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Abstract 

 

With the rise of antibiotic resistance many alternatives to antibiotic treatments have been 

suggested, among which is photodynamic therapy. Photodynamic therapy uses a compound 

(photosensitiser) which is not toxic without light, but becomes toxic when irradiated by light. 

Over the past few decades photodynamic therapy has seen a marked progress as an anticancer 

treatment while antimicrobial photodynamic therapy has remained relatively stagnant.  

Porphyromonas gingivalis and Pseudomonas aeruginosa are bacteria responsible for causing 

severe periodontal disease and skin infections, respectively. The diseases caused by these 

pathogenic bacteria are difficult to irradicate not only because they are difficult to access but also 

because they can develop resistance to antibiotics very quickly and/or can invade host cells to 

escape the action of both host immune responses and therapeutic agents. An effective 

antibacterial agent would need to be able to penetrate the host cell membrane, and target 

bacteria inside the host cells whilst remaining non-toxic to the host cells themselves.    

Herein we introduce a novel aPDT conjugate  - a new mononuclear iridium(III) complex which is 

cell-permeable, that is modified with an antibacterial agent metronidazole, that in itself cannot 

penetrate membrane of mammalian cells. The Ir(III) moiety acts as light-absorber and 

photosensitizer, whilst also carrying the antibiotic moiety across the cellular membrane. We 

demonstrate the effective antimicrobial properties of this conjugate against P gingivalis & 

P.aeruginosa. We show that: (i) The dosage required to achieve 99.9% killing of bacteria is 

extremely low; (ii) the conjugate works under visible light; (iii) the treatment does not damage 

host cells.  
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Chapter 1        

Introduction to Photodynamic Therapy (PDT) 

 

1.1 The Hidden Army  

The discovery of penicillin in 1928 by Sir Alexander Fleming became a cornerstone of modern 

medicine. Since the beginning of its mass production in the early 1940s, antibiotics have taken 

many forms in aminoglycosides, tetracyclines, chloramphenicols, macrolides, glycopeptides, 

oxazolidinones, ansamycins, quinolones, and streptogramins.1 This success lasted until the 1970s 

when the first reports of antibiotic resistance emerged. Ever since then the number of resistant 

bacteria have increased while the arsenal of effective antibiotics have dwindled.2 In it was 

estimated that approximately 700,000 deaths occur every year from antimicrobial resistance, 

which is projected to rise to 10 million by 2050.3 The annual death rate caused by antibiotic 

resistance has increased to 1.27 million as of 2019.4 As this hidden army of bacteria threatens to 

return humanity back into a pre-antibiotic era, the need to find a successor to antibiotics has 

become urgent. Interestingly, a technique which came to light approximately 30 years before the 

discovery of penicillin has remerged as a viable antimicrobial treatment. This technique is the use 

of a photochemically generated singlet oxygen to attack pathogens or cancer cells, and has come 

to be known as Photodynamic Therapy (PDT).  

1.2 Singlet Oxygen to PDT 

Thermal or photochemical reactions involving oxygen can lead to the generation of singlet 

oxygen, the lowest excited state of  O2.5,6 Thermal reactions will make use of various reaction 
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precursors (e.g. phosphite, ozonides or peroxides).  Aromatic endoperoxides have become the 

most prevalent class of precursors for thermal generation of singlet oxygen. Among hundreds of 

aromatic endoperoxides, which has proven to release singlet oxygen, anthracene derivatives 

have taken a prominent place.7 The major disadvantage presented by endoperoxides is their low 

yielding release of singlet oxygen due to its relatively higher activation barrier, which is ca. 38 

kcal mol-1(158.99 kJ mol-1).8,9 This results in the release of dioxygen in either its singlet or triplet 

state. Turro et al suggested that this release may be stepwise, involving the conversion of a 

biradical intermediate to a triplet biradical via intersystem crossing (ISC). However, singlet oxygen 

generation with the use retro [4 + 2] cycloadditions involving 1,4-endoperoxides is a single-step 

reaction, which results in only singlet oxygen and the parent anthracene (Scheme 1). Modifying 

1,4-anthracene derivatives is a reliable source of thermally generated singlet oxygen, for use in 

organic reactions such oxy-functionlizations.  

Singlet oxygen may be generated photochemically from peroxides. It can also be generated by 

the excitation of a photosensitiser (PS) followed by an energy transfer to triplet (ground-state) 

oxygen. These photosensitisers vary from various dyes to transition metal complexes (discussed 

below).  Generation of singlet oxygen photochemically has many applications, including PDT.  
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Scheme 1- Mechanism for the biradical generation of 3O2 (path a → b → d) and the concerted mechanism for the formation of 
1O2 (from ref 9) 

1.3  Photodynamic Therapy  

PDT is a relatively non-invasive therapeutic method for the destruction of unwanted cells. The 

main advantage of PDT over traditional chemotherapy is its specificity. PDT makes use of a PS 

and a light of wavelength specific to the PS to generate singlet oxygen or reactive oxygen species 

(ROS), which causes irreparable oxidative damage to cells. The PS may be administered topically 

or intravenously. The drug is then allowed to incubate. Depending on the PS, this may vary from 

5 min to 24 h. The desired area is then illuminated with light of a specific wavelength. The ideal 

activation wavelength of the PS should be 600 – 800 nm. This range ensures generation of singlet 

oxygen while avoiding interactions with native chromophores of the body (e.g. melanin).  

