT band in the UV-

Vis absorption spectra. This study also showed a nonspecific localization of the AuNPs in 

the cytoplasm and nucleus, detected by microscopy techniques. Simultaneously, the 

positively charged AuNPs showed high binding affinity with DNA by fluorescence 

spectroscopy.237  

Although this study contributed for a breakthrough on DNA interactions with 

nanoparticles, it is noted that the AuNPs are positively charged and therefore easy to 

interact with the negatively charged DNA. Perhaps, due to that limitation, the behaviour 

of negatively charged AuNPs with DNA has not been much explored. In the Pikramenou 

group, Caballero and co-workers purposed a new system of a negatively charged gold 

nanocarrier that not only allows highly loading of a platinum drug, but also bears 

fluorophores and DNA intercalator moieties that allow strong bind and DNA wrap around  
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the nanoparticles, allowing enhanced cytotoxcicity.284 In this work, the AuNPs are used 

not only as nano carriers but also play a key role to tackle tumour cells. The DNA 

interaction of the AuNPs was proved by linear dichroism and DLS techniques. By 

fluorescence confocal microscopy and TEM it was also demonstrated that although the 

particles are localised mainly in the cytoplasm, after 24h some AuNPs reached the 

nucleus, showing that specific targeted functionalisation is not always needed. Overall, 

this study shows promising results by demonstrating that negatively charged AuNPs 

functionalised with metal complexes can interact with DNA. 

3.2 Chapter Aims 
 

In this chapter the luminescence effect of a new ruthenium (II) complex, RuDppzL2 

complex bearing two dipyrido[3,2-a:2’,3’-c phenazine ligands and a 5-(1,2-dithiolan-3-

yl)-N-(1,10-phenanthrolin-5-yl)pentanamide ligand (L2), (see Chapter 2 for synthesis 

details), will be studied upon attachment to AuNPs (Figure 3.9). The interaction of DNA 

with AuNPs coated with RuDppzL2 and RuPhenL2 will be studied, and binding affinities 

compared. The efficient binding of the complexes to calf thymus DNA and linear plasmid 

DNA will be studied by linear dichroism, fluorescence, and microscopy.  
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Figure 0.9- Graphical illustration of the interaction of DNA and AuNPs functionalised with 

ruthenium (II) complexes, RuPhenL2 and RuDppzL2.  

 

 

3.3 Results and Discussion 
 

3.3.1 Synthesis and photophysical properties of the ruthenium (II) polypyridyl complex 

RuDppzL2   
 

Typically, the complexes type [Ru(L1)2(L2)]2+ are synthesised through the intermediate 

[RuCl2(L1)2] as described on chapter 2. However, for more sterically hindered ligands 

such as dppz, this method has drawbacks, such as poor control of stoichiometry and 

thermal instability. Therefore, our collaborator Gilles Gasser and his group proposed a 

different mechanism to synthesise these types of complexes involving cis-

[RuCl2(DMSO)4] as starting material.301 Therefore, the ruthenium (II) complex  
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[Ru(dppz)2(L2)]Cl2 or simply called RuDppzL2 was provided by Maria Dalla Pozza from 

the Gilles Gasser group at Chimie ParisTech, PSL University. The synthesis procedure can 

be found in the Experimental section at the end of this Chapter.  

The absorption, steady state excitation, emission and luminescence lifetime were 

measured for this complex in aerated water/methanol. The absorbance spectrum 

showed to be similar to its parent [Ru(phen)2(dppz)]2+, revealing the metal to ligand 

charge transfer (MLCT) spin allowed (d - π*) from 400-500 nm with the maximum at 450 

nm and a shoulder at 430 nm. The π- π* transition of dppz ligand is observed with peaks 

at 270 nm and 370 nm.260 Interestingly, although with a weak signal, the complex under 

study is still emissive with an emission maximum of 675 nm, contrary to 

[Ru(phen)2(dppz)]2 that does not show any emission in aqueous solution.260 However, it 

is possible to observe that the peak observed at 370 nm, which corresponds to the π- π* 

transition of dppz ligand, does not contribute to the emission of the complex, since it is 

not visible on the steady state excitation spectrum. Although the signal is weak, this 

complex has a luminescence lifetime of 428 ns in aerated water/methanol. An 18 nm 

shift is observed when comparing the absorption (λmax= 277 nm) and excitation spectra 

for the π- π* transition of dppz ligand  (λmax= 259 nm). This could be due higher 

absorbance of the solution, causing an artifact. 
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Figure 0.10- a) Absorption (black), excitation (blue) and emission (red) of 20µM RuDppzL2 
(λexc=450 nm,  λem=675 nm)  in aerated H2O with 2% MeOH. b) Luminescent lifetime decay of 
RuDppzL2. Laser excitation source was at 445nm and collection wavelength of 620nm, with a 
550nm filter. Decay curves were fitted with χ2 values between 1.0 and 1.2. 

 

DLS showed, on Figure 3.11, aggregates of RuDppzL2 in water/ methanol with 28 ± 9 nm 

size with a PDI of 0.5 in a freshly made solution. Overtime, the size of these aggregates 

increased, and two different size populations were found after 24 hours, 85 ± 24 nm and 

317 ± 60 nm. Interestingly, this effect not only observed in water/methanol, but also in 

pure methanol, showing aggregates with sizes of 188 ± 38 nm after 24 hours of the 

solution been made. Moreover, both absorption and emission decreased overtime, 

showing that there is no luminescence enhancement with the increase of aggregate sizes 

(Figure 3.11-B and C). 
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Figure 0.11- Time dependence optical properties of  a 20 µM RuDppzL2 solution in water with 
2% MeOH. A- Dynamic Light Scattering (DLS) recorded the size by number from 0h to 24h. B- 
Absorption spectroscopy overtime and C- emission recorded overtime. Before each 
measurement, the solution was stirred for 3 minutes to avoid sedimentation. Black arrows show 
decrease in absorption intensity and emission intensity. 

 

It has been reported that ruthenium (II) complexes that seemed completely dissolved in 

a mixture of DMSO-water solution, had formed aggregates of nanometre size.302 Gasser 

group, saw ruthenium aggregates in PBS, even at low concentration.303 It was believed 

that this behaviour might be caused by a reduction of electrostatic repulsion between 

positively charged complexes. PBS is a water-based solvent that contains salts such as  
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sodium chloride. The high ionic strength of the solvent can enhance the attraction of the 

positively charges, surrounded by the negative charges of the salt and therefore, 

increase the aggregation effect.  

An aggregation effect it is not uncommon for compounds with extensive aromatic rings, 

since these ligands undergo π-π stacking interactions when aggregate. Moreover, due to 

the variety of the different charge transfer electronic states, aggregation on metal 

complexes can affect their emission properties in different ways depending on the 

specific characteristics of the complex.304 The most common effect is aggregation 

induced emission (AIE).305 However, it is also possible to observe aggregation caused-

quenching (ACQ). This effect has been extensively studied in organic molecules but there 

are fewer examples observed for metal complexes in solution. Although there is not a 

single mechanism that explains both AIE and ACQ effects, it is assumed that these 

behaviours emerge from a competition between radiative and non-radiative decay 

pathways.304 In a very recent study, two similar trinuclear complexes of copper and silver 

showed completely different emission properties upon aggregation induced by the 

addition of water to the dissolved complex in THF.306 The copper complex showed a AIE 

effect with 20 times increase on emission after aggregation due to a tight packing with 

strong hydrogen bonding interactions. The silver complex demonstrated a ACQ 

behaviour where the emission decreased 5 times after aggregation assumed to be due 

to lose molecule packing and weak π-π* interactions.  

Upon the discovery of nanometre size aggregates on the complex RuDPPZL2, the 

possibility of other complexes having the same effect is intriguing. Previously, RuPhenL2  
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demonstrated a relatively weak luminescent lifetime signal in solution, as shown in 

Chapter 2, which could be explained by an aggregation effect. Therefore, two solutions 

in water/methanol of different concentrations of RuPhenL2, were analysed by DLS after 

24 hours. As observed in Figure 3.12, both solutions exhibited aggregates, in which 20 

µM solution shows a 30 nm aggregates size whereas a 60 µM solution of RuPhenL2 

demonstrated aggregates of 260 nm. As bigger aggregates are formed at the highest 

concentration, thereby shows a dependence relation between concentration and 

aggregation size. To evaluate the DNA interaction with the ruthenium (II) complexes, the 

aggregation effect will need to be considered. Within this work, the ruthenium (II) 

complexes will be functionalised into AuNPs and therefore the interaction analysed will 

be between the AuNPs and DNA. However, it is important to note that the aggregates 

can influence the concentration of ruthenium (II) complexes added to the AuNPs and 

that should be considered. 
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Figure 0.12- Size by number distribution measured by DLS of a 20 µM and 60 µM RuPhenL2 

solutions in water with 2% MeOH, after 3 minutes stirring to avoid sedimentation.   
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3.3.2 Functionalisation of gold nanoparticles with surfactants and RuDppzL2 
 

Similarly, to the ruthenium (II) complexes on Chapter 2, RuDppzL2 is attached to the 

AuNPs through the thiol group in L2 ligand to make Au.RuDppzL2. The coating process 

involved a titration of a 1 mM RuDppzL2 solution to a solution of AuNPs resuspended in 

water (6.5 nM) until reaching a plateau of maximum amount of RuDppzL2 added and no 

shift on the SPR is observed (Figure 3.13). 

 

Figure 0.13- Titrations of a 1 mM stock solution in MeOH of RuDppzL2 in AuNPs 13 nm (6.5 nM) 
by UV-Vis spectroscopy and binding curves of concentration vs SPR shift a) Au.Z.RuDppzL2 and 
b) Au.SPEG.RuDppzL2. 
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The optimal concentration of RuDppzL2 added to AuNPs previously stabilised with Zonyl 

FSA is 40 µM, whereas for AuNPs previously coated with SPEG, only 4 µM is possible to 

add. The attachment of RuDppzL2 to the AuNPs, does not have a saturation point and as 

a result the binding affinities was not possible to calculate. Thus, the optimal 

concentration for Au.RuDppzL2 was found through analysis of the SPR shifts. It is also 

noted that the optimal concentration of RuDppzL2 (40 µM for Au13.Z.RuDppzL2 and 4 

µM for Au13.SPEG.RuDppzL2) to the AuNPs is significantly less than for the complexes 

RuPhenL2 (80 µM for Au13.Z.RuPhenL2 and 10 µM for Au13.SPEG.RuPhenL2). This is no 

surprise, since this complex has two dppz ligands, which are much more sterically 

hindered than 1,10-phenanthroline ligands. Moreover, this could also be related with 

the formation of bigger aggregates for RuDppzL2 in a fresh made solution, in comparison 

with RuPhenL2. ICP-MS also demonstrated that less ruthenium (II) complexes were 

attached to AuNPs, since only 300 ruthenium (II) complexes were found to be attached 

to AuNPs of 13 nm size compared to 400 of RuPhenL2. The same was observed for 25 

nm AuNPs, where only 100 ruthenium of RuDppzL2 was attached to AuNPs compared to 

200 of RuPhenL2 (see Chapter 2, appendices-figure 2.31). 

After coating, the Au.RuDppzL2 in solution have different hydrodynamic sizes due to the 

attachment of surfactants and ruthenium (II) complexes but also due to the interaction 

of the particles with the solvent (Figure 3.14).  The hydrodynamic size increased 25 % for 

AuNPs coated with PEG (15 ± 4.2 nm) and 58 % when coated with Zonyl FSA (19 ± 5.3 

nm) in comparison to citrate AuNPs (12 ± 2.9 nm) (Appendices-tables 10 and 11). Upon 

RuDppzL2 coating, there is an increase of ~94 %  (24.0 ± 7.1 nm) in relation to the citrate  
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AuNPs. For 25 nm AuNPs, the increase is not so evident, nevertheless there is a ~25 % 

size increase after coating with RuDppzL2 since the size increases from 20.0 ± 5.0 nm to 

25 ± 8.0 nm. Beyond the SPR change observed in UV-Vis, the hydrodynamic size increase 

can be used as evidence to show that the AuNPs were successfully coated with the 

surfactants and RuDppzL2. For all the AuNPs, only one single peak is observed on the 

DLS size distribution, demonstrating only one size population for each set of particles. It 

is important to note that although ruthenium (II) complex aggregates have been 

observed in solution, these were not found upon attachment to the nanoparticles.  

 

Figure 0.14- Increase of size by number distribution of coated AuNPs with surfactants (Sonyl 
FSA and SPEG) and ruthenium (II) complex (RuDppzL2) in comparison with citrate AuNPs. 

 

To observe the monodispersity of AuNPs after coating, TEM images were analysed. As 

observed in figure 3.15 the AuNPs are single particles with uniform size and shape. By 

taking the average of 20 AuNPs diameter, all the samples have an optimal size of 15 ± 1 

nm for 13 nm AuNPs and 23 ± 2 nm for 25 nm AuNPs. DLS clearly indicates an increase 

on hydrodynamic size after AuNPs coating, however the same is not observed by TEM. 

Although the difference in size is within the error, this is attributed to the fact that in  
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TEM the coating is not visualised and therefore further staining is required. In conclusion, 

AuNPs coated with RuDppzL2 were successfully synthesised and characterised as 

monodispersed, with no aggregation in solution. 

 

Figure 0.15- Transmission electron microscopy of coated AuNPs, where a) Au13.Z.RuDppzL2, b) 
Au13.SPEG.RuDppzL2, c)Au25.Z.RuDppzL2 and d) Au25.SPEG.RuDppzL2. TEM sizes were 
calculated by an average of 20 AuNPs and processed by ImageJ software. Scale bars are 500, 200 
and 100 nm. The sizes of the AuNPs were 15 ± 1 nm, for Au13.Z.RuPhenL2, Au13.SPEG.RuPhenL2 
and 23 ± 2 nm For Au25.Z.RuDppzL2 and Au25.SPEG.RuDppzL2. 

 

3.3.3 Photophysical studies of RuDppzL2 coated gold nanoparticles 
 

To study the photophysical properties of RuDppzL2 when attached to the AuNPs, 

absorption, emission and excitation spectra were analysed (Figure 3.16 and appendices-

figure 3.29). The SPR peak is easily identified and well defined on the absorption spectra 

at 518 nm for 13nm and 522 nm for 25 nm AuNPs. The excitation profile shows the bands 

attributed to RuDppzL2, in which 277 nm and 370 nm corresponds to the Ligand Centre 

(LC) state (π - π*) and the MLCT at 450 nm. The AuNPs functionalised with Zonyl FSA and  
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RuDppzL2 (Au.Z.RuDppzL2), the emission maintains the same than the ruthenium 

solution freshly made (675 nm) (Figure 3.17). Interestingly, on the set of AuNPs coated 

with SPEG and RuDppzL2 (Au.SPEG.RuDppzL2), there is a blue shift in comparison with 

the ruthenium (II) complex in solution. The emission maximum shifted from 675 nm to 

577 nm on Au13.SPEG.RuDppzL2 and 600 nm for Au25.SPEG.RuDppzL2. This blue shift 

could be related to the packing between RuDppzL2 and SPEG around the AuNPs. As seen 

previously in Chapter 2, SPEG has a bigger length than Zonyl FSA. Steric hindrance is also 

pronounced for RuDppzL2 due to its bulky dppz ligands. Therefore, it is possible that the 

packing of RuDppzL2 on Au.SPEG is different than Au.Z, causing a shift on the emission 

maximum. The luminescence of the complex [Ru(bpy)2(dppz)]2+ has been studied 

previously in a micellar environment, where it is observed a blue shift on the absorption 

maximum when the length of the alkyl chain increases.307 In this study it was 

hypothesised that this was due to the dppz ligand being buried in the micellar core, 

preventing water quenching. 

 

Figure 0.16- Absorption (black), emission (red) and excitation (blue) spectra of 3.5 nM  
Au13.Z.RuDppzL2 (left) and 1.5 nM Au25.Z.RuDppzL2 (right) (λex= 450 nm, λem=675 nm) in 
aerated water. 
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Figure 0.17- (a) Overlayed emission of RuDppzL2, Au13.Z.RuDppzL2 and Au25.Z.RuDppzL2 (λex= 
450 nm, λem=675 nm). All the solutions are in aerated water. (b) Overlayed emission of RuDppzL2 
(black) (λex= 450 nm, λem=675 nm), Au13.SPEG.RuDppzL2 (red) (λex= 450 nm, λem=577 nm) and 
Au25.SPEG.RuDppzL2 (blue) (λex= 450 nm, λem=600 nm). All the solutions are in aerated water. 

 

The luminescence lifetimes are presented in table 1. Although RuDppzL2 attached to 

AuNPs (Au.Z.RuDppzL2, Au.SPEG.RuDppzL2) has a higher emission signal than RuDppzL2 

in solution, its lifetime decreases. However, the quantum yield increases. While 

RuDppzL2 in solution has a quantum yield of 0.1 %, on the AuNPs the quantum yield 

increases to 2.9 %. This could be related with a plasmonic enhancement from the AuNPs. 

The optical properties of materials can be significantly influenced by the presence of 

surface plasmons (see Chapter 1). Therefore, this can also affect the luminescence 

properties of the ruthenium (II) complexes attached to the surface of AuNPs. The 

enhanced electromagnetic field around the Au.RuDppzL2 can result in increased rates of 

energy transfer to the ruthenium (II) complex leading to a faster decay of the excited 

state.308 Nevertheless, plasmonic enhancement can also increase the quantum yield of 

RuDppzL2 when attached to the AuNPs by increasing the likelihood of incident photons 

absorption and thus increasing the efficiency of the conversion of absorbed photons into 

emitted photons.308, 309 

 



3. Luminescent gold Nanoparticles for DNA recognition 

119 
 

 

Table 8- Luminescence lifetimes recorded for RuDppzL2 in water/methanol, Au13.Z.RuDppzL2, 

Au13.SPEG.RuDppzL2 and Au25.Z.RuDppzL2, Au25.SPEG.RuPhenL2 in aerated water. Lifetimes 

were recorded using a (λexc=450 nm) laser and were fitted with a χ2  between 1.0 and 1.2. nd- 

not determined. 