Initially the PS is in its singlet ground state. Upon absorbing a photon of appropriate energy, the 

PS is excited into a higher energy singlet state (Figure 1). The excited singlet state of the 

commonly used organic PS is very short-lived (nanoseconds timescale).  The PS will dissipate its 

excess energy by either emitting light (florescence) or a process known as internal conversion 

(heat production). Alternately the PS may undergo intersystem crossing (ISC) to a triplet state.  
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Figure 1- Simplified Jablonski diagram showing typical energy levels and transitions relevant to the formation of the triplet state 
and photosensitization of molecular oxygen. 

This triplet sate is generally longer-lived than the singlet excited state. The lifetime of the triplet 

state is long enough for it to transfer energy to triplet oxygen, converting it to an excited singlet 

oxygen in the process. This is an example of a Type II photochemical process10 (i.e. direct transfer 

of energy from PS to triplet O2). This direct energy transfer promotes an electron of 3O2 to a 

higher energy level while inverting its spin. The lowest two singlet states of dioxygen, denoted as 

1Δg and 1Σg, are distinguishable by the π-antibonding and the ca. 63 kJ mol-1 energy gap. The 

higher energy 1Σg state is very short-lived as the transition to 1Δg is a spin-allowed transition. The 

lifetime of 1Δg state is dependent on two processes, physical quenching and chemical quenching. 

In physical quenching, 1O2
 transfers its excess energy onto another species. No products are 

formed and the 1O2 molecule decays to 3O2. Chemical quenching sees chemical reactions 

between 1O2 and other molecules resulting in formation of isolatable products.11 Singlet oxygen 

is a formidable electrophile capable of reacting with nucleophiles such as amines, unsaturated 
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carbon chains and anions resulting in products such as peroxides. These peroxides, upon 

decomposition, are capable of initiating various reactions in biological systems.12 

The lifetime of singlet oxygen in biological systems is dependent on both physical and chemical 

quenching; singlet-state lifetimes, τS, in water is ca. 4 µs 13. This lifetime is even shorter in cells 

due to multiple chemical quenching (e.g. enzymatic reactions and reactions with biomolecules 

such as DNA). The lifetime of singlet oxygen plays a role in the selection of organelles damaged 

during PDT.  

A Type I photochemical reaction may also occur. Here, the PS maybe involved in a reduction 

reaction, obtaining electrons from biological electron donors such a tryptophan, tyrosine and 

NADPH, resulting in two radical pairs (i.e. PS— ∙ and biomolecule+∙) In the presence of oxygen the 

PS—∙ donates an electron to molecular oxygen resulting in a superoxide anion radical, O2
—∙

 and 

the ground-state PS. O2
—∙ is capable of acting as a reductant or an oxidant.  

In PDT, Type II believed to be the dominant process and occurs with more ease. This may be due 

to the presence of enzymes that protect against superoxides and the lack of enzyme that can 

neutralize 1O2. That said, some studies have shown that high efficiency of PDT is achieved through 

the combined effects from type I and type II reactions.14  

 

1.4  Properties of Ideal PDT agents 

 

There is an arsenal of potential PDT agents. Listed below are some properties these candidates 

should possess in order to be an effective PDT agent: 
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• Absorbance band – The ideal absorbance wavelength for a PDT agent is in the near-

infrared (NIR) region of the electromagnetic spectrum, 650 – 800 nm. This allows for 

maximum penetration of light without interacting with endogenous chromophores and 

water (Figure 2) whilst maintaining high enough energy for optimal activation of the PS.  

• Single and pure compound – Allows for Good Manufacturing Practice (GMP), good quality 

control and lower manufacturing costs.  

• Triplet quantum yield – High triplet quantum yield to ensure maximum production of 

ROS. 

• No dark toxicity and rapid evacuation from healthy cells – Although initially it was 

thought that ideal drug-light interval was as long as up to 4 days to give time for 

accumulation in tumors and clear-out from healthy cells and excreted from the body, it is 

now thought the ideal time is much shorter (minutes/hours) and should be excreted out 

much quicker as prolonged exposure can cause vascular damage.15 
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Figure 2- Absorption spectra of typical absorbances in human tissues (from ref 16). 