Sample Name Lifetimes  / ns  air 

RuDppzL2 428 (100%) 

Au13.Z.RuDppzL2 473 (27%) , 64 (28%), 16 (45%) 

Au13.SPEG.RuDppzL2 426 (62%), 13 (11%), 2 (28%) 

Au25.Z.RuDppzL2 110 (26%), 37 (43%), 8 (31%) 

Au25.SPEG.RuDppzL2 nd 

 

 

3.3.4 DNA interactions with luminescent gold nanoparticles by electron microscopy 
 

After successfully coating the AuNPs with RuDppzL2, the DNA interaction between the 

AuNPs coated with ruthenium (II) complexes RuPhenL2 or RuDppzL2 were studied. It is 

important to note that for this chapter AuNPs functionalised with RuPhenL1 was not 

studied due to its structural similarities with RuPhenL2, which therefore would not differ 

on DNA interaction.  

Although many studies have showed that AuNPs can interact and even target DNA by 

functionalising nucleic acids or other biological moieties on AuNPs (see section 3.1.3), 

there are not many studies that show evidence of DNA interactions with negatively 

charged AuNPs functionalised with ruthenium (II) complexes. Most approaches involve 

positively charged AuNPs, due to the negatively charged DNA backbone.237 To examine 

whether Au.RuPhenL2 and Au.RuDppzL2 retained their negatively charged after being 

coated with the ruthenium (II) complexes, zeta potential measurements were employed.  
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Zeta potential measures the surface charge of nanoparticles in solution. In a colloidal 

system, dispersed particles have two layers of oppositely charged ions on the surface, 

forming two layers. The inner layer is called stern and represents the layer with strongly 

bonded ions, and a diffuse layer that has loosely bond ions that are distributed according 

to their electrical forces. The voltage measured between the diffuse layers and the media 

defines the zeta potential, i.e, when the zeta potential is highly negatively charged (> - 

10) the particles are stable but if they have a lower zeta potential (-10< x<10) then the 

particles have a bigger tendency to aggregate.310 The zeta potential measured was 

between -15 and -26 ± 5 mV for Au.RuDppzL2 and Au.RuPhenL2. (Appendices-figure 

3.30), suggesting that although the surface is coated with positive ruthenium 

compounds, the surface charge is still negative and relatively stable. Due to DNA being 

also negatively charged, an obvious experiment to observe an interaction between 

Au.RuDppzL2, Au.RuPhenL2 and DNA (DNA-AuNP.Ru) would be a size measure by DLS 

and a zeta potential analysis before and after DNA addition. However, it was not possible 

to obtain reliable zeta potential for the interaction between DNA-AuNP.Ru through this 

technique. 

To obtain visual information on the interaction between DNA-AuNP.Ru, transmission 

electron microscopy (TEM) was used. The samples were stained with 4% uranyl acetate 

solution to visualise the ctDNA. As observed in figure 3.18-A,B,  Au.SPEG.RuDppzL2 

appear wrapped up in strings of DNA. As it is known, DNA is negatively charged due to 

its phosphate groups. When negatively charged AuNPs are in proximity of a DNA 

fragment there is an increase of local charge that forces these fragments to acquire a  
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more rigid conformation or stiffening (Figure 3.19). In this case, there is natural repulsion 

of the DNA backbone adapting this “spaghetti shape” conformation around the 

AuNPs.311 This behaviour had already been proposed by our group in a previous study, 

in which AuNPs were coated with a lipoic acid and a known intercalator 

anthraquinone.284 In this study, there was an increase on LD signal (unusual for an 

intercalator) suggesting a bending of ctDNA, leading to a “wrap” of ctDNA around the 

AuNPs. 

 

Figure 0.18- Transmission electron microscopy (TEM) images of a 3.5 nM solution of AuNPs, after 
the addition of 16 µM ctDNA. The TEM grid was previously stained with 4% uranyl acetate for 
DNA visualisation. A and B- Au.SPEG.RuDppzL2, C- Au.Z.RuDppzL2, D- Au.SPEG. 
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Figure 0.19- Simplified diagram of a DNA fragment adapting a rigid conformation “spaghetti 
shape” due to attractions and repulsion forces from the positively and negatively charged 
molecules. 

 

 

 

Interestingly, this behaviour seems to only happen on the Au.RuDppzL2 and 

Au.RuPhenL2 that contain SPEG as surfactant. When the surfactant used is Zonyl FSA, 

there is no evidence of DNA interaction (Figure 3.18-C). Moreover, the DNA seems to get 

a different configuration, suggesting that the Zonyl FSA might not help the binding and 

therefore the DNA chains does not need to adapt a more rigid conformation. For the 

best of our knowledge this is the first time where images of negatively charged AuNPs 

coated with ruthenium (II) complexes, wrapped in DNA are showed. Carnerero and co-

workers initially showed that 15 nm negatively charged AuNPs can bind to the enzyme 

T4 DNA ligase.312 By TEM, they showed that although some nanoparticles interacted with 

a giant double stranded DNA (T4 DNA), a certain proportion remained unbound and 

continues dispersed on the grids. That is consistent with what is observed in this work. 

As a control, AuNPs only functionalised with SPEG were observed under the electron 

microscope after addition of ctDNA. Figure 3.18-D, shows that although some of the  
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Au.SPEG interact with DNA, most of them are dispersed on the grid, suggesting that the 

functionalisation of the AuNPs with the ruthenium (II) complexes is determinant for the 

DNA-AuNPs interaction.  

 Scanning transmission electron microscopy with energy dispersive X-ray (STEM-EDX) 

establishes the chemical composition by indicating the chemical elements present in a 

sample. So, using the same carbon grids in which TEM images of DNA-AuNP.Ru 

assemblies were obtained, three essential chemical elements were identified as present 

on the samples. As expected, gold, Au, and ruthenium, Ru, were identified as 

demonstrated in figure 3.20, as well as phosphorus, P, indicating the presence of DNA. 

Analysing the images, most of the phosphorous signal found is around the 

Au.SPEG.RuDppzL2 demonstrating the interaction previously showed by TEM.   

 

Figure 0.20- STEM-EDX images of a sample containing a 3.5 nM solution of Au.SPEG.RuDppzL2 
with 16 µM ctDNA. Original image from STEM in grey (a) and at the bottom the signal of the  
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elements identified as present on the sample, b) gold (Au), c) ruthenium (Ru) and d) 
phosphorous (P). 

 

To further analyse the interaction of DNA-AuNP.Ru, PBR-322 linearized plasmid DNA, 

with 4000 base pairs, was added to a solution of Au.RuDppzL2 and Au.RuPhenL2. The 

plasmid DNA was prepared and purified by a QAIquick PCR kit (see Experimental 

section). Confirmation of linearization and size was determined using an agarose gel 

electrophoresis and compared with a 1kb DNA ladder. (Appendices-figure 3.31) 

Au.RuDppzL2 and Au.RuPhenL2 were analysed on TEM before and after staining with 4% 

uranyl acetate solution. As observed on Figure 3.21, before staining, only the AuNPs are 

visible. After staining, the plasmid DNA fragments are visible and its interaction with 

Au.RuDppzL2 and Au.RuPhenL2 is clear. According to the TEM images, even though the 

ruthenium (II) complexes attached to the AuNPs are different, since one is coated with 

RuPhenL2 and the other with RuDppzL2, that did not interfere with the binding to the 

DNA. As seen previously for ctDNA, the AuNPs previously coated with Zonyl FSA did not 

seem to bind to plasmid DNA. (Appendices-figure 3.32). The reason for this can be due 

to different factors, such as the hydrophobic nature of the fluorinated tail which can 

cause a change in DNA conformation, thus preventing the interaction. It has been 

showed before that hydrophobic liposomes can change DNA conformation to a more 

condensed form, so it minimizes their exposure to water.313 A different study 

demonstrated that a fluorinated surfactant FC134 aggregated on the surface of the DNA 

to form a hydrophobic complex leading to a change in conformation of DNA from B to Z 

form.314 Therefore, for the next experiments, only AuNPs coated with SPEG as surfactant 

were studied.  



3. Luminescent gold Nanoparticles for DNA recognition 

125 
 

 

In figures 3.20 and 3.21, it is also observed an agglomeration like “bunches of grapes”. 

Interestingly, there seem to be two single strands of DNA on each side of the bunch, as 

if the DNA had partially uncoiled and exposed more bases of the DNA. This type of 

unwound of DNA has been visualised before on TEM for DNA replication on bubble 

stage315, 316 (Figure 3.22).  Therefore, this is a very promising effect for a therapeutic 

strategy in the future by preventing DNA replication on tumour cells, using AuNPs coated 

with ruthenium (II) complexes. Moreover, the AuNP alignment due to DNA could be very 

useful, in a near future, to similar luminescent AuNPs systems for DNA origami studies. 

As known in the literature, nanoscale structures have unique chemical, electronical and 

optical behaviour that can be easily tuned by simply modifying the size of the nano 

structures.292, 317 Using DNA origami to make these structures, besides offering a 

controlled interaction between particles, prevents aggregations, and also gives the 

possibility of engineering interactions with a molecule of interest.318 These properties 

can lead to several applications such as chemical sensors319, spectroscopic enhancers320 

and bioimaging.321 
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Figure 0.21- TEM images before (a,b) and after staining (c,d) with uranyl acetate of 
Au13.SPEG.RuPhenL2 (c) and Au25.SPEG.RuPhenL2 (d) with plasmid DNA PBR-322. 

 

 

Figure 0.22- TEM images before (a,b) and after staining (c,d) with uranyl acetate of  
Au13.SPEG.RuDppzL2 (c) and Au25.SPEG.RuDppzL2 (d) with plasmid DNA PBR-322. 
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Figure 0.23- Graphical scheme of DNA replication at bubble or “eye” stage where the DNA is 

unwound to two single strands.315, 316  

 

In the samples containing linear plasmid DNA, it was possible to identify the elements 

gold, phosphorus, and ruthenium by STEM-EDX (Figures 3.23, 3.24 and 3.25). The strings 

of DNA showed in grey on the TEM images have the same signal observed by the 

phosphorous signal, making clear that the fragments observed on TEM are DNA. 

Important to note that the phosphorus signal is also detected on the nanoparticle, 

evidencing the AuNPs interaction with the plasmid DNA. On figure 3.24, it is also possible 

to visualise an uncoiling of the DNA and thus a separation of DNA into two single strands. 

 

Figure 0.24- STEM-EDX images of Au.SPEG.RuDppzL2 (3.5 nM) with plasmid PBR-322 DNA. 
Original image from STEM in grey (a) and at the bottom the signal of the elements identified as 
present on the sample, b) ruthenium (Ru), c) gold (Au) and d) phosphorous (P). 
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Figure 0.25- STEM-EDX images of a Au.SPEG.RuPhenL2 (3.5 nM) with plasmid PBR-322 DNA. 
Original image from STEM in grey (a) and at the bottom the signal of the elements identified as 
present on the sample, b) ruthenium (Ru), c) gold (Au) and d) phosphorous (P). 

 

 

Figure 0.26- STEM-EDX images of Au.SPEG.RuPhenL2 (3.5 nM) with plasmid PBR-322 DNA. 
Original image from STEM in grey (a) and at the bottom the signal of the elements identified as 
present on the sample, b) ruthenium (Ru), c) gold (Au) and d) phosphorous (P). 
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3.3.5 DNA interaction with luminescence gold nanoparticles by spectroscopy 

 

To further analyse the DNA-AuNP.Ru assemblies at different concentrations, a UV-Vis 

titration was carried out. No change on the SPR band broadness was observed, 

suggesting no aggregation of the ruthenium coated AuNPs upon DNA addition. With an 

increase of DNA concentration, however, a change on the absorption intensity is seen. 

For Au.SPEG.RuDppzL2, increasing the concentration of DNA leads to an absorption 

increase of 8% (Figure 3.27-a), while for the Au.SPEG.RuPhenL2 an addition up to 17 µM 

of DNA results in a decrease of 16%, followed by an increase in absorption at higher 

concentrations (Figure 3.27-b). This result suggests that the DNA addition reached a 

saturation point at 17 µM, beyond which no further DNA binding to the 

Au.SPEG.RuPhenL2 has occurred. As a control, Au.SPEG were analysed upon DNA 

addition, which showed a not significant change of 1.6% on the λmax (Appendices-figure 

3.33). The binding constants, calculated through UV-Vis titrations, of Au.SPEG.RuDppzL2 

and Au.SPEG.RuPhenL2 upon DNA interaction are respectively, 1.3 x 106 and 7.6 x 106 M-

1. Thus, one can conclude that the calculated binding affinity (Ka) of the AuNPs with 

ruthenium coated is considerably higher than the AuNPs coated only with surfactant 

SPEG (7.6 x 105 M-1) . In the literature, AuNPs coated with  [Ru(phen)3]2+ with a thiolate 

aliphatic chain, had a binding constant of 5.5 x 105 M-1, showing a considerable lower 

affinity than Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2.237 The binding affinity 

calculated for Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 are in the range of the Ka 

values for classical intercalators (106-108 M-1) such as ethidium bromide or 

[Ru(phen)2(dppz)]2+, which can suggest that intercalation can be one of the mode of  
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interaction. On the other hand, lower binding constants are usually associated with 

electrostatic interactions and partial intercalation.322  Two of the main characteristics of 

a good DNA intercalator are associated with an increase in emission and a hypochromic 

effect. Figure 3.27-c,d shows that for both samples, Au.SPEG.RuDPPZL2 and 

Au.SPEG.RuPhenL2, the interaction with DNA did not decrease the emission signal of the 

AuNPs. However, there is not a significant increase on emission signal. Surprisingly, 

although Au.SPEG.RuPhenL2 shows a hypochromic effect (Figure 3.27-b), 

Au.SPEG.RuDPPZL2 demonstrates a hyperchromic effect (Figure 3.27-a).  

 

Figure 0.27- UV-Vis titration of ctDNA (50 µM in Tris-HCl buffer, pH=7.4) into (a) 
Au.SPEG.RuDppzL2  (3.5 nM), (b) Au.SPEG.RuPhenL2 (3.5 nM). Fluorescence emission of ctDNA 
(50 µM in Tris-HCl buffer, pH=7.4)  titration into (c) Au.SPEG.RuDppzL2  (3.5 nM) and (d) 
Au.SPEG.RuPhenL2 (3.5 nM). 
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This behaviour was unexpected, since [Ru(Phen)2Dppz]2+ is well stablished in the 

literature as an intercalator, having a characteristic hypochromic effect and a light switch 

effect.95, 260, 267 In order to understand if the behaviour of Au.SPEG.RuDppzL2 originates 

from the AuNPs or the RuDppzL2 complex, the interaction of the ruthenium (II) complex 

in solution with DNA was also analysed (Appendices-figure 3.34). As expected, the 

absorbance had a hypochromic effect and a red shift of 3 nm after DNA binding, which 

is a common effect of an intercalator.323 Moreover, similarly to its parent 

[Ru(Phen)2Dppz]2+, this complex has a light switch effect in which is very weakly 

luminescent in the absence of DNA but strongly increases its luminescence in the 

presence of DNA.260 Since the complex RuDppzL2 has an intercalation behaviour 

expected when interacts with DNA, one can hypothesise that the hyperchromic effect of 

Au.SPEG.RuDPPZL2 has to be related with the interaction of the AuNPs with DNA. 

The absorbance and emission changes can also be a good indication on how the DNA is 

affected by the AuNPs. A hypochromic effect suggests a contraction and a conformation 

change of the DNA helix, which is typically observed by stacking interactions with the 

base pairs, whereas a hyperchromic effect can indicate electrostatic interactions or 

partial uncoiling of the helix structure.260, 322, 324, 325 An hyperchromic effect on AuNPs 

upon DNA binding has been demonstrated before in the group, in which a wrap of DNA 

around the AuNPs was hypothesised.284  

To further understand the interaction of DNA-AuNP.Ru, linear dichroism (LD) 

measurements were carried out. Linear dichroism is a spectroscopic technique where  
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the samples are oriented and the linear polarised light observed is measured, giving 

information of orientation and conformation of a molecule. Figure 3.28 shows the LD 

spectra for Au.SPEG.RuDppzL2, Au.SPEG.RuPhenL2 and Au.SPEG. In a typical LD 

spectrum for DNA, the signal tends to negative values such as an upside-down 

absorbance spectrum. This is due to the π-π* transitions of the base pairs being 

polarised within the plane, i.e, the absorbance of the DNA molecule is perpendicular to 

the orientation axis.90 When a molecule is added to the DNA solution, it is expected to 

see a change in the signal only if this molecule binds to DNA.  

 

Figure 0.28- Linear dichroism spectra of Au.SPEG.RuDppzL2 (a), Au.SPEG.RuPhenL2 (b) and 
Au.SPEG (c) titration into ctDNA solution (50 µM in Tris-HCl buffer, pH=7.4) and comparison with 
the ctDNA signal (black line). For all the spectra, the baseline (Tris-HCl buffer, pH=7.4) was 
subtracted. Legends show final concentration of AuNPs (0.1-0.8 nM). 
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In Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2, an increase in magnitude is observed 

upon addition of the AuNPs. This increase is typical for an intercalator of the DNA base 

pairs. The same is observed upon increase of Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 

addition, suggesting that there is an increase of interaction between the AuNPs and the 

base pairs and a stiffening of DNA.268, 326, 327 Au.SPEG.RuDppzL2 has the biggest increase 

in magnitude (88%) upon 0.8 nM of nanoparticles addition, suggesting a significant 

reduction of DNA orientation. After the addition of the same concentration of 

Au.SPEG.RuPhenL2, a 69% change is observed on LD magnitude, which although weaker 

than Au.SPEG.RuDppzL2, there is still a significant reduction on DNA orientation. 

However, only a 37% increase on magnitude was observed when Au.SPEG was 

measured, suggesting that although the gold nanoparticles can bind to DNA, the 

presence of the ruthenium (II) complexes are essential for a strong interaction.  

The increase on LD magnitude for Au.SPEG (Figure 3.28-c) suggests a stiffening of the 

DNA, which contradicts the DNA-AuNPs previous study in the group. As mentioned 

previously, Caballero et all., showed a decrease in LD magnitude, leading to believe that 

there is a bending and coiling effect on DNA which wraps around the AuNPs.284 In the 

case of Au.SPEG a wrap of ctDNA around the nanoparticles is also possible to be 

visualised by TEM (see section 3.3.4). However, the LD data shows otherwise, suggesting 

the formation of loops on DNA. This has first been suggested upon TEM study of 

Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 with plasmid DNA, in which it seem there 

was an unwound of DNA and the separation of the double strand into single strands with 

AuNPs in the middle. This could explain the stiffening of DNA and therefore the increase  
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in LD magnitude. However, to be able to draw any further conclusions, analysis of the 

samples in cryo-TEM is purposed as future work, so that the images are acquired in 

solution instead of dried on a surface. 

Circular dichroism (CD) can be a very useful technique to detect conformational changes 

in DNA due to the absorption of right-handed and left-handed circularly polarised light 

of the chiral backbone of DNA. Therefore, a CD experiment was conducted for Au.SPEG 

and Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 with ctDNA. However, no changes on 

the CD spectrum were observed for any of the AuNPs. This could be due to the loops 

formed on the DNA being in a small proportion preventing a detectable conformation 

change by CD. However, this hypothesis needs to be further investigated. 

Analysing all the several techniques used to study the interaction of DNA-AuNPs, we 

conclude that there is interaction between the AuNPs and DNA (Table 2). Au.SPEG did 

not show a significant change by UV-Vis spectroscopy upon ctDNA addition, however a 

slight magnitude increase was observed by linear dichroism, showing that Au.SPEG 

might interact with DNA. This interaction seems to be relatively weak, since the binding 

affinity calculated was 7.6 x 105 M-1, suggesting that the binding mode of Au.SPEG to 

DNA is by electrostatic interactions. An interaction effect is also showed by TEM images 

of AuNPs with plasmid DNA, suggesting that an uncoiling behaviour. However, these 

electrostatic interactions are weak, and therefore the attachment of RuDppzL2 and 

RuPhenL2 to the AuNPs are essential for a stronger binding. An increase on magnitude 

on LD upon addition of DNA, suggests that there is an intercalation process, which would 

be expected due to the RuDppzL2 and RuPhenL2 similarities with [Ru(phen)2(Dppz)]2+  
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and [Ru(Phen)3]2+, respectively. However, while Au.SPEG.RuPhenL2 has a hypochromic 

effect in the presence of DNA, Au.SPEG.RuDPPZL2 showed a hyperchromic effect. 

Overall, it is possible to understand that the AuNPs have different sides that can interact 

with DNA, indicating that more than one binding mode can be in place. However, to 

confirm the suggested interaction other studies need to be done in the future, such as 

viscosity, computational studies and competition assays using known intercalators such 

as ethidium bromide. 

Table 9- Summary of techniques that prove DNA-AuNPs interaction with suggested binding mode 
after results comparison. Nd- not determined. 

 Au.SPEG Au.SPEG.RuDppzL2 Au.SPEG.RuPhenL2 

Absorption No change Hyperchromic Hypochromic 

Emission nd No change No change 

Binding affinity  

(Ka / M-1) 
105 106 106 

LD (magnitude) Increase Increase Increase 

TEM/EDX 
No visible 

interaction 
Visible interaction Visible interaction 

Suggested binding 

mode 
Electrostatic  

Intercalation and 

electrostatic  

Intercalation and 

electrostatic  

 

 

3.4 Conclusions 

 

A new nano system of Au.RuDppzL2 was successfully synthesized, characterised and its 

luminescence behaviour studied. Au.RuDppzL2 showed a higher quantum yield than 

RuDppzL2 in solution (water/methanol) and a lower luminescence lifetime due to a  



3. Luminescent gold Nanoparticles for DNA recognition 

136 
 

 

plasmonic enhancement from the AuNPs. Au.RuDppzL2 was also evaluated according to 

its interaction with DNA and compared with Au.RuPhenL2. Visualization of the DNA 

wrapping around both the nano systems Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 was 

possible by TEM and STEM-EDX as well as their linearization upon addition of plasmid 

linear DNA. Moreover, it was possible to visualise a possible uncoiling of the double 

strand DNA when interacting with the Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2, which 

could be used as a therapeutic strategy in the future, by preventing DNA replication. 

Au.SPEG.RuDppzL2 showed an hyperchromic effect which is characteristic of 

electrostatic interactions, whereas Au.SPEG.RuPhenL2 demonstrated to have a 

hypochromic effect, which usually is correlated with an intercalator behaviour. 

Moreover, both Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 demonstrated an increase 

of magnitude on the linear dichroism signal suggesting an intercalator behaviour 

between the AuNPs and the DNA base pairs. Furthermore, both Au.SPEG.RuDppzL2 and 

Au.SPEG.RuPhenL2 have relatively strong binding affinities indicating once more an 

intercalation behaviour. It is concluded that, Au.SPEG.RuDppzL2 and Au.SPEG.RuPhenL2 

enhance the affinity and binding to DNA in comparison with Au.SPEG. Furthermore, 

different binding modes can be suggested for the interaction, such as electrostatic by 

van der Waals forces between the base pairs and the AuNPs, and intercalation between 

the aromatic ligands of RuDppzL2 and RuPhenL2 and the base pairs of DNA. Overall, this 

study showed that luminescence AuNP.Ru can bind to DNA and therefore these nano 

systems can be potential strong candidates to be used for different applications such as 

imaging, biosensors, and therapeutics. 
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3.7 Appendices 
 

Table 10- Size by number distribution and polydispersity index of citrate and coated Au13 by DLS.   

 

 

 

 

 

 

 

 

 

 

 

Table 11-Size by number distribution and polydispersity index of citrate and coated Au25 by 
DLS.   

 

 

 

 

 

 

 

Dynamic Light Scaterring (DLS) 

Number distribution / nm 
Polydispersity 

Index (PDI) 

AuNP13 11.5 ± 2.9 0.09 

Au13.Z 19.3 ± 5.3 0.23 

Au13.SPEG 15.0 ± 4.2 0.19 

Au13.Z.RuDppzL2 24.0 ±  7.1 0.29 

Au13.SPEG.RuDppzL2 22.4  ±  7.1 0.34 

 

 

 
 

Dynamic Light Scaterring (DLS) 

Number distribution / nm 
Polidispersity 

Index (PDI) 

AuNP25 20.1 ± 5.0 0.08 

Au25.Z 22.6 ± 6.6 0.23 

Au25.SPEG 22.6 ± 6.6 0.26 

Au25.Z.RuDppzL2 25.2 ± 8.0 0.35 

Au25.SPEG.RuDppz
L2 

24.0 ± 6.1 0.38 
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Figure 0.29- Absorption (black), emission (red) and excitation (blue) spectra of 3.5 nM 
Au13.SPEG.RuDppzL2 (left) and 1.5 nM Au25.SPEG.RuDppzL2 (right) (λex= 450 nm, λem=675 nm) 
in aerated water. 

 

 

Figure 0.30-(L) Zeta potential distribution of Au.SPEG.RuPhenL2 before (a) and after (b) DNA 
addition. (R) Zeta potential distribution of Au.SPEG.RuDppzL2 before (c) and after (d) DNA 
addition. 

 

 

Figure 0.31- Agarose gel demonstrating a 1 kb DNA ladder ( from 250 bp to 25.000 bp) on the 
first and last lanes. Middle lanes represent the plasmid pBR322 plasmid studied. 
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Figure 0.32- Transmission electron microscopy (TEM) images of a 3.5 nM solution of AuNPs, after 
the addition of 16 µM ctDNA. The TEM grid was previously stained with 4% uranyl acetate for 
DNA visualisation. (L) Au.Z.RuDppzL2 and (R) Au13.Z.RuPhenL2 with plasmid DNA PBR-322. 

 

Figure 0.33- UV-Vis titration of ctDNA (50 µM in Tris-HCl buffer, pH=7.4) into Au.SPEG (3.5 nM). 

 

Figure 0.34-(L) UV-Vis titration of ctDNA (50 µM in Tris-HCl buffer, pH=7.4) into RuDppzL2 
demonstrating a significant hypochromic effect and red shift. (R) Emission titration of of ctDNA 
(50 µM in Tris-HCl buffer, pH=7.4) into RuDppzL2 showing an emission increase upon addition of 
DNA. R= ratio of base pairs per complex. 
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Figure 0.35-1H-NMR of RuDppzL2 in CD3CN. 

 
 
 

 
Figure 0.36- Theoretical (top) and observed (bottom) of RuDppzL2 ESI+ MS with the fragment 
524.6 (M-PF6)+. 
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Figure 0.37-13C-NMR of RuDppzL2 in CD3CN. 

 
 
 

 
Figure 0.38-2D COSY of RuDppzL2 in CD3CN. 
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Figure 0.39-2D HMBC of RuDppzL2 in CD3CN. 

 
 
 
 

 
Figure 0.40-31P-NMR of RuDppzL2 before (left) and after (right) counter ion exchange. 
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4. Luminescent ruthenium gold for nuclear targeting in 

cancer cells 
 

4.1 Introduction 
 

4.1.1 Ruthenium functionalised gold nanoparticles for diagnosis 
 

Ruthenium (II) complexes coated with AuNPs, can be studied for examples, as biological 

sensors or cell imaging to monitor drug delivery.166, 237 In general ruthenium (II) 

complexes have large Stokes shift and long lifetimes, which minimize the risk of 

autofluorescence detection on the microscope, excitation (λexc= 450 nm) and emission 

(λem= 600 nm) in the visible region and tuneable luminescent profile by for example 

modifying functional groups of the ligands attached to the ruthenium (II) complex.328 

AuNPs are easily functionalised, with tuneable sizes, a large surface area allowing 

functionalisation with multiple probes and biocompatible. Moreover, AuNPs are electron 

dense nanomaterials allowing multimodal imaging.147 (see Chapter 1 and 2, section 2.1, 

for further details). Leung and co-workers coupled Ru(bpy)3Cl2 with a lipoic acid, and 

through a thiol bond, attached onto AuNPs capped with DMAP (4-

dimethylaminopyridine), leading to positively charged AuNPs.329 In this study they found 

that when the ruthenium (II) complex, Ru(bpy)3Cl2, is attached to AuNPs, a Förster 

resonance energy transfer (FRET) from the probe to the gold nanoparticles was 

observed. But when a esterase enzyme (hydrolyses ester, amide and thioester bonds) 

was added, the ruthenium (II) complex can be released from the AuNPs and the 

luminescence is increased (Figure 4.1).329 This study was used to determine an assay 

method for the esterase detection based on the quenching of AuNP.Ru conjugates.  
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Figure 4.1- Schematic representation of the enzyme esterase releasing the Ru(bpy)3Cl2, leading 
to luminescence enhancement.329 

 

Gunnlaugsson’s group synthesised luminescent AuNPs using different ruthenium (II) 

complexes (Figure 4.2-1) and demonstrated that the Ru(II) complexes luminescence was 

preserved even upon cell uptake.237 However, due to the small size of AuNPs (4-5 nm), 

the uptake mechanism was challenging to elucidate. Therefore, the same group, 

investigated bigger gold nanoparticles (averaged 15 nm size) functionalised with the 

same ruthenium (II) complexes (Figure 4.2) and detected the AuNPs by fluorescence 

confocal and TEM.330 After 24h the AuNPs accumulate in the cytosol of the HeLa cells, 

inside vesicles. However, it is noted that the ruthenium signal is quenched, which could 

be related with the absence of surfactant that could protect the ruthenium (II) complex 

from 3O2 quenching. Furthermore, the lack of surfactant also influenced the stability of 

the AuNPs, where large aggregates were observed after 16h.   
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Figure 4.2- (1)-Schematic representation of Ruthenium (II) polypyridyl complexes- AuNPs hybrid 
materials on 15 nm gold nanoparticles sizes. (2)- fluorescence confocal microscopy images of 
Hela cells treated with 20 µM of 3.AuNP for 24 h. Ruthenium signal (A), nuclear DAPI stain (B) 
and overlapped images (C). (3)- TEM images of Hela cells incubated with 3.AuNP for 2,4,6, and 
24 h, adapted from330. 

 

The development of ruthenium (II) polypyridyl complexes for imaging have been 

extensively studied56, 331-333. However, although the conjugation of ruthenium (II) 

complexes onto AuNPs are an attractive strategy for cell imaging, there are only a few 

studies in this area. Due to the advantages of using AuNPs as nano probes and nano  
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carriers, it is believed that AuNP.Ru conjugates are a promising diagnosis strategy in a 

near future and therefore, should be further explored.  

4.1.2 Cell uptake mechanism for gold nanoparticles 
 

The design of functional AuNPs for intracellular imaging requires a deep understanding 

of the mechanisms of these nanoparticles, entering and leaving the cells, allowing the 

control of AuNPs cellular accumulation and better understanding of cytotoxicity.147 

However, physiochemical properties of AuNPs, such as shape, size and surface 

modification, have an important role on their biological effects.334  Chithrani and co-

workers were one of the first groups that analysed the uptake of citrate AuNPs and 

compared with transferrin coated AuNPs.335, 336 They compared the uptake of the AuNPs 

in different cell lines, with different sizes ( 14, 50 and 74 nm) and different shapes such 

as spherical and rods. Transferrin is one of the serum proteins and enters the cells by 

receptor mediated endocytosis.337 However, when compared AuNPs coated with this 

proteins and citrate AuNPs, both entered STO, Hela and SNB19 cells.335 In fact, 

transferrin-AuNPs had three times less uptake than citrate AuNPs.336 This was an 

interesting discovery, since citrate-AuNPs are negatively charged and therefore their 

cellular uptake in hindered due to repulsion between the nanoparticles and the 

negatively charged membrane.338 It was then hypothesised that the AuNPs uptake could 

be related with a nonspecific adsorption of serum proteins onto the gold surface, 

inducing a mechanism of receptor-mediator endocytosis.339, 340 This mechanism involves 

the transport of cargo molecules from the plasma membrane into the cell cytoplasm.341  
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This process happens due to the binding of  receptors on the surface of the cell 

membrane to the cargo molecules, creating a membrane vesicle (Figure 4.3). 

The transferrin-AuNPs only have two receptors to interact when reached the cell 

membrane, whereas the citrate AuNPs could interact with a variety of serum proteins 

and therefore several receptors could allow the AuNPs uptake. Furthermore, it was then 

hypothesized that the rates and amount of uptake of AuNPs is dependent on the 

presence of these proteins and the time it takes to interact with receptors so that an 

invagination process occurs.335, 336 Nowadays, it is accepted that AuNPs can be 

internalised by different ways, as shown if figure 4.3. 1) clathrin-mediated endocytosis 

and 2)  caveolin-mediated endocytosis, which involves the formation of plasma 

membrane invaginations, known as “little cages”. Moreover, 3) clathrin and caveolin-

independent pathways were also observed for AuNPs cell uptake, in which the cell 

membrane itself initiates a physical deformation and form a vesicle, capturing the 

AuNPs. 4) Phagocytosis is a process where there is an engulfing of the AuNPs and 5) 

macropinocytosis is performed by ripples of the cellular membrane.334, 342, 343 All the 

pathways presented involve the formation of AuNP-protein system, recognition by the 

cell membrane receptors, engulfment into a vesicle and transported into the cell 

cytoplasm.340, 344 Later, these vesicles will activate the signal pathways, ending in release 

of the AuNPs into the cytoplasm or secretion to the outside of the cell.345, 346  
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Figure 4.3- Schematic representation of the different endocytosis mechanisms of nanoparticles 
internalisation in cells, adapted from343.  

 

Besides coating, shape, and size of AuNPs, can also influence the uptake inside the cells. 

Chithrani et al, compared spherical AuNPs and gold nanorods (AuNRs) and concluded 

that although both shapes entered the cells via endocytosis mechanisms, the number of 

spherical nanoparticles inside the cells was significantly larger than rods.336 In a different 

study, nano triangles (AuNTs) had a better uptake followed by AuNRs and finally 

nanostars (AuSTs).347 The reasons for this, is yet to be clarified, but it is hypothesised that 

can be related with a reduction of binding sites requiring a higher energy for membrane 

bending.347 When different sizes of AuNPs were compared, differences on the uptake 

were also found. 50 nm AuNPs had a significant higher uptake than 14 or 74 nm AuNPs, 

leading to believe that the uptake of different sizes of AuNPs is very dependent on the 

“wrapping time”, i.e, how a membrane encloses a nanoparticle.336 TEM images showed  
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that for that reason, 14 nm nanoparticles could enter the cells as clusters, whereas 50 

nm single AuNPs could be enclosed by the membrane, as shown by Figure 4.4. However, 

smaller AuNPs tend to be distributed in different organelles of the cells and even enter 

the nucleus.343 

 

Figure 4.4- Different stages of the cellular uptake process of 50 nm (left) and 14 nm (right) 
transferrin coated AuNPs by TEM, adapted from335. Schematic representation of the receptor 
mediator endocytosis pathway, where the AuNPs bind to membrane receptor (B), membrane 
invagination (C) followed by internalisation inside of vesicles (D).  

 

Recently, our group studied the uptake of 13 nm AuNPs coated with Zonyl FSA as 

surfactant and a luminescence ruthenium (II) complex RuS12 (Figure 4.5), managing to 

track the AuNPs into the lysosomal pathway and endosomal release by TEM and 

fluorescence confocal microscopy.194 It was then established that these AuNP.Ru 

conjugates could have three different uptake mechanisms that included direct passive 

and translocation, clathrin-mediated endocytosis and macropinocytosis, which had 

evidence to be the major mechanism of uptake. Macropinocytosis is a transport  
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mechanism where no receptors are involved. Instead, there is a membrane ruffling that 

engulfs the outer cargo into endocytic vesicles.348 During this study, conformational 

changes in the membrane were visible through TEM. In all the cases, all the pathways 

lead to an endosomal release of the AuNPs, followed by autophagy to degrade the 

AuNPs after 24 h. No evidence of the AuNPs in the nucleus was found for these AuNPs. 

 

Figure 4.5- (L) Structure of RuS12 attached to AuNP surface, (R) TEM images demonstrating the 
uptake of RuS12.AuNP13 in A549 cell after 2 h (a,b) and 4 h (c,d) incubation. Red arrows indicate 
RuS12.AuNP13. Images a and b show few RuS12.AuNP13 accumulating in mitochondria, but the 
majority can be found in vesicles in the vicinity of the cytoplasmic membrane (purple dotted 
circles). Image c demonstrates RuS12.AuNP13 in the cytoplasmic membrane and in d the black 
dotted circle demonstrates evidence of membrane ruffling consistent with cellular uptake via 

macropinocytosis, obtained from194. 

 

4.1.3 Gold nanoparticles for nuclear targeting 
 

Targeting the cell nucleus with AuNPs has been an attractive but challenging aim due to 

their difficulties to reach the cellular nuclei. The AuNPs need to first enter the cell, which  
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can be challenging, then they need to escape from the vesicles and reach the nucleus 

outer membrane, pass the nuclear pore complex and the inner nuclear membrane 

(Figure 4.6), imposing further restrictions regarding size and coating.  

 

Figure 4.6- Simplified representation of nucleus constituents in eukaryotic cells.  

 

There are two different ways for the AuNPs to reach the cell nucleus, passive diffusion 

or active transport.343 An example of AuNPs passive diffusion to the nucleus was 

demonstrated by Huo et al, where they coated AuNPs with sizes 2, 6, 10 and 16 nm with 

tiopronin, which is a well-known pharmaceutical drug used for the treatment of 

rheumatoid arthritis.349 Then they also coated with a triplex forming oligonucleotide 

(TFO- gene targeting tool that binds to DNA) to direct the AuNPs into the nucleus. 

Interestingly, they realise that only small AuNPs (2 and 6 nm) could enter the nucleus on 

MCF-7 cancer cells, whereas 10 and 16 nm AuNPs only accumulated inside vesicles in 

the cytoplasm. Hence, they concluded that only small AuNPs could go through the 

nuclear pore complex, which is reported to allow molecules smaller than 9 nm to enter 

the nucleus.350 On the other hand, Kang et al proved that bigger AuNPs can also enter 

the nucleus by active transport when they coated 30 nm AuNPs with a peptide that 

targets surface proteins in cancer cells (RGD) and a nuclear localisation signal (NLS)  



4. Luminescent Ruthenium gold for nuclear targeting in cancer cells  

152 
 

 

peptide to target the nucleus of the HSC (human oral squamous carcinoma) cancer 

cells.285 In this study, the AuNPs were able to colocalise in the nucleus and damage the 

cancer cells by causing a cytokinesis arrest and a binucleate cell, leading to a complete 

failure of cell division resulting in apoptosis (Figure 4.7). 

 

Figure 4.7- Real time images of cancer cell division showing an apparent cytokinesis arrest B4, 
followed by binucleate cell formation (B6) in the presence of RGD/NLS-AuNPs. This phenomenon 
is not observed in no treated cells (A), adapted from285 

 

4.1.4 Gold nanoparticles and ruthenium (II) complexes for Photodynamic therapy 
 

Learning the cell pathway of AuNPs is crucial to understand the best strategy to use these 

nanomaterials for therapeutic aims. AuNPs coated with molecules of interest, can 

enhance the toxicity effect by being an effective nano-carrier.221, 351-353 Toxicity of AuNPs 

is mostly concentration and cell line dependent, however, studies have showed that 

citrate gold nanoparticles (with no other coating) can produce reactive oxygen species 

(ROS).354 However, with a careful and effective design, AuNPs can also be used to 

enhance the photosensitiser ROS production.154 Oo and co-workers functionalised a 19 

nm, 66 nm and 106 nm AuNPs with the photosensitiser protoporphyrin IX and revealed  
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a significant enhancement of almost double of the ROS production comparing with the 

photosensitiser alone, upon light irradiation at 530 nm.355 This enhancement was not 

only dependent on the uptake of the AuNPs but also its size. The contribution of high 

localised plasmonic field increases with AuNPs size, leading to an increase in ROS 

production. 

With the attractive properties of ruthenium (II) complexes for photodynamic therapy 

(PDT), is no surprise that [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+ and its derivatives 

complexes were also tested since DNA has showed to be an effective target on PDT. 

Gasser group has been extensively studying these complexes and has confirmed the 

ability of these complexes to generate singlet oxygen species with quantum yields above 

50% in acetonitrile and between 1-6 % in PBS. 279, 280, 356 This difference is due to PDT 

being dependent on the solvent used because of quenching effects. Nevertheless, 

Gasser group showed that a complex bearing a OMe group in the dppz ligand (ruthenium 

(II) complex (2), in figure 4.8 showed to be highly phototoxic (phototoxic indices with a 

12 fold increase of known photosensitiser) for Hela and MRC-5 cell lines by 1O2 

production upon irradiation at 350 and 420 nm. Moreover, this ruthenium (II) complex 

showed to have high DNA affinity as intercalator (Kb~10-6 M-1) and nuclear localisation.52, 

280  
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Figure 4.8- (a) Structures of ruthenium (II) complexes tested by Gasser group for PDT in Hela and 
MRC-5 cells, (b) cellular localisation of complex (2) in Hela cells after 2h incubation by confocal 
microscopy. The cells were stained with DAPI and Mitotracker for nucleus and mitochondria 
visualisation. 

 

However, in general ruthenium (II) complexes have some limitations as photosensitisers 

such as, low solubility in water, they are excited by short wavelength visible light which 

limits deeper radiation penetration and cellular uptake can be very limited.357 For an 

effective cytotoxicity effect by PDT in a deeper tissue, the photosensitiser needs to excite 

at or as close as possible to the near infrared region.358 Besides, if the photosensitiser is 

localised in intracellular organelles such as nucleus, mitochondria, or lysosomes the 

reactivity and therefore the toxicity effect is much higher, upon light activation.51 In order 

to allow the photosensitiser to accumulate inside these specific organelles at a sufficient 

concentration to produce an effect, other strategies to modify the traditional 

photosensitisers need to be considered. The use of nanoparticles for therapeutic effects  
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has the big advantage of allowing a prolonged circulation and accumulation in the 

tumour due to the enhanced permeability and retention effect due to their nano size.359 

Therefore, several studies have demonstrated the efficacy on using nanoparticles as 

nano carriers for PDT drugs and a progressed to preclinical studies.360-363 Although these 

have not reached clinical trials, AuNPs have been extensively explored for PDT and 

proved it can increase efficacy of PDT.364 The combination of the useful properties of 

ruthenium (II) complexes to be used as photosensitisers and gold nanoparticles as nano-

carriers can be an attractive strategy to improve PDT effectiveness and therefore it 

should be explored.  

 

4.2 Chapter Aims 
 

The localisation and uptake of AuNP.Ru conjugates (Au.RuPhenL1, Au.RuPhenL2 and 

Au.RuDppzL2) in A549 cell line will be studied by confocal luminescence microscopy and 

transmission electron microscopy. The cellular uptake between different AuNPs sizes will 

be compared as well as its cytotoxicity in the dark and upon visible light irradiation. The 

final aim of this chapter is to purpose a theranostics mechanism (Figure 4.9) to tackle 

A549 cells by using the luminescent nano systems for cell imaging and photodynamic 

therapy upon visible light irradiation. 
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Figure 4.9- Schematic representation of a theranostics strategy using luminescent ruthenium 
AuNPs to image and tackle cancer cells. 

 

4.3 Results and Discussion 
 

4.3.1 Cell survival assays in A549 cells 
 

To evaluate the cellular uptake and localisation of the AuNPs in A549 cells, it is essential 

to analyse the cytotoxicity. An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) viability test was performed, where 3.5 nM Au13 and 1.3 

nM Au25 AuNPs functionalised with RuPhenL1, RuPhenL2 and RuDppzL2 (AuNP.Ru) were 

used as stock solutions. MTT viability test is a colorimetric assay based on the reduction 

of a yellow salt (MTT) to purple formazan crystals by metabolic active cells, which means 

the darker the purple solution is, the greater the number of viable cells. This can be 

quantified by measuring absorbance at 500-600 nm.365, 366 

Since the AuNP.Ru conjugates are suspended in MilliQ water, the highest concentration 

tested, was half of the stock solutions to avoid water toxicity. By analysis of figure 4.10, 

even at the highest concentration studied, the AuNPs are very weakly toxic (≥ 60% 

viability for all the AuNPs tested). Au.RuDppzL2 are considered not toxic since the cells  
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viability never dropped below 80%.367 This could be related with the fact the RuDppzL2 

is weakly toxic itself, in comparison with RuPhenL1 and RuPhenL2. It was then 

determined that a non-toxic concentration where the AuNP.Ru would not cause 

noticeable damage to the cells, would be 0.9 nM for 13 nm sized Au.RuPhenL1, 

Au.RuPhenL2 and Au.RuDppzL2 and 0.3 nM for 25 nm sized Au.RuPhenL1, Au.RuPhenL2 

and Au.RuDppzL2. Therefore, these concentrations were used for the microscopy 

experiments, in order to evaluate the uptake of the AuNPs by the A549 cells. Previous 

studies have shown that similar ruthenium coated AuNPs were not toxic up to 0.9 nM to 

A549 cells.194 Therefore, even though Au13.Z.RuPhenL1 seems to be the only that 

presents toxicity at this concentration, this was not considered statistical significant 

when compared with the negative control, since p-value > 0.05. 
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Figure 4.10- Cytotoxicity in A549 cells determined using the MTT cell viability assay of the 
AuNP.Ru conjugates (grey) and RuPhenL1, RuPhenL2 and  RuDppzL2 (black) after treatment for 
24 h. Control= untreated A549 cell. P value, obtained from ANOVA analysis followed by a T-Test, 
is represented by * = p < 0.05, **< 0.01, ***< 0.001. When no * is observed p > 0.05. 
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4.3.2 Cellular uptake and subcellular localisation of ruthenium gold nanoparticles in cells  

 

4.3.2.1 Confocal luminescence microscopy of nanoparticles in A549 cells 

 

The cellular uptake efficacy and subcellular localisation in A549 cells was evaluated by 

live cell imaging, after incubating 0.9 nM of 13 nm sized Au.RuPhenL1, Au.RuPhenL2 and 

Au.RuDppzL2 and 0.3 nM of Au.RuPhenL1, Au.RuPhenL2 and Au.RuDppzL2. The cells 

were treated for 2, 4 and 12 h. To determine the ability of the luminescent AuNPs to 

localize in the nucleus, a commercial dye, Hoechst, was used. The AuNP.Ru visualisation 

was possible through the red channel that corresponds to the ruthenium signal (λexc = 

488 nm, λem= 620−800 nm) and the nucleus of the cells was stained with Hoechst which 

can be visualise through the blue channel (λexc= 405 nm, λem = 410−455 nm). After 2 h  

 

of incubation, the ruthenium signal is detected, indicating that after that short period of 

time the AuNP.Ru penetrate the cell membrane and localise in the intracellular space 

(Figure 4.11 and appendices- figure 4.31). Au.SPEG was also analysed using confocal 

imaging, showing no signal, therefore indicating that the red signal is generated by the 

ruthenium (II) complexes. Even though the luminescent signal of the ruthenium was 

detected during live cell imaging in A549 cells, both the luminescence intensity and the 

co-localisation signal were considerably weak, demonstrating that possibly a longer time 

is needed for an effective cell internalisation of these AuNPs systems.   
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Figure 4.11- Fluorescence confocal microscopy images of A549 cells after treatment with 0.9 nM 
of Au.SPEG and Au13.RuPhenL1 and 0.3 nM of Au25.Z.RuPhenL1 and Au25.SPEG.RuPhenL1, for 
2 h. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel (λexc= 405 nm, λem = 
410−455 nm). Yellow arrow indicating the AuNP.Ru signal. (Scale bar = 20 µM). 

 

A549 cells were also treated with AuNP.Ru conjugates for 4 h, which after that time, it 

was possible to detect a stronger ruthenium signal inside the cells, indicating a possible 

higher cellular uptake (Figure 4.12). The ruthenium (II) complexes signal on the AuNPs 

was found to overlap with the Hoechst dye that represents the nucleus of the cells. After 

4 h, Au.RuPhenL1 and Au.RuPhenL2 can be found very close to the A549 cell nucleus,  
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with no apparent influence of the surfactant (Zonyl FSA or SPEG) on the uptake (Figure 

4.12). 

 

Figure 4.12- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 4 h with 0.9 nM of a) 
Au13.SPEG.RuPhenL1, b) Au13.Z.RuPhenL1 and c) Au13.Z.RuPhenL2. Red channel (λexc = 488 nm, 
λem 620−800 nm) and blue channel (λexc= 405 nm, λem = 410−455 nm). (Scale bar = 20 µM). 

 

After 12 h, both Au.Z.RuDppzL2 and Au.SPEG.RuDppzL2 were found to be localised in 

cytoplasm and nucleus of the cells. Similar behaviour was found for AuNPs coated with 

RuPhenL1 and RuPhenL2 (Figures 4.13-4.18 and appendices 4.32-4.34). Even though, the 

ruthenium signal on the AuNPs was detectable in live A549 cells, after 2 and 4 h of 

treatment, the luminescence signal was more pronounced after 12 h, suggesting that 

the cellular uptake is time dependent. The strong ruthenium signal observed within the  
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intracellular environment during live cell imaging, after 12 h of treatment, confirms that 

the photostability of the ruthenium (II) complexes is not compromised upon attachment 

to the AuNPs. The use of AuNPs as a vehicle to deliver targeting complexes in cancer cells 

has been previously reported to improve the bioavailability of the complexes inside the 

cells.368 However, most of the published studies of ruthenium (II) complexes with or 

without gold nanoparticles, does not show nuclear internalisation without a nuclear 

targeting peptide.45, 369  

 

Figure 4.13- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.9 nM of Au13.Z.RuPhenL1 
and Au13.SPEG.RuPhenL1. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM. 
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Figure 4.14. Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.3 nM of Au25.Z.RuPhenL1 
and Au25.SPEG.RuPhenL1. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM. 

 

 

Figure 4.15- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.9 nM of Au13.Z.RuPhenL2 
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and Au13.SPEG.RuPhenL2. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM. 

 

 

Figure 4.16- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.3 nM of Au25.Z.RuPhenL2 
and Au25.SPEG.RuPhenL2. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM.  

yz 
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Figure 4.17- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.9 nM of Au13.Z.RuDppzL2 
and Au13.SPEG.RuDppzL2. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM. 

 

 

Figure 4.18- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.3 nM of Au25.Z.RuDppzL2 
and Au25.SPEG.RuDppzL2. Red channel (λexc = 488 nm, λem 620−800 nm) and blue channel 
(λexc= 405 nm, λem = 410−455 nm). Scale bar = 20 µM. 
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4.3.2.2 Transmission electron microscopy of nanoparticles in A549 cells 

 

The cellular uptake and subcellular localisation of the AuNP.Ru conjugates in A549 cells 

was further evaluated by TEM. Similarly, to confocal microscopy studies, the cells were 

treated with 0.9 nM of 13 nm sized Au13.RuPhenL1, Au13.RuPhenL2 and 

Au13.RuDppzL2 and 0.3 nM of  25 nm sized Au25.RuPhenL1, Au25.RuPhenL2 and 

Au25.RuDppzL2, for 4 and 12 h.  

TEM studies revealed the presence of AuNPs inside A549 cells. There is evidence of 

AuNPs trapped within endosomal vesicles, which is a characteristic of the endocytic 

uptake mechanism, a common uptake of nanoparticles by the cells (Figure 4.19-A to 

D).370 After 12 h, organelles such as lysosomes, autophagic vacuoles and lamella bodies 

are found in the cells (Figure 4.19-E to H). After being trapped in endosomes, the AuNPs 

have different possible pathways, such as degradation pathway via lysosomes, or 

recycling pathway which usually lies in the membrane of the cell or Golgi co-

localisation.371 No evidence of the AuNPs on the Golgi apparatus is observed. Moreover, 

in previous studies by the group, ruthenium coated AuNPs were found to be trafficked 

to the lysosomes by the endo-lysosomal pathway.194 Lysosomes is usually the point 

before degradation starts by autophagy. This can be confirmed by the presence of the 

AuNPs in autophagic vacuoles and lamella bodies. Lamella bodies in A549 cells are 

organelles involved in storage and secretion of lung surfactant which are capable of 

binding to lysosomes. Although the presence of AuNPs in autophagosomes, means 

degradation, these AuNPs do not seem to be degraded. In fact, the autophagosomal 

vesicle membrane seems to break and the AuNPs are released into the cytoplasm (Figure 

4.19-E to H).  
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Figure 4.19- TEM images of A549 cells after treatment after 4 and 12 h with 0.9 nM for Au13 or 
0.3 nM for Au25 of AuNPs coated with RuPhenL1, RuPhenL2 or RuDppzL2. L= lysosomes, AV= 
autophagic vacuoles, LB= Lamella bodies.(scale bar= 1000 and 2000 nm). AuNPs escaping 
vesicles represented by red arrows. 
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TEM imaging also allowed the visualisation of AuNP.Ru reaching the nucleus of some 

cells. After 4 h, Au25.Z.RuDppzL2 was found to go through the nuclear membrane and 

accumulate inside the nucleus. Figure 4.20 shows that these AuNP25.Z.RuDppzL2 freely 

navigate through the cytoplasm and reach the nucleus. Evidence of AuNP.Ru reaching 

the nucleus of the cells after 4 h can also be found for Au13.SPEG.RuPhenL2, 

Au25.Z.RuPhenL2 and Au25.SPEG.RuPhenL1 (Figures 4.21 and 4.22). These results show 

that not only the AuNPs can reach the nucleus of the A549 cells, but also that after a 

short period of time of 4 h, there is clearly evidence that both sizes 13 and 25 nm 

AuNP.Ru are able to go through the nuclear membrane. Therefore, for the best of our 

knowledge, this is the first time that 13 nm and 25 nm AuNP.Ru are visualised entering 

the nucleus of mammalian cells by TEM. Contrarily to what has been published on the 

literature, where only nanoparticles of 9 nm or below were able to go through the 

nuclear pore complex (NPC), these ruthenium coated AuNPs do seem to go through the 

nuclear membrane without a size restriction.372 The transport in and out of particles in 

the nucleus is very different from the cell membrane. The nucleus envelope consists of 

two membranes that are penetrated by these large structures called nucleus pore 

complexes. Due to their size, small molecules/particles (9 nm or below) can easily 

penetrate and passively diffuse through the NPC. When bigger particles get into the 

nucleus, this is only possible through active transport, where the NPC dilates to allow 

the transport of particles up to 39 nm in diameter.373 Due to a signal mediated passage, 

NPC can allow bigger particles/molecules to get into the nucleus, when these particles 

bind to signal receptors. There are two types of signals: nuclear signalization signal (NLS) 

and nuclear retention signal (NRS), in which particles/molecules would pass through the  
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NPC by binding to NLS receptors and accumulate in the nucleus due to the NRS.374 

However, the AuNP.Ru in study do not contain any NLS moiety and therefore that cannot 

be the mechanism of uptake into the nucleus. There are a few studies that show proteins 

without a NLS moiety are able to internalise and accumulate in the nucleus of cells.375, 

376 These proteins would not be able to interact with the NLS receptors in the NPC but 

they seem to interact with other proteins that contain a functional NLS and therefore go 

through the nucleus pore complex. This seems to be the most likely explanation for the 

13 nm and 25 nm ruthenium coated AuNPs being able to go through the NPC and reach 

the cell nucleus. 

 

Figure 4.20- TEM images of three different A549 cells after treatment with 0.3 nM 
Au25.Z.RuDppzL2 for 4 h.N1- nucleus one, N2- nucleus two.(scale bar= 5000 and 10000 nm). 



4. Luminescent Ruthenium gold for nuclear targeting in cancer cells  

170 
 

 

 

 

Figure 4.22- TEM images of A549 cell after treatment with 0.3 nM of Au25.SPEG.RuPhenL1 for 4 
h. N-nucleus. (scale bar= 500 and 1000 nm). 

 

 

Figure 4.21- TEM images of three different A549 cells after treatment with 0.9 nM of 
Au13.SPEG.RuPhenL2 and 0.3 nM of Au25.Z.RuPhenL2 and Au25.Z.RuPhenL2 for 4 hours. C.M- 
cell membrane, N-Nucleus. (scale bar= 2000, 1000 and 5000 nm) 
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After 12 h of cell treatment with the AuNP.Ru conjugates, TEM images showed their 

accumulation in both cytoplasm and nucleus of the cells. Au13.SPEG.RuDppzL2, 

Au25.SPEG.RuDppzL2 and Au25.SPEG.RuPhenL1 showed clear evidence of being 

internalised in the nucleus of A549 cells (Figures 4.23 to 4.25). Overall, for both time 

points studied (4 and 12 h) it was possible to observe evidence of nucleus internalisation 

by TEM for all the AuNP.Ru conjugates in A549 cells. 

 

 

 

Figure 4.23- TEM images of A549 cell after treatment with 0.9 nM of Au13.SPEG.RuDppzL2 for 
12 hours. N-nucleus. (scale bar= 2000 nm). 
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Figure 4.24- TEM images of A549 cell after treatment with 0.3 nM of Au25.SPEG.RuDppzL2 for 
12 h. N-nucleus. (scale bar= 2000 nm). 

 

 

 

 

Figure 4.25- TEM images of two different A549 cells after treatment with Au25.SPEG.RuPhenL1 
for 12 h. N-nucleus. (scale bar= 5000 nm). 
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4.3.2.3 Quantification of AuNPs uptake by A549 cells by ICP-MS 

 

Understanding how many AuNPs can be internalised by the cells in a specific period of 

time, can give important information for a range of medical and biological applications, 

such as the maximum drug delivery capability or even maximum quantity to allow 

imaging. ICP-MS is considered a highly sensitive elemental analysis technique for 

determining the unique mass of metals thus, this technique was carried out to quantify 

the uptake of the AuNPs by A549 cells. In order to understand how many AuNPs are 

inside the cells, the cells were treated with 0.9 for 13 nm AuNPs or 0.3 for 25 nm AuNPs 

nM for 12 h. It is important to note that these are preliminary results since only one 

biological sample was performed. To be able to test the accuracy and statistical 

significance, more than one biological replica will be needed. 

 Through ICP-MS analysis of whole cell lysates it was determined that the number of 

AuNPs per cell was lower for AuNP.Ru of 13 nm size (average 2500 AuNPs per cell) than 

AuNP.Ru of 25 nm (average 4600 AuNPs per cell), indicating that 25 nm size AuNPs have 

a better size for uptake (Figure 4.26). It has been previously reported that the optimal 

radius size of gold nanoparticles to be uptake by endocytosis is between 25 and 30 nm.377 

However, the size of the AuNPs does not seem to affect the uptake when the AuNPs are 

coated with RuDppzL2. Au13.Z.RuDppzL2 and Au25.Z.RuDppzL2 had the highest uptake 

inside the cells ( 5400 AuNPs per cell). Au25.Z.RuPhenL1 had the second highest uptake 

(5200 AuNPs per cell), followed by Au25.Z.RuPhenL1, Au25.SPEG.RuPhenL1 with 4300 

AuNPs per cell and Au25.SPEG.RuDppzL2 (4000 AuNPs per cell). The fact that AuNPs 

coated with RuDppzL2 had a considerably higher uptake could be due a higher 

lipophilicity. Previous studies have showed that increasing the aromatic rings on the  
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ligands of the metal complexes, increased the lipophilicity which facilitated the uptake 

by the cells.31, 378-380 Comparing the coating of the two surfactants on AuNPs, Zonyl FSA 

and SPEG, Au13.Z.RuDppzL2, Au25.Z.RuDppzL2 and Au25.Z.RuPhenL2 had a 46 %, 33 % 

and 55 %, respectively, increase of uptake than their AuNPs parents coated with SPEG. 

SPEG is a hydrophilic surfactant381, whereas Zonyl FSA is lipophilic and hydrophobic, 

which helps on increasing the lipophilicity and enhances the uptake of the AuNPs by the 

cells.194 

 

Figure 4.26- ICP-MS of lysates A549 cells for the quantification of gold inside the cells. The cells 
were incubated with 0.9 nM Au13 and 0.3 nM Au25 particles and incubated for 12 h, prior the 
analysis. N = 1. Control= untreated A549 cells. 
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4.3.3 Phototoxicity of AuNPs in A549 cells 
 

Ruthenium (II) complexes are known for their remarkable properties as photosensitisers 

and therefore have been extensively explored in PDT research. AuNPs, besides being 

promising nano carriers, have also showed their efficacy in ROS production and PDT 

enhancement. Therefore, studying the potential phototoxicity of the AuNP.Ru 

conjugates was of great interest in this research. Additionally, the high affinity with DNA 

found for AuNP.Ru (see Chapter 3 for further details), could allow an efficient oxidation 

of the genetic material and thus enhance PDT effect. Therefore, the toxicity of 

Au.Z.RuPhenL1, Au.Z.RuPhenL2 and Au.Z.RuDppzL2 in the dark and upon visible light 

irradiation was studied. Conjugating ruthenium (II) complexes with AuNPs, allows a PDT 

treatment with a higher wavelength light than what is usually used for ruthenium (II) 

complexes, since AuNPs λmax is 518 nm for Au13 and 520 nm for Au25. Higher 

wavelengths irradiation is always advantageous in PDT, since it allows a deeper 

penetration of the light in human tissues. However, a higher wavelength setup was not 

available and thus, an attempt to simulate a cell irradiation setup was carried out with a 

commercially available GSW IP65 green lamp (λmax= 535 nm) (Figure 4.27). It is known 

that the distance between the light source and the cells is extremely important on 

phototoxicity.382, 383 If the distance is too big, the light might not have an effect, but if the 

distance is too small it might affect the viability of the cells. Since the green lamp used 

has never been tested for this type of experiment before, a control experiment was 

carried out with two different distances (10 mm and 20 mm) between the lamp and the 

irradiated plate. By comparing the cell viability of A549 cells in a 96 well plate left in the  



4. Luminescent Ruthenium gold for nuclear targeting in cancer cells  

176 
 

 

dark with a 96 well plate of A549 cells irradiated, it become clear that a 10 mm distance 

influenced the cell viability (Appendices- figure 4.34). However, when the distance 

between lamp and cell plate was increased to 20 mm, there was no significant effect 

observed from the lamp, on the cell’s viability (Figure 4.28). 

 

Figure 4.27-  (a) Green lamp used for phototoxicity experiments, (b) Graphic illustration of 
irradiation set-up. Lamp was supported by two 6 well plates in each side, giving a distance 
between lamp and plate of 20 mm, (c) top view photograph of the irradiation set-up. 
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Figure 4.28- a) Representation of a 96 well plate of negative controls (A549 cells) with the 
indication of the rows used to compare the viability between dark and irradiated plate. (b) 
Phototoxicity by MTT assay of negative control (A549 cells) in a 96 well plate. Each number on 
the x axis corresponds to each row of the plate, in both dark and irradiated plates. P value, 
obtained by a T-Test, is represented by *< 0.05. 

 

Since the green lamp did not influence the cell viability, the set-up described was used 

for the phototoxicity experiment with the AuNPs samples. The graphs on Figure 4.29 

showed the cell viability through MTT assays between dark and irradiated cells, after 

treatment for 24 h with AuNPs citrate (Au13 and Au25), and functionalised with Zonyl 

FSA (Au13Z, Au25.Z) and AuNP with the ruthenium (II) complexes RuPhenL2, RuDppzL2 

and RuPhenL1 (Au13.Z.RuPhenL2, Au25.Z.RuPhenL2, Au13.Z.RuDppzL2, 

Au25.Z.RuDppzL2, Au13.Z.RuPhenL1 and Au25.Z.RuPhenL1).  
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Figure 4.29- Phototoxicity of A549 cells by MTT assay after treatment for 24 h with 0.9 nM of 
Au13, Au13.Z, Au13.RuPhenL1, Au13.RuPhenL2, Au13.RuDppzL2  and 0.3 nM of Au25, Au25.Z 
and Au25.RuPhenL1, Au25.RuPhenL2, Au25.RuDppzL2  (a) Comparison between RuPhenL2 and 
AuNP.RuPhenL2, (b) Comparison between RuDppzL2 and AuNP.RuDppzL2, (c) Comparison 
between RuPhenL1 and AuNP.RuPhenL1. Control= untreated A549 cells. To simplify the analysis, 
the samples with viability > 100%, were settled as 100%. P value, obtained by a T-Test, is 
represented by *< 0.05. 

 

As observed, all the AuNP.Ru conjugates show no toxicity in the dark for A549 cells after 

24 h treatment at the concentrations tested. However, upon green light irradiation, the 

cell viability significantly dropped, demonstrating the effectiveness of AuNP.Ru as 

photosensitisers. The cell viability after irradiation of Au.RuPhenL2 is 55 % and 53 % for 

13 nm and 25 nm AuNPs, respectively, revealing that for phototoxicity there is no  
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significant difference on AuNPs sizes in these samples. However, Au.RuDppzL2 and 

Au.RuPhenL1 showed  significant differences on phototoxicity between Au13 and Au25. 

Au13.RuDppzL2 had 72 % of cell viability and 46 % for Au25.RuDppzL2. Au13.RuPhenL1 

revealed 82 % of cell viability and 47 % for Au25.RuPhenL1. The fact that a bigger size 

AuNPs had a higher efficacy on cell death, can be explained by the fact that these AuNPs 

have a higher cell uptake and therefore, the phototoxicity effect is higher.  

Observing the graphs on figure 4.29, it is also possible to study the cell viability of the 

ruthenium (II) complexes, RuPhenL1, RuPhenL2 and RuDppzL2. The concentration of 

complexes used was of 0.3 µM, due to being the maximum concentration of ruthenium 

(II) complexes attached to the AuNPs. At this concentration, none of the complexes has 

a phototoxic effect for A549 after 24 h, revealing that the ruthenium (II) complexes need 

to be attached to the AuNPs to generate cell death. Moreover, citrate AuNPs (Au13 and 

Au25) and Zonyl FSA functionalised AuNPs  (Au13.Z and Au25.Z) were also studied as 

controls for phototoxicity with the green light. No significant difference is observed 

between dark and light showing that AuNPs without ruthenium do not have a light 

effect. However, the samples Au13, Au25, Au13.Z and Au25.Z and  are significantly more 

toxic than AuNP.Ru conjugates at the concentrations tested. This could be due to the 

ruthenium (II) complexes be able to shield the AuNPs and prevent any intrinsic toxicity. 

However, it is important to mention that these are only preliminary results since this 

experiment has only been done once and therefore further repeats are needed. 

Nevertheless, it is important to note that to generate a phototoxic system, both  
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ruthenium (II) complexes and AuNPs are required, leading to an enhancement of 

ruthenium (II) complexes’ phototoxicity by the AuNPs in A549 cells. 

 

4.4 Conclusions 
 

In this chapter the uptake and localisation of Au.RuPhenL1, Au.RuPhenL2 and 

Au.RuDppzL2 conjugates were studied, after 2, 4 and 12 h of treatment in A549 cells. By 

fluorescence confocal microscopy, although very weak, it was possible to detect the 

AuNP.Ru signal only after 2 h of incubation. However, after 4 h, this signal was significant 

higher, demonstrating an increase of uptake overtime. Both fluorescence confocal 

microscopy and TEM showed a successful internalisation by Au.RuPhenL1, Au.RuPhenL2 

and RuDppzL2 in the cells with accumulation in the cytoplasm and the nucleus of the 

cells. Although the AuNP.Ru conjugates do not exhibit any nucleus receptor signals, a 

clear nucleus internalisation is observed after 4 and 12 h of incubation for AuNPs of 13 

and 25 nm sizes. By TEM, endosomal vesicle, autophagic vacuoles and lamella bodies 

were also observed after 12 h, which is a characteristic of the endocytic uptake 

mechanism followed by a lysosomal degradation pathway. However, in most of the TEM 

images where nucleus internalisation is observed, these organelles are not observed, 

suggesting that the AuNP.Ru can internalise in the cells by different mechanisms. 

Furthermore, it was shown that the uptake is size dependent, where AuNP.Ru of 25 nm 

had a higher uptake than 13 nm, except for Au.Z.RuDppzL2 that had the highest uptake 

in 13 nm and 25 nm nanoparticles. With the aim of using AuNP.Ru conjugates as a  
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theranostics systems, the phototoxicity was also studied using a green visible light 

(λmax= 535 nm). All the cells were treated with Au.Z.RuPhenL1, Au.Z.RuPhenL2 and 

Au.Z.RuDppzL2, in the nanomolar range and  revealed no toxicity in the dark for A549 

cells. However, after irradiation there was a significant drop to half of the cell viability. 

This difference between dark and light was not visible on AuNPs without a ruthenium (II) 

complex attached, nor for the ruthenium (II) complexes alone, on the concentrations 

tested, showing that the attachment of ruthenium (II) complexes on AuNPs surface is 

required for a phototoxicity effect. Au25.Z.RuDppzL2 and Au25.Z.RuPhenL1 showed the 

biggest drop on cell viability after light irradiation, showing more than 50 % of cell death. 

Although preliminary, these are very promising results for a theranostics system using 

these AuNP.Ru conjugates for cell imaging and treatment with visible light.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Luminescent Ruthenium gold for nuclear targeting in cancer cells  

182 
 

 

4.7 Appendices 

 

 

Figure 4.30- Confocal microscopy images of A549 cells after treatment with 0.9nM of 
Au.RuPhenL2 coated with Zonyl FSA or SPEG, for 2 h, (Scale bar = 20 µM).  
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Figure 4.31- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.9 nM of 
Au13.Z.RuPhenL2. Scale bar = 20 µM). Red channel (λexc = 488 nm, λem =620−800 nm) and blue 
channel (λexc= 405 nm, λem = 410−455 nm). 

 

 

Figure 4.32- Cumulative Z projections (above) and cross sections (below) of Z-stacking images 
from confocal microscope of A549 cells after treatment for 12 h with 0.9 nM of 
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Au13.Z.RuDppzL2. Scale bar = 20 µM). Red channel (λexc = 488 nm, λem 620−800 nm) and blue 
channel (λexc= 405 nm, λem = 410−455 nm). 

 

Figure 4.33- Z projections (above) and cross sections (below) of Z-stacking images from confocal 
microscope of A549 cells after treatment for 12 h with 0.3 nM of Au25.SPEG.RuDppzL2 and 
Au25.Z.RuPhenL1. Scale bar = 20 µM). Red channel (λexc = 488 nm, λem 620−800 nm) and blue 
channel (λexc= 405 nm, λem = 410−455 nm). 

 

 

 

 

Figure 4.34- Cell viability of A549 cells in a 96 well-plate upon irradiation with 535 nm green 
lamp, at 10 mm distance between light and irradiated cells. Numbers in red correspond to 
viability below 100%. 
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5. General conclusions and future studies 
 

In this thesis, three novel luminescent ruthenium (II) complexes functionalised on the 

surface of AuNPs were developed as DNA probes for the imaging and therapy of A549 

cancer cells.  

In the second chapter, Au.RuPhenL1 and Au.RuPhenL2 was successfully synthesized, 

characterised, and demonstrated to be monodispersed, with a low polydispersity index 

and good quality distribution. To stabilise the AuNPs, three different surfactants were 

attached, which influenced the luminescence of the ruthenium (II) complexes. Both 

Zonyl FSA and SPEG increased the luminescence lifetime and quantum yield for 

Au.RuPhenL2 and Au.RuPhenL1. However, LPEG had the opposite effect on the 

ruthenium (II) complexes luminescence quantum yield and lifetime. This supported 

conclusion that the type and length of surfactant attached to the AuNPs must be 

considered, due to its influence on the probes’ luminescence. 

In the third chapter, a third novel system, Au.RuDppzL2 was successfully synthesised and 

characterised. Both Au.RuPhenL2 and Au.RuDppzL2 were shown to be DNA probes by 

interacting with calf thymus and plasmid DNA. This interaction was seen by TEM, EDX 

and spectroscopy studies, including UV-Vis and linear dichroism. Au.RuPhenL2 and 

Au.RuDppzL2 had high binding affinities comparable with known intercalators such as 

ethidium bromide, however Au.RuDppzL2 had the strongest interaction with DNA. Two 

different binding modes were suggested for the interaction, such as electrostatic by van 

der Waals forces and intercalation between DNA base pairs and AuNP.Ru. A possible DNA 

uncoiling upon AuNP.Ru binding is  visualised by TEM and EDX. 
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In the knowledge that AuNP.Ru conjugates are luminescent and bind to DNA, the uptake 

and localisation of AuNP.Ru by A549 cells was studied in the forth chapter. The AuNP.Ru 

signal was observed by fluorescence confocal microscopy and TEM after 2, 4 and 12 h of 

incubation in the cells. Au.RuPhenL1, Au.RuPhenL2 and Au.RuDppzL2 not only 

accumulated in the cytoplasm, but also in the nucleus of the cells. Given that one of the 

aims of this project is to employ the AuNP.Ru conjugates as DNA probes, the fact that 

these nanomaterials could access the nucleus is a promising result. Moreover, 

Au.RuDppzL2 showed the highest uptake in A549 cells for 13 and 25 nm sized AuNPs. On 

the other hand, Au.RuPhenL1 and Au.RuPhenL2 demonstrated a size dependence upon 

uptake, since the 25 nm AuNPs had a significantly higher uptake. All AuNP.Ru conjugates 

demonstrated phototoxic behaviour upon light irradiation with no effect on the cells in 

the dark. Au.RuPhenL1 and Au.RuDppzL2 showed more than 50 % of cell death in light. 

These results demonstrate the exciting potential of AuNP.Ru conjugates to act as 

photosensitisers and thus, these results should be further investigated for photodynamic 

therapy. Furthermore, the fact that these novel luminescent AuNPs can interact with 

DNA, allows for an even more efficient therapeutic effect by generating DNA oxidation. 

A further investigation is then proposed on the abilities, in particular, of Au.RuDppzL2 

since this nano system showed the strongest interaction with DNA, the highest uptake 

in both 13 and 25 nm AuNPs with accumulation in the cell nucleus, and killed, in the 

nanomolar range, more than 50 % of cells by light, revealing no cytotoxicity in the dark.  

Despite the exciting results, there is still a need to investigate AuNP.Ru further in order 

to develop an effective theranostics system. For additional studies on the interactions  
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between AuNP.Ru and DNA, we propose viscosity studies, computational studies and 

competition assays using known intercalators such as ethidium bromide. DNA uncoiling 

should also be investigated by gel electrophoresis and AFM. For biological studies, the 

cell uptake experiment by ICP-MS and the phototoxicity experiment would need to be 

repeated on different days to ensure an accurate and statistically significant result. As a 

longer-term plan, the reason for phototoxicity of AuNP.Ru conjugates under irradiation 

needs to be explored and therefore, ROS experiments are purposed. Additionally, it is 

important to understand if AuNP.Ru are specific to cancer cells and to which cell lines, 

and therefore, other cancerous and non-cancerous cell lines should be studied. Finally, 

a biological moiety such as an antibody, could be added to AuNPs, to allow for more 

effective targeting.  

In conclusion, this thesis represents a step forward for the development of an efficient 

luminescent gold-based nanoparticles theranostics strategy of cancer research. 
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6. General Methods and Procedures 
 

6.1 General Procedures  
 

Starting materials and solvents were purchased from Sigma Aldrich, Fisher Scientific and 

Alfa Aesar and used without any further purification. All air- and moisture-sensitive 

reactions were performed under a nitrogen atmosphere using Schlenk techniques, 

unless stated otherwise. All the reactions were conducted with oven-dried glassware 

and magnetic stirring. Reactions were monitored by thin layer chromatography (TLC) 

carried out on silica gel plates 60 F254, purchased from Merck, and using 254 nm UV light 

for visualization. Column chromatography was carried out using silica gel with mesh size 

of 230-400, packed in glass columns. Room temperature is 23-25ºC. The ruthenium (II) 

complex [Ru(dppz)2(L2)]Cl2 or simply called RuDppzL2 was kindly provided by Maria Dalla 

Pozza from the Gilles Gasser group at Chimie ParisTech, PSL University as well as its 

characterisation by NMR, MS and UV-Vis. Milli-Q (ultra-pure) water was used throughout 

all work to dissolve DNA solutions, AuNPs and complexes. For the experiments involving 

DNA, fresh buffer of 1 mM Tris-HCl with 20 mM NaCl, pH 7.4 was made up before each 

experiment, except stated otherwise. For all the biological experiments, cell media 

DMEM supplemented with foetal bovine serum (10 % V/V) (FBS), L- glutamine (2 mM), 

penicillin (100 U/mL) and streptomycin (100 µg/mL) was used. 

6.2 Instrumentation 
 

For the characterisation of all organic and organometallic compounds the NMR 

experiments were carried out on a Bruker AVANCE III 300 (1H: 300 MHz: 75 MHz), or  
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Bruker AVANCE NEO 400 NMR spectrometer (1H: 400 MHz: 101 MHz), coupling constants 

are quoted in Hz. Chemical shifts (δ) were reported relative to the residual solvent signal: 

CDCl3 δ= 7.26, D2O δ=4.79, DMSO δ= 2.54 for 1H NMR. All NMR spectra were analysed 

with MestRENova. Electrospray mass spectrometry was carried out on a Waters 

Micromass Q-TOF, and MALDI mass spectrometry on a Bruker Flextreme MALDI-TOF.  

For the ruthenium compounds and gold nanoparticles characterisation the UV-visible 

absorption spectra were collected using 1 cm path length polished quartz cuvettes on an 

Agilent Cary 60 or Cary 5000 spectrometer, at room temperature. Luminescence 

spectrums were collected using 1cm path length polished quarts cuvettes on an FLS1000 

fluorescence spectrometer, at room temperature. The spectra were corrected for lamp 

and instrument response and all the graphs were plotted using OriginPro 2023. Longpass 

filters were employed with cutoff wavelength of 500 or 530 nm as appropriate. 

Luminescent lifetimes were recorded with EPL-450 laser as an excitation source and 

fitted using Edinburgh Instruments FAST software with estimated error of ± 10 %.  

Quantum Yields were measured with an integrated sphere apparatus from Edinburgh 

Instruments and analysed with Fluoroacle software. 

For the gold nanoparticles characterisation, the Dynamic Light Scattering (DLS) results 

were collected using zeta size and Nano ZS Malvern instruments Ltd. TEM images were 

obtained by Joel 1400 Bio electron microscope and Formvar carbon support films from 

EMResolutions. The images were analysed by ImageJ software. STEM-EDX results were 

obtained by an Oxford Instruments Aztec Energy system from EMResolutions. The 

images of STEM-EDX were kindly obtained by Dr Theresa Morris. ICP-MS analysis was  
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performed by a 7500cx ICPMS with an Agilent integrated auto-sampler at the Chemistry 

department at the University of Warwick or in a Perkin Elmer 300X Nexion at the 

Department of Geography, Earth and Environmental Sciences at University of 

Birmingham and the data was acquired with Perkin Elmer Syngistix for ICP-MS version 

3.1 software.  

Uptake of the AuNP.Ru conjugates into A549 cells by confocal microscopy was 

investigated using Zeiss LSM900 inverted confocal microscope with Airyscan with a 63X 

and 100X oil immersion objective lens. Images were acquired in fluorescence mode. The 

fluorescence channels were: blue channel (Hoechst from Thermofisher): λexc= 405 nm 

and λem= 410-455 nm and red channel (AuNP.Ru conjugates): λexc= 458 nm and λem= 610-

800 nm. TEM images were obtained by Joel 1400 Bio electron microscope and Formvar 

carbon support films from EMResolutions. All images were processed by imaging 

software ImageJ. Cytotoxicity by MTT colorimetric assay was evaluated by measuring the 

absorbance at 590 nm using a Tecan Infinite 200 Pro plate reader. ICP-MS analysis was 

performed by a Perkin Elmer 300X Nexion at the Department of Geography, Earth and 

Environmental Sciences at University of Birmingham and the data was acquired with 

Perkin Elmer Syngistix for ICP-MS version 3.1 software. For the phototoxicity assays, it 

was used a GSW IP65 green lamp of 100 watts. 
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6.3 Synthetic Procedures 
 

6.3.1 Synthesis of Ligand L1 

N-(Boc)-5-amino-1-pentanol (2)  

 

To a solution of 5-amino-1-pentanol (10.00 g, 48.8 mmol) in H2O:THF (70 mL, 1:1), 

potassium bicarbonate (28.28 g, 141,1 mmol) was added. The white suspension was 

cooled in an ice bath to 5 ºC, and then di-tert-butyl dicarbonate (22.24 g, 51.0 mmol) 

dissolved in H2O: THF (80mL, 1:1) was added dropwise over 15 minutes. The resulting 

biphasic mixture was then heated to 50 ºC and stirred for 24 h. The organic phase was 

separated and concentrated in vacuo until it formed a white microsuspension. The 

suspension was washed twice with H2O: Et2O (150 mL, 2:1) and the organic layer 

separated. The combined Et2O extracts were dried with Na2SO4, filtered and the solvent 

removed in vacuo to give a clear orange oil. (13.14 g, 68 %). 

 δH(300 MHz; CDCl3) 4.57 (1 H, s, NH), 3.62 (2 H, td, J=6.6, 5.0, 1.5, H-1), 3.11 (2 H, q, 

J=6.6, H-5), 1.79 (1 H, s, OH), 1.43 (9 H, s, H-8), 1.35-1.65 (6 H, m, H-2,3,4). 

MS (ESI+) m/z: 226 (M+Na)+. NMR assignments are consistent with previously reported 

values.238 
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N-Boc-5-amino-1-tosylpentane (3) 

 

A solution of para-toluene sulfonyl chloride (8.97 g, 47.1 mmol) and 2 (7.80 g, 38.4 

mmol) in anhydrous CH2Cl2 (50 mL) was cooled in an ice bath to 5 ºC. The pyridine (11 

mL, 149.0 mmol) was added dropwise over 5 minutes. The solution was allowed to warm 

to room temperature and stirred for 24 hours. After which, the yellow mixture was 

concentrated in vacuo and washed with H2O: Et2O (100 mL, 1:1). The organic phase was 

separated, concentrated in vacuo (5 mL) and triturated in hexane (50 mL). The resulting 

white precipitate was filtered to give a white powder. (6.88 g, 50%); 

δH(300 MHz; CDCl3) 7.78 (2 H, d, J=8.0, H-10), 7.35 (2 H, d, J=8.0, H-11), 4.49 (1 H, s, 

NH), 4.02 (2 H, t, J=6.4, H-1), 3.06 (2 H, q, J=6.4, H-5), 2.45 (3 H, s, H-13), 1.66 (2 H, m, 

H-4), 1.43 (9 H, s, H-8), 1.25-1.50 (4 H, m, H-2,3). 

MS (ESI+) m/z: 380 (M+Na)+. NMR assignments are consistent with previously reported 

values.238 

4,4- dihydroxy-2,2- bipyridine (4) 
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Hydrobromic acid 48 wt % solution (24 mL) was added to a solution of 4,4-dimethyl-2,2-

bipyridne (2.95 g, 13.6 mmol) in glacial acetic acid (170 mL) and heated in reflux 

overnight at 118ºC. The resulting solution was concentrated in vacuo, dissolved in water 

(20 mL) and ammonium hydroxide added dropwise until the dark red solution turns to a 

pink/purple solution with a white precipitate, (from pH 1 to pH 7). The resulting white 

precipitate was filtered and dried to give a white powder. (2.29 g, 89 %); 

δH(300 MHz; D2O) 6.41 (2 H, dd, J=2.3, 5.8, H-2), 6.88 (2 H, d, J=2.3, H-4), 7.93 (2 H, d, 

J=5.8, H-1). MS (ESI+) m/z: 189.1 (M+H)+ NMR assignments are consistent with previously 

reported values.238 

4,4-di-(N-Boc)-5-amino-1-pentoxy)-2,2-bipyridine (5) 

 

Potassium carbonate (2.22 g, 15.8 mmol) was added to a solution of 3 (6.67 g, 15.7 

mmol), 4 (0.94 g, 4.9mmol) and 18-crown-6 (catalytic) in acetone (208 mL). The mixture 

was heated at 60ºC in reflux and stirred for 36 hours. Upon the completion of the 

reaction, the mixture was hot filtered to give a white precipitate upon cooling in an ice 

bath to 5 ºC. The white precipitate was filtered, and the solution concentrated in vacuo 

(~10 mL) and the resulting precipitate filtered. The combined precipitate was dried to 

give a white powder. (0.70 g, 26 %); 
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δH(300 MHz; CDCl3) 8.47 (2H, d, J=5.7, H-1), 7.95 (2 H, d, J=2.5, H-4), 6.83 (2 H, dd, J=2.5, 

5.7, H-2), 4.58 (2 H, s, NH), 4.13 (4 H, t, J=6.4, H-5), 3.14 (4 H, d, J=6.4, H-9), 1.84 (4 H, q, 

J=6.8, H-6), 1.50-1.60 (8 H, m, H-7,8), 1.43 (18 H, s, H-12). 

MS (ESI+) m/z: 581(M+Na)+.  NMR assignments are consistent with previously reported 

values.238 

4,4-di-(5-amino-1-pentoxy)-2,2-bipyridine (6) 

 

A solution of 5 (0.70 g, 1.7 mmol) in trifluoroacetic acid was stirred for 1 hour. The 

resulting white solution was concentrated in vacuo and the solution was washed (20 mL 

NaOH/20 mL chloroform). The organic layer was dried (Na2SO4), filtered and the solvent 

removed to give a white powder. (0.08 g, 20 %); 

δH(300 MHz; CDCl3) 8.45 (2 H, d, J=5.7, H-1), 7.94 (2 H, d, J=2.5, H-4), 6.82 (2 H, dd, J=2.5, 

5.7, H-2), 4.14 (4 H, t, J=6.5, H-5), 2.73 (4 H, tt, J=4.4, 6.6, H-9), 1.85 (4 H, dd, J=4.1, 8.8, 

H-6), 1.50-1.58 (8 H, m, H-7,8), 1.24 (4 H, s, NH). 

MS (ESI+) m/z: 381 (M+Na)+. NMR assignments are consistent with previously reported 

values.238 
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4,4- Di(5-lipoamido-1-pentoxy)-2,2-bipyridine (L1)  

 

A solution of hydroxybenzotriazole hydrate (0.180 g, 2.7 mmol) and α-lipoic acid (0.240 

g, 2.3 mmol) in DMF (4.5 mL) was cooled in an ice bath to 5 ºC. After adding 1-ethyl-3-

(3-(dimethylamino)propyl)carbodiimide (EDC) (0.200 g, 2.6 mmol) the solution was 

allowed to warm to room temperature and stirred for an hour. A solution of 6 (0.88 g) 

and N-ethylmorpholine (0.067 g, 2.4 mmol) in dry DMF (6 mL) was added to the reaction 

mixture and stirred overnight. The resulting precipitate was filtered, triturated with 

CHCl3, filtered once more followed by washes with CHCl3. The resulting white powder 

was dried in vacuo. (0.07 g, 41 %); 

δH(300 MHz; CDCl3) 8.46 (2H, d, J= 5.7, H-1), 7.92 (2H, d, J= 2.5, H-4), 6.82 (2 H, dd, J= 

2.5, 5.7 H-2), 5.45 (2 H, br s, NH), 4.13 (4 H, t, J= 6.3, H-6), 3.57 (2 H, dd, J= 6.2, 8.0, H-

13), 3.30 (4 H, q, J=6.5, H-10), 3.04-3.20 (4 H, m, H-15, 19), 2.45 (2 H, dq, J=5.5, 6.4, 12.5, 

H-17), 2.20 (4 H, t, J=7.4, H-18), 1.85-1.98 (6 H, m, H-7,16), 1.40-1.75 (12 H, m, H-8,9,14). 

MS(ESI+) m/z: 757 (M+Na)+. NMR assignments are consistent with previously reported 

values.238 
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6.3.2 Synthesis of ligand L2 

Synthesis of ligand 5-(1,2-dithiolan-3-yl)-N-(1,10-phenanthrolin-5-yl)pentanamide (L2) 

 

1,10-Phenantholin-5-amine was dissolved in DCM for 1 hour at 0°C followed by the 

addition of α-Lipoic acid, 1-Ethyl-3- (3-dimethylaminopropyl)carbodiimide (EDCI) and 

finally 4- dimethylaminopyridine (DMAP). The reaction was allowed to reach room 

temperature, being afterwards stirring for further 72 hours, under nitrogen. After that 

time, the solvent was evaporated, leaving a yellow oil. 50 mL of water was added, and 

the solution was centrifuged for 15 minutes at maximum speed. The water supernatant 

was removed, and this process was repeated three times. After it, 50 mL of acetonitrile 

was added and centrifuged again for 15 minutes. The resulting precipitate was filtered 

and washed with more acetonitrile, until obtain a pale-yellow thin powder.  (485 mg, 

46%) 

δH(300 MHz; CDCl3) 10.10 (1H, br s, NH), 9.13 (1H, dd, J=1.6, 4.3, H-10), 9.03 (1H, dd, J= 

1.6, 4.3, H-1), 8.60 (1H, dd, J=1.7, 8.3, H-8),  8.44 (1H, dd, J=1.7, 8.3, H-3), 8.17 (1H, s, H-

5),  7.82 (1H, dd, J=4.2, 8.4, H-9), 7.74 (1H, dd, J=4.2, 8.4, H-2), 3.68 (1H, dq, J=6.2,8.7, 

H-16), 3.11-3.24 (2H, m, H-18), 2.55 (2H, t, J=7.3, H-12), 2.44 (1H, dt, J=6.3, 12.4, H-17), 

1.91 (1H, dq, J=6.8, 13.3, H-14), 1.70 (2H, dq, J=6.1, 11.7, H-13), 1.52 (2H, q, J=7.7, H-15). 
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δc(100 MHz; CDCl3) 172.76 (NH), 150.32 (C-1), 146.31 (C-11), 144.24 (C-6), 136.25 (C-3), 

132.18 (C-8), 128.56 (C-7), 125.12 (C-4), 124.05 (C-2), 123.29 (C-9), 120.50 (C-5), 56.62 

(C-17), 38.62 (C-12), 36.26 (C-12), 34.67 (C-14), 28.90 (C-15), 25.47 (C-13). 

Assignments from HSQC and HMBC. 

MS(ESI+) m/z: 384.10 (M+H)+. 

6.3.3 Synthesis of ruthenium (II) complexes 

 

The compounds were prepared via a modification to the methods outlined by Sullivan 

and co-workers,384 , Shreeve,385 and Adams and co-workers238  

Synthesis of Bis-(1,10-phenanthroline)-ruthenium chloride  

 

Ruthenium(III) chloride trihydrate (0.400 g, 1.5 mmol), 1,10-phenanthroline (0.550 g, 3.0 

mmol) and lithium chloride (0.450 g, 10.6 mmol) were dissolved in DMF (5 mL). The 

reaction mixture was stirred for 8 hours at 153 ºC in reflux. After cooling to room 

temperature, acetone (4 mL) was added, and the mixture left in the freezer overnight. 

The product was precipitated and isolated by filtration and washing with water (25 mL) 

and ether (25 mL) to give a black powder. (0.556 g, 43 %) 
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δH(300 MHz; DMSO-d6): 10.28 (1H, dd, J-1.3, 5.4, H-a), 8.70 (1H, dd, J-1.3, 8.3 , H-b), 8.28 

(1H, d, J-8.9, H-c), 8.25 (1H, m, H-e,e’), 8.15 (1H, d, J-8.9, H-c’), 7.75 (1H, dd, J-1.3, 5.4, 

H-a’), 7.34 (1H, dd, J- 1.3, 8.3, H-b’).  

MS(ESI+) m/z: 497 (M-Cl)+ 

UV-Vis- [MeCN, lmax / nm (ε / M-1 cm-1 )]: 267 (19900), 350  (3600), 480 (2600). 

Synthesis of RuPhenL1 

[Ru(phen)2(L1)](PF6)2  

 

 

A solution of Ru(II) dichloride complex (0.045 g, 0.08 mmol) and L1 (0.063 g, 0.09 mmol) 

dissolved in ethanol (40 mL) was heated to 80 ºC and stirred for 16 hours. The red 

solution was cooled to room temperature and concentrated in vacuo. H2O (35 mL) was 

added, and the red solution became a cream coloured mixture, that was filtered. NH4PF6 

(0.25 g, 1.5 mmol) in 2 mL of MeOH was added to the filtered solution, stirred and re-

filtered to give an orange precipitate. That precipitate was washed with cold H2O and  
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Et2O. The orange solid was dissolved in a minimal amount of acetonitrile, and the solvent 

was removed in vacuo to give a red powder. The product was then subjected to column 

chromatography (neutral aluminium, 3% MeOH in DCM). (0.02 g, 20%) 

δH(400 MHz; CD3CN): 8.63 (2H, dd, J=1.3, 8.3, H-c), 8.51 (2H, dd, J=1.3, 8.3, H-c’), 8.29 

(2H, dd, J=1.3, 5.3 H-a), 8.20-8.33 (4H, m, H-e,e’), 8.09 (2H, d, J=3.3, H-3), 7.86 (2H, dd, 

J=1.3, 5.3, H-a’), 7.81 (2H, dd, J=5.2, 8.2, H-b), 7.52 (2H, dd, J=5.2, 8.2, H-b’), 7.36 (2H, 

d,J= 6.5, H-6), 6.78 (2H, dd, J=2.6, 6.5, H-5), 6.46 (1H, S, NH), 4.21 (4H, td, J=2.9, 6.5, H-

7), 3.55 (2H, dq, J= 6.3, 8.9, H-17), 3.17-3.23 (4H, m, H-11, 19), 2.36 (2H, dt, J=6.3, 12.6, 

H-18), 2.08 (4H, t, J=7.2, H-13), 1.75- 1.82 (4H, dt, J=2.5, 4.9, H-10,18’), 1.49-1.66 (4H, m, 

H14), 1.44-1.56 (16H, m, H-8,9,15,16). 

MS(ESI+) m/z: 598 (M-2(PF6))2+ 

UV-Vis- [λmax / nm (ε / M-1 cm-1 )]: 456(14079), 426 (sh), 265 (90000) 

FTIR - [KBr, cm-1 ]: 827 cm -1 (PF6 stretching) 

[Ru(phen)2(L1)]Cl2  

 

The orange powder was dissolved in acetonitrile/water (1:2) and subjected through a 

dowex-Cl column to exchange the counter ion from PF6 to Cl. Then was washed with 

acetone and dried under vacuum. (0.02 g, 20%) 
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FTIR- No peak at 827 cm -1 observed. 

δH(400 MHz; MeOD): 8.74 (2H, dd, J=2.9, 8.5, H-c), 8.61 (2H, dd, J=2.9, 8.5, H-c’), 8.40 

(2H, d, J=5.2, H-a), 8.26-8.34 (4H, m, H-e,e’,3), 7.97 (2H, d, J=5.2, H-a’), 7.92 (2H, dd, 

J=5.2, 8.3, H-b’), 7.63 (2H, dd, J=5.2, 8.3, H-b), 7.44 (2H, d, J=6.0, H-6), 6.93 (2H, dd, J=2.3, 

4.5, H-5), 4.23 (4H, td, J=2.4, 6.4, H-7),  3.43-3.60 (1H, m, H-17), 3.20 (4H, t, J=5.3, H-11), 

3.15-3.22 (2H, m, H-19,19’), 2.40 (1H, dd, J=5.8, 12.3, H-18), 2.18 (4H, td, J= 4.4, 7.3, H-

13), 1.82-1.90 (6H, m, H-10,18’), 1.20-1.70 (16H, m, H-8,9,14,15,16).    

δC(500 MHz; MeOD): 175.7 (C-12), 168.3 (C-e,e’), 159.8 (C-2), 153.8 (C-6), 153.6 (C-a), 

153.4 (C-a’), 149.4 (C-d), 149.3 (C-d’), 137.9 (C-c’), 137.8 (C-c), 132.4 (C-4), 129.4 (C-f,f’), 

127.3 (C-b), 127.2 (C-b’), 115.3 (C-5), 112.8 (C-3), 70.8 (C-7), 60.8 (C-17), 57.4 (C-18), 40.0 

(C-11), 37.3 (C-13), 36.6 (C-19,19’), 30.0 (C-10,18’), 29.5 (C-14), 24.1 (C-8,9,15,16). 

Assignments from HSQC, HMBC and COSY. 

Synthesis of RuPhenL2 

[Ru(phen)2(L2)](PF6)2  

 

A solution of Ru(II) dichloride complex (0.050 g, 0.05 mmol) and L2 (0.019 g, 0.106 mmol) 

dissolved in methoxy ethanol (20 mL) was heated to 120 ºC and stirred for 48 hours. The 

reaction was allowed to cool down to room temperature and filtered to remove a dark  
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purple precipitated. To the red solution, the solvent was reduced, and 20 mL of ether 

was added. The solution was left in the fridge for 48 hours to allow precipitate formation.  

The red precipitate formed was filtered was washed with cold ether, until a thin red 

powder was collected. The product was then subjected to column chromatography 

(neutral aluminium, acetonitrile 6 : 1 water).   

δH(400 MHz; CD3CN): 8.97 (1H, s, NH), 8.72 (1H, d, J= 8.7, H-2), 8.60 (2H, ddd, J=1.2, 2.3, 

3.3, H-c), 8.58 (2H, ddd, J=1.2, 2.3, 3.3, H-c’), 8.51 (1H, d, J= 8.5, H-9), 8.24 (4H, s, H-e,e’), 

8.03 (4H, dd, J= 7.5, 4.1, H-a,a’), 7.99 (1H, dd, J=1.2, 5.2, H-10), 7.92 (1H, dd, J=1.2, 5.2, 

H-1), 7.65-7.53 (6H, m, H-b,b’,3,8), 7.34 (1H, d, J=4.4, H-5), 3.67-3.59 (1H, dq, J= 6.2, 8.9, 

H-16), 3.22-3.07 (2H, m, H-18), 2.62 (2H, t, J= 7.4, H-12), 2.51-2.43 (1H, dtd, J=5.4, 6.5, 

12.9, H-17), 1.91-1.89 (1H, d, J=7.1, H-14), 1.84-1.72 (2H, m, H-13), 1.61-1.52 (2H, m, H-

15). 

δc(100 MHz; CD3CN): 173.10 (C-11), 153.94 (C-a,a’), 152,82 (C-1,10), 149.24 (C-7), 148.84 

(C-d), 137.69 (C-c), 137,13 (C-9), 134.93 (C-d’), 133.27 (C-4), 131.92 (C-2), 131.72 (C-6), 

128.97 (C-e,e’), 126.82 (C-3,8), 126.15 (C-b,b’), 120.21 (C-c’), 69.75 (C-18), 60.61 (C-16), 

36.91 (C12,C14), 32.26 (C-17), 28.23 (C-15), 25.60 (C-13). Assignments from HSQC and 

COSY. 

MS(ESI+) m/z: 422.6 (M-2(PF6))2+ 

UV-Vis- [λmax / nm (ε / M-1 cm-1 )]: 448 (15291), 420 (sh), 263 (74375) 

FTIR - [KBr, cm-1 ]: 827 cm -1 (PF6 stretching) 
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[Ru(phen)2(L2)]Cl2  

 

The orange powder was dissolved in acetonitrile/water (1:2) and subjected through a 

dowex-Cl column to exchange the counter ion from PF6 to Cl. Then was washed with 

acetone. The product was subjected to a LH-20 column in methanol, collected again 

and dried under vacuum. (15 mg, 25%) 

FTIR- No peak at 827 cm -1 observed. 

δH(400 MHz; MeOD): 8.76 (1H, d, J=8.8, H-2), 8.72-8.68 (4H, m, H-c,c’), 8.62 (1H, d, J=8.3, 

H-9), 8.52-8.50 (1H, m, NH), 8.32 (4H, s, H-e,e’), 8.17-8.09 (5H, m, H-a,a’,10), 8.08-8.06 

(1H, m, H-1), 7.77-7.66 (4H, m, H-b,b’,3,8), 7.38-7.33(1H, m, H-5), 3.58-3.47 (1H, dq, J= 

6.2, 8.9, H-16), 3.22-3.07 (2H, m, H-18), 2.62 (2H, t, J= 7.4, H-12), 2.51-2.43 (1H, dtd, 

J=5.4, 6.5, 12.9, H-17), 2.33-2.15(2H, d, J=7.1, H-14), 1.97-1.40 (4H, m, H-13,15).  

[RuCl2(DMSO)4]  

This compound was synthesised following the literature procedure.386 

Yield: 72% 
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bis-(1,10-Phenanthroline-5,6-dione)ruthenium(II) chloride 

 

Synthesis provided by Maria Dalla Pozza: Dichlorotetrakis(dimethyl sulfoxide) 

ruthenium(II), and 1,10- phenanthroline-5,6-dione (2 eq.) were dissolved in dry DMF 

under a nitrogen atmosphere and brought to reflux for 4 hours. After the reaction 

mixture was let to cool down, DMF was removed in vacuo and the black residue was 

then dissolved in 4 mL of methanol. The solution was left overnight at 4 °C to precipitate 

the black microcrystalline solid, which was collected by filtration and washed with 

diethyl ether followed by drying in vacuo. The procedure was followed according to the 

literature.387 Yield : 67 % 

δH(400 MHz; DMSO-d6): = 10.12 (2H, d, J = 5.7, H-c ), 8.49 (2H, d, J = 7.7, H-a ), 8.10 (2H, 

d, J = 7.7, H-a’), 8.02 (2H, t, J = 6.9, H-b), 7.77 (2H, d, J = 5.7, H-c’), 7.34 (2H, t, J = 6.9, H-

b’). 
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Synthesis of [Ru(L2)(phendione)2](PF6)   

 

Synthesis provided by Maria Dalla Pozza: A mixture of Ru(phendione)2Cl2 (30 mg, 1 eq.) 

and L2 (23 mg, 1.2 eq) were mixed in 10 mL of EtOH:H2O 1:1 and brought to reflux for 4 

hours. After cooling down to room temperature, 10 mL of saturated NH4PF6 solution was 

added to precipitate the compound. Then, the brownish compound was filtered, washed 

with water and diethyl ether, and dried under vacuum. The product was purified by 

column chromatography eluting with 1-10% MeCN:H2O (0.1 M KNO3).The compound 

was synthesised adapting the reported procedure.388 Yield: 61% 

δH(400 MHz; CD3CN): 8.88 (1H, s, NH), 8.78 (1H, dd, J= 1.2, 8.5, H-2), 8.65 ( 1H, d, J= 2.0, 

H-5?), 8.62 (1H, dd, J= 1.2, 8.5, H-9), 8.60-8.57 (2H, m, H-c), 8.48 (2H, ddd, J= 1.1, 2.4, 

8.4, H-a’), 8.27 (1H, dd, J=1.2, 5.3, H-10), 8.24-8.18 (2H, m, H-c’), 8.15 (1H, dd, J=1.2, 5.3, 

H-1), 7.85-7.80 (4H, m, H-a,b), 7.77-7.67 (2H, m, H-3,8), 7.48 (2H, ddd, J= 2.0, 5.6, 7.8, H-

b’), 3.67-3.59 (1H, dq, J= 6.2, 8.9, H-16), 3.22-3.07 (2H, m, H-18), 2.62 (2H, t, J= 7.4, H-

12), 2.51-2.43 (1H, dtd, J=5.4, 6.5, 12.9, H-17), 1.91-1.89 (1H, d, J=7.1, H-14), 1.84-1.72 

(2H, m, H-13), 1.61-1.52 (2H, m, H-15).     
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Synthesis of [Ru(dppz)2(L2)](PF6)2 

 

Synthesis provided by Maria Dalla Pozza: A mixture of [Ru(L2)(phendione)2](PF6) (28 mg, 

1 equiv.) and phenylenediamine derivatives (13 mg, 4 equiv.) in 7 mL degassed 

CH3CN/EtOH (1/3, v/v)  was heated at 80 °C for 20 h under N2 atmosphere. The reaction 

mixture was then cooled to room temperature. Addition of 5 mL of water followed by 5 

mL of a saturated NH4PF6 solution resulted in the formation of a red/orange precipitate. 

The precipitate was collected using vacuum filtration, washed with distilled water, ice 

cold ethanol followed by ethanol and finally with diethyl ether. The precipitate was dried 

under reduced pressure to give the desired ruthenium (II) complex. 

δH(400 MHz; CD3CN): 9.65 (4H, dd, J=1.6, 8.2, H-c, c’), 8.87 (1H, s, H-NH), 8.73 (1H, dt, J= 

1.5, 8.6, H-2), 8.65 (1H, d, J= 2.0, H-5), 8.57 (1H, dd, J= 1.5, 8.5, H-9), 8.50-8.43 (4H, m, 

H-g,g’), 8.31 (2H, td, J= 1.3, 5.8, H-a), 8.26 (1H, dd, J= 1.1, 5.3, H-1), 8.17-8-09 (6H, m, H- 

h,h’,a’,10), 7.86-7.77 (4H, m, H-b,b’), 7.72 (1H, dd, J= 5.3, 8.6, H-8), 7.64 (1H, dd, J= 5.3, 

8.6, H-3), 3.67-3.59 (1H, dq, J= 6.2, 8.9, H-16), 3.22-3.07 (2H, m, H-18), 2.62 (2H, t, J= 7.4,  
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H-12), 2.51-2.43 (1H, dtd, J=5.4, 6.5, 12.9, H-17), 1.91-1.89 (2H, d, J=7.1, H-14), 1.84-1.72 

(2H, m, H-13), 1.61-1.52 (2H, m, H-15).     

δc(100 MHz; CD3CN): 173.81 (C-11), 155.37 (C-a), 154.03 (C-a’), 153.13 (C-h,h’,1,10), 

151.64 (C-e,e’), 149.10 (C-6), 146.40 (C-7), 143.59 (C-f,f’), 141.05 (C-d,d’), 137.50 (C-9), 

135.07 (C-c), 134.60 (C-c’), 133.47 (C-2), 131.79 (C-4), 130.69 (C-g,g’), 128.35 (C-b,b’), 

126.94 (C-3), 126.36 (C-8), 120.10 (C-5), 57.36 (C-18), 41.06 (C-16), 39.24 (C12), 37.26 

(C-14), 35.34 (C-17), 29.48 (C-15), 25.85 (C-13). 

MS(ESI+) m/z: [M-PF6]= 524.59 

UV-Vis- [λmax / nm (ε / M-1 cm-1 )]: 450 (17324), 367 (22732), 278 (42303) 

Synthesis of [Ru(dppz)2(L2)]Cl2 (RuDppzL2) 

 

Synthesis provided by Maria Dalla Pozza: The PF6
- counterion was exchanged by using 

Amberlite® IRA402 chloride form resin. The compound was dissolved in 1 mL of MeCN 

and 10 mL of MeOH was added. The resin was added and mixed by rotation for 5 hours.  
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After cotton filtration the chloride compound was dried under vacuum. Yield: 68% The 

counterion exchanged was proved by 31P-NMR. 

δH(400 MHz; MeOD): 9.81 (4H, dd, J= 1.7, 8.4, H-c,c’), 8.82 (1H, dd, J= 1.2, 8.6, H-2), 8.68 

(1H, dd, J= 1.2, 8.6, H-9), 8.56-8.50 (5H, m, H-5, g,g’), 8.47-8.41 (1H, m, H-a), 8.45-8.37 

(2H, m, H-1), 8.31 (1H, dd, J= 1.2, 5.3, H-10), 8.24 (2H, ddd, J= 1.3, 3.0, 5.5, H-a’), 8.15 

(4H, dt, J= 3.5, 6.8, H-h,h’), 7.97-7.88 (4H, m, H-b,b’), 7.83 (1H, dd, J=5.3, 8.6, H-8), 7.76 

(1H, dd, J= 5.3, 8.6, H-3), 3.58-3.47 (1H, dq, J= 6.2, 8.9, H-16), 3.22-3.07 (2H, m, H-18), 

2.62 (2H, t, J= 7.4, H-12), 2.51-2.43 (1H, dtd, J=5.4, 6.5, 12.9, H-17), 2.33-2.15(2H, d, 

J=7.1, H-14), 1.97-1.40 (4H, m, H-13,15).  

 

6.4 Methodology 
 

6.4.1 Gold nanoparticles 13 nm (Au13) Synthesis 

 

Monodispersed 13nm gold nanoparticles were synthesised using previously modified 

published methods.246, 389, 390 A solution of sodium citrate (0.06 g), citric acid (0.013 g) 

and ethylenediaminetetraacetic acid (EDTA) (0,0013 g) were dissolved in Milli-Q water 

(100 mL). This solution was heated to 150 ºC at reflux. Meanwhile, in a separate bicker, 

0.008 g of gold was weighted and dissolved in Milli-Q water (25mL) and heated at ~ 100 

ºC. 5 minutes after the reflux started, the gold solution was added to the reflux and left 

it for 30 minutes.  After that time, the reflux was turned off and left it stirring for 1 hour 

to make 125 mL of Au13. The synthesis and monodispersity of particles was confirmed 

by DLS.  
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6.4.2 Gold nanoparticles 25 nm (Au25) Synthesis 

 

To increase the size of the gold nanoparticles, three fresh solutions were made up: A) 

HAuCl4 stock solution 49.25 mg (0.13 mmol) in 25mL of MilliQ water, B) 251 mg of 

ascorbic acid solution (57 mM) in 25 mL of MilliQ water, and C) 250 mg of trisodium 

citrate (34 mM) in 25 mL of MilliQ water. From these stock solutions, two seed solutions 

were made. 1) HAuCl4 stock (A) (4 mL) in 16 mL of MilliQ water and 2) 1 mL of ascorbic 

acid stock (B) , 0.5 mL of trisodium citrate stock (C) in 18.5 mL of MilliQ water.  Then, 

34mL of AuNP13 made previously, in 6 mL of MilliQ water were added to a 50 mL three 

neck round bottom flask. Solutions 1 and 2 were added at same time and dropwise in 

the centre of the flask, with constant stirring and at room temperature. When both 

solutions were added, the nanoparticles were brought to reflux for 30 minutes at 150 

ºC. After that time, the reaction was allowed to cool down, maintaining the stirring, for 

1 hour to finally make 60 mL of Au25. The synthesis and monodispersity of particles were 

confirmed by DLS. 

6.4.3 Calculation of gold nanoparticles concentration 

 

The concentration of the gold nanoparticles can be determined following three different 

methods. The first method involves an equation derived from the density of the gold, 

the quantity of gold used in the synthesis (mI,Au), the diameter of the nanoparticles (D) 

obtained by TEM images and N which is the total number of gold atoms per 

nanoparticles with diameter D. (equation 4 and 5).391, 392  

Method 1: 
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                                                                𝑁 = 30.89685812 × 𝐷3                                           (4)  

                                                                𝐶 =  
𝑚𝑖,𝐴𝑢

𝑁×𝑉×𝑀𝑟
                                                                  (5) 

Method 2: 

The second method for the calculation of AuNPs concentration uses the absorption 

measured at 450 nm for citrate AuNPs or the absorption of the SPR for the coated AuNPs 

(due to ruthenium (II) complexes absorption), divided by the extinction coefficient at the 

same wavelength (equation 6).393 

                                                                𝐶 =  
𝐴450/𝑆𝑃𝑅

𝜀450/𝑆𝑃𝑅
                                                                  (6)  

Method 3: 

The final method, that is usually the most accurate but also requires more experimental 

preparation, is Inductively Plasma Mass Spectrometry (ICP-MS). With this technique the 

concentration of gold is obtained in ppb and therefore the concentration of AuNPs in 

molarity is determined as demonstrated in equation 7, where [Au] is the concentration 

of gold, DF is the dilution factor and NA the Avogadro number. The concentrations 

calculated by the different methods were within a less than 10 % error of each other. 

                                                            
[𝐴𝑢](𝑝𝑝𝑏)×10−6×𝐷𝐹

𝑚𝐴𝑢 ×𝑁
 ×  

1

𝑁𝐴
                                                   (7) 

To calculate the number of ruthenium atoms per AuNP can be obtained by equation 8, 

where [Ru] is the concentration of ruthenium in ppb and [Au] the concentration of gold 

in ppb. 

                                                        
𝑅𝑢

𝐴𝑢𝑁𝑃
=  

𝑁× [𝑅𝑢]

[𝐴𝑢]
                                                         (8) 
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6.4.4 Coating of surfactants ( Zonyl FSA, sPEG and LPEG) on Au13/25 nanoparticles 

 

Gold nanoparticles solution (2mL) in each Eppendorf were centrifuged for 30 minutes at 

13.3 G. The supernatant was discarded, and the particles resuspended in 1 mL Milli-Q 

water. Zonyl FSA of 0.05 M stock solution (10 µL), or sPEG/LPEG of 1 mM stock (10 µL / 

5 µL, respectively)  was added and the solution stirred for 10 minutes.  The nanoparticles 

were centrifuged again for 25 minutes at 13 G. 2 Eppendorf’s in 350 µL Milli-Q water and 

1 in 300 µL were resuspended and combined into 3 Eppendorf’s to give 1mL solution of 

gold nanoparticles coated with surfactant. All the particles were characterized by 

dynamic light scattering (DLS), transmission electron microscopy (TEM and specific 

surface plasmon resonance band (SPR) by UV-Vis. 

 

6.4.5 Coating of ruthenium (II) complexes on Au13/25 nanoparticles 

 

From the solution of AuNPs coated with surfactant, the maximum binding amount from 

a 1mM stock solution of the ruthenium (II) complexes, was added. To prevent 

aggregation of the AuNPs, the solution in methanol of ruthenium (II) complexes is added 

slowly, in 5 µL each time and stirring for 2 minutes between each addition until it reaches 

the total binding concentration. All the nanoparticles are purified by size exclusion 

chromatography by Sephadex-15. 

All the AuNP.Ru were characterized by dynamic light scattering (DLS), transmission 

electron microscopy (TEM and specific surface plasmon resonance band (SPR) by UV-Vis. 
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6.4.6 Sample preparation for luminescence measurements 

 

1 mL of the solutions were added to a cuvette. When gold nanoparticles were used, the 

solutions were stirred for 2 minutes before measurement. For the luminescence 

experiments, an FLS1000 Edinburgh instrument was used. The excitation used was 450 

nm and emission of 610 nm, with a filter at 500 or 530 nm. For the luminescence lifetime 

measurement, a pulsed diode laser EPL-445 was used and a constant stirring inside the 

cuvette. To measure quantum yields, the instrument was fitted with an integrated 

sphere.  

 

6.4.7 AuNPs samples preparation for Transmission Electron Microscopy (TEM) 

 

1.5 µL of gold nanoparticles at a concentration of 2 nM were placed on EMResolution 

Formvar / Carbon film on Copper 200 mesh grids to be imaged using a Joel 1400 Bio 

Electron Micrsocope at the Centre for Electron Microscopy at the University of 

Birmingham.  

6.4.8 Sample preparation for Inductively Coupled Mass Spectrometry (ICP-MS) 

 

The gold nanoparticles samples were diluted to half of its concentration, 1.75 nM. Then, 

between 100 to 150 µL of pure aqua regia was added to digest the samples until 

solutions were colourless. The samples were then diluted to 5mL with 4% nitric acid in 

water to reduce the aqua regia content. A series of gold and ruthenium standards were 

used for calibration.  
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6.4.9 Preparation of Calf thymus ctDNA 

  

A fragment of Calf thymus DNA sodium salt (Sigma Alrdich) was dissolved in Milli-Q water 

and washed using a 10 KDa MWCO centrifuge tube (Sartorius, Vivaspin, 10 mL). The 

solution obtained was then analysed by UV-Vis spectroscopy (Cary 60 spectrometer) and 

the concentration of DNA calculated by measuring ε (260 nm), to give a final solution of 

28,000 mol-1 dm3 cm-1 in DNA base pairs. This stock solution was kept in the freezer with 

fresh aliquots to be taken out for each experiment and dissolved in buffer. 

6.4.10 Flow Linear Dichroism (LD) 

 

Spectra were recorded on a Chirascan+ spectrometer with the LD accessory (Applied 

Photophysics limited). The samples were scanned between 600 and 200 nm with 3 

repeats. The LD has an angular gap of 0.25 mm giving an overall path length of 0.5 mm. 

Samples volumes began at 150 µL and stopped at 250 µL. The cell was rotated at 24 

revolutions per second to optimise the DNA signal. Titrations were carried out at a 

constant concentration of ctDNA (50 µM) by adding compensating solution of ctDNA in 

buffer of equal volume to the AuNPs solution addition. The concentration of AuNPs was 

increased stepwise by adding set volumes of a stock 3.5 nM AuNPs solution. The R value 

on the DNA/complexes titrations corresponds to the ratio of DNA base pairs to complex. 

However, due to the difference on concentration between DNA and AuNPs, presenting 

the results by ratio would be insignificant. Therefore, the concentration of AuNPs after 

each addition is described.   
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6.4.11 pBR322 plasmid linearization preparation 

  

pBR322 plasmid DNA (MercK) linearization was achieved using the pst1-HF restriction 

endonuclease (new England biolabs). 50 µL of 0.5 µg/µL pBR-322 DNA solution was 

incubated with 50 µL Pst1-HF (20,000 units/mL), 250 µL of 10X cutsmart buffer and 50 

µL Milli-Q water were incubated together at 37 °C for 15 minutes. This reaction mixture 

was then purified using QAIquick PCR purification columns and eluted with 50 µL of EB 

Buffer (10 mM Tris HCl, pH 8.5). Concentration in DNA base pairs (33 µM) was 

determined using a multichannel nanodrop 8000 spectrophotometer by using the 

absorbance at 260 nm and ε260 = 13,200 mol-1 dm-3 cm-1 using the beer lambert law. 

Confirmation of linearization was performed by agarose gel electrophoresis by observing 

band shift and compare with 1 kb DNA ladder. 

 

6.4.12 Agarose gel electrophoresis 

 

Agarose gels were prepared by diluting 6 g of agarose in 400 mL 1x Tris-Boric acid buffer 

(890 mM each, pH 8.3), which was previously prepared in Milli-Q water. This solution 

was microwaved for 5 minutes until all the solid had dissolved. After leaving it to cool 

down, the transparent solution was cast into the agarose gel tray with a 15 lane comb.  

A  1 kb DNA ladder ( from 250 bp to 25.000 bp) was used in the gel. 30 µM of the plasmid 

DNA in a 20 µL total per well was added to two different wells. The gel was run at 140 V 

for 2 hours in 1X TB buffer. The gel was then removed from the plate and stained with  
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SYBR TM Gold Nucleic Acid Gel Stain (Thermo fisher scientific) in 1X TB buffer for 45 

minutes before imaging on a bio-rad ChemiDoc fluorescent imager with 305 nm 

excitation.  

6.4.13 TEM/ STEM-EDX 

 

To a solution of 3.5 nM AuNPs, a 16 µM solution of ctDNA/plasmid DNA previously 

prepared in water, was added and incubated for 3 minutes at 37 °C. Then, a 1.5 µL of 

that solution were placed on EMResolution Formvar / Carbon film on Copper 200 mesh 

grids to be imaged using a Joel 1400 Bio Electron Microscope at the Centre for Electron 

Microscopy at the University of Birmingham. For staining, the grids were subjected to a 

drop of 4% uranyl acetate in water for 15 minutes. Then, the grid was carefully dried 

using a paper filter around the edges to be imaged again. The same grids used for TEM 

were submitted to Theresa Morris from School of Metallurgy and Materials at University 

of Birmingham for STEM-EDX imaging. 

 

 

6.4.14 UV-Vis titration with DNA 

 

The spectra were recorded in a Cary 60 spectrometer. Titrations were carried out at a 

constant concentration of AuNPs (3.5 nM) by adding compensating solution of AuNPs of 

equal volume to the ctDNA solution addition. The concentration of ctDNA was increased 

stepwise by adding set volumes of a stock 50 µM ctDNA in buffer. 
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6.4.15 Fluorescence emission titration with DNA 

 

For the luminescence experiments, an FLS1000 Edinburgh instrument was used. The 

excitation used was 450 nm and emission of 610 nm, with a filter at 500 or 530 nm. 

Titrations were caried out as stated previously for the UV-Vis experiment.  

6.4.16 Cell Culture 

 

A549 lung cancer cells were cultured at 37 °C in a humidified chamber  with 5 % CO2, 95 

% air (MCO-15AC, Sanyo, Japan) in 75 cm2 cell culture flasks ( Greiner Bio-one, U.K.) 

containing 15 mL of cell media. Once the cells are confluent, the cells are sub-cultured 

after washed with calcium free phosphate buffered saline (10 mL) and detached from 

the flask by adding 2 mL of TrypLE Express enzyme. New fresh media was then added to 

the cells in a new cell culture flask and subsequently placed in a humidified chamber.  

6.4.17 MTT assay 

 

A549 cells were seeded  at 6,500 cells per well in a 96-well plate in 100 µL of cell media 

and left overnight. Next day the media is changed and fresh media containing the 

appropriate concentration of test compounds (ruthenium (II) complexes or AuNPs 

samples) was added to the wells (100 µL per well). The plates were then incubated for 

24 h. After treatment, the media + compounds were removed, and cells were washed 

with 200 µL of PBS and fresh media was added (200 µL) containing 3- (4,5-dimehtyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (0.5 mg/mL). Following 

incubation for 3 h at 37 °C, the medium is carefully removed and 100 µL of DMSO was 

added to solubilise the blue formazan product. At this point, the plates were gently  
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rocked for 2 h at room temperature in the dark to help the solubilisation. After that time, 

the absorbance is determined at 590 nm using a Tecan Infinite 200 Pro plate reader. The 

MTT assay was carried out in biological duplicates.  

 

6.4.18 Live cells- Confocal Microscopy  

 

A549 cells were seeded at a density of 100,000 into a 35 mm dish with a 10 mm glass 

diameter insert and allowed to attach overnight. Next day, the cells were rinsed with PBS 

and treated with 3 mL of media containing 0.9 nM of Au13.SPEG, Au13.RuPhenL1, 

Au13.RuPhenL2, Au13.RuDppzL2 and 0.3 nM of Au25.RuPhenL1, Au25.RuPhenL2, 

Au25.RuDppzL, for 2, 4 and 12 h. At the end of each time point, spent media was 

removed and cells were washed three times with PBS followed by 30 minutes treatment 

with 2.5 µg/mL Hoechst 33258. Cells were finally rinsed three times with PBS and kept 

in DMEM media without phenol red. Confocal images and Z-stacks were collected on a 

Zeiss LSM900 inverted confocal microscope with Airyscan using a 63X oil immersion 

objective lens. All the images were processed with ImageJ.   

 

6.4.19 Transmission electron Microscopy  

 

The cells were seeded at a density of 100,000 into a 13 mm dimeter cover glass in a 6-

well plate and allowed to attach overnight. Next day, the cells were rinsed with PBS and 

treated with 3 mL of media containing 0.9 nM of Au13.SPEG, Au13.RuPhenL1, 

Au13.RuPhenL2, Au13.RuDppzL2 and 0.3 nM of Au25.RuPhenL1, Au25.RuPhenL2, 

Au25.RuDppzL, for 4 and 12 h. At the end of each time point, spent media was removed  
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and cells were washed three times with PBS followed by fixation with 2.5 % 

glutaraldehyde for 24 h at 4 °C. Samples were then taken for processing by Theresa 

Morris from School of Metallurgy and Materials, at University of Birmingham. Ultrathin 

sections of between 70-90 nm were cut parallel to cover-glass and mounted onto 

formvar-coated 200 mesh copper grids. Images were then acquired with Joel 1400 Bio 

Electron microscope and analysed by ImageJ software.  

 

6.4.20 ICP-MS with cells 

 

Cells were seeded at a density of 1 X 107 cells per 75 cm2 flask and incubated for 7 days. 

Spent media was then removed and replaced with 3 mL of media containing 0.9 nM of 

Au13.SPEG, Au13.RuPhenL1, Au13.RuPhenL2, Au13.RuDppzL2 and 0.3 nM of 

Au25.RuPhenL1, Au25.RuPhenL2, Au25.RuDppzL and treated for 12 h. Spent media was 

then removed and cells rinsed three times with 1 mL PBS. Cells were detached by 

treating with 1 mL of TrypLE for 10 minutes. The cells are then added into fresh media, 

counted and transferred to sample vials. 300 µL of nitric acid ultrapure with 50 µL of 

aqua regia were then added to digest the cells overnight at room temperature. Next day, 

Honeywell ultrapure water was added to adjust the volume so that a final solution of 4 

% nitric acid was prepared. The solutions were analysed by a Perkin Elmer 300X Nexion 

at the Department of Geography, Earth and Environmental Sciences at University of 

Birmingham and the data was acquired with Perkin Elmer Syngistix for ICP-MS version 

3.1 software. 
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6.4.21 Phototoxicity with 535 nm (green light) 

 

The cells were seeded at a 5,000 cells per well in a 96 well plate and were incubated at 

37 °C for 24 h. The media was then replaced by fresh media containing 0.9 nM of 

Au13.RuPhenL1, Au13.RuPhenL2, Au13.RuDppzL2 and 0.3 nM for Au25.RuPhenL1, 

Au25.RuPhenL2, Au25.RuDppzL, for 24 h. After treatment, the media is removed and 

replaced by fresh DMEM media without phenol red (100 µL). The cells are then irradiated 

at 535 nm for 40 minutes with a GSW IP65 green lamp of 100 watts, with 20 mm between 

the lamp and the irradiated cells. During the irradiation time, the dark plate was removed 

from the incubator and placed in a dark fume hood, so that both plates were in the same 

conditions. Both dark and irradiated plates were incubated the rest of the time, up to 48 

h. At the end of that time, media containing 3- (4,5-dimehtyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT) (0.5 mg/mL) was added to the cells. Following incubation 

for 3 h at 37 °C, the medium is carefully removed and 100 µL of DMSO was added to 

solubilise the blue formazan product. At this point, the plates were gently rocked for 2 h 

at room temperature in the dark to help the solubilisation. After that time, the 

absorbance is determined at 590 nm using a Tecan Infinite 200 Pro plate reader. 
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