 

 

1.5  Brief overview of PDT agents  

Tetrapyrrole Structures 

Making up the largest group of anti-cancer PDT agents, tetrapyrrole structures are dubbed as the 

‘pigment of life’. This is due to their backbone appearing in many biological molecules such as 

haem and chlorophyll. Due to the large extended resonance of the C=C double bonds, the 

absorption of the so-called Q-band is significantly red-shifted. The Q-band refers to the weak 

electronic transitions (S0 → S1) in an absorption spectrum. The peaks that correspond to strong 

electronic transitions (S0 → S2) are called the Soret bands. 
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• Porphyrins 

The work on porphyrin based PDT agents, spearheaded by Dr Thomas Dougherty, sparked the 

modern era of the photodynamic therapy. Dougherty et al. introduced haematoporphyrin (HpD) 

a water-soluble mixture of porphyrins.17–19 A more refined version was later developed and came 

to be known as Photofrin. Although widely used, Photofrin has marked disadvantages, including 

skin photosensitivity potentially lasting up to several months. It is inefficient for use in bulky 

tumors due to its small absorbance peak at 630 nm with a molar extinction coefficient of 1170 

M−1 cm−1.20 

 

• Phthalocyanines 

Phthalocyanines have an absorbance of 630 nm. Several cationic phthalocyanines have been 

studied as antimicrobial PDT agents.21,22 In contrast to porphyrins, phthalocyanines have strong 

absorbances at 630 nm. The molar extinction coefficients range between approximately 1.56 x 

105 M-1 cm-1 – 2.75 M-1 cm-1. This is dependent on the substituents. For example, the work of 

Ouedraogo et al using axially substituted iron phthalocyanines showed no charge transfer in the 

Q band region. Alternatively, the work of Zang et al using amino substituted zinc phthalocyanines 

showed wide Q bands owing to  charge transfer from ligands to π system of the phthalocyanine.23 
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• Chlorins 

Derived from chlorophyll, various chlorins such as Temoporfin and Verteporfin are in clinical use. 

24. Chlorins are activated in the 650 – 700 nm range.  
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BODIPY dyes 

Relatively new class of PDT agents, boron-dipyrromethene (BODIPY) dyes consists of 

fluorophores and a BF2 bridging unit. BODIPY dyes are often used in conjunction with transition 

metal complexes to achieve higher excitation wavelengths due to the ability of the π-conjugated 

linkers to absorb visible light.25 

 

Transition Metals – Discussed in detail under Section 3. 

 

1.6 PDT agents in the clinic and in clinical trials 

Several of the PDT classes mentioned above have been investigated in clinical trials for various 

diseases. Periodontal disease is by far the biggest application of aPDT according to literature and 

clinical trial data. Other antimicrobial applications of PDT include antifungal applications, acne 

treatments and treatments of chronic skin infections. Below is a summary of selected clinical 

trials of these for periodontal disease.  

1.6.1 Periodontal disease  

Citation Treatment Clinical outcome  

Mueller et al. 26 Each periodontal pocket was 

treated with methylene blue 

(0.05 mg/mL) and incubated 

for 1 minute. The pockets 

were then treated with 670 

There was no significant 

reduction between groups in 

pocket depth (PD) and 

bleeding upon probing (BOP) 
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nm light (289 mW, 60 

s/pocket).0-7 sessions 

Segarra-Vidal et al.27 Procedure was conducted 

according to manufacturer’s 

(Periowave® system) 

instructions. The 

photosensitser used was 

methylene blue (0.05 mg/mL) 

and the diode was a 670 nm 

diode probe. 

There was no significant 

reduction in pocket depth and 

bleeding upon probing. The 

study also showed the patient 

group with periodontal 

disease showed increased 

bacterial counts of 

P.gingivalis, T. forsythia, 

T.denticola.  

Skurska et al.28 One group was treated with 

methylene blue (10 mg/mL) + 

light (660 nm). The control 

group was treated with 

antibiotics (metronidazole + 

amoxicillin). 

The group treated with 

antibiotics showed significant 

improvements in their 

condition compared to the 

group treated with PDT who 

showed no significant 

improvements. 

Alwaeli et al.29 Methylene blue (10 mg/mL) 

was incubated for 1-3 

minutes and irradiated with 

660 nm (60 mW 10 s) 

There was a significant 

reduction in PD and BOP in 

the PDT + Scaling and root 

planing (SRP) group than 

group with only SRP. 

Hill et al.30 Indocyanine green (0.1 

mg/mL) was incubated for 1 

minute and irradiated with 

808 nm (100 mW) diode  

There was no significant 

reduction between groups in 

pocket depth (PD) and 

bleeding upon probing (BOP) 

or pathogen reduction.  
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Figure 3- The chemical structures of methylene blue and indocyanine green. The absorption spectra are shown on the right (blue 
-methylene blue, green - indocyanine green) 

 

1.7 Antimicrobial Photodynamic Therapy (aPDT) vs Antibitoics  

Although PDT has gained more popularity as anti-cancer treatments, PDT first came to light as a 

result of the work of Oscar Raab, a medical student working on the effect of acridine dye on 

Paramecia.31 However, the interest in aPDT peaked in the early 1990s when reports of PDT agents 

being able to selectively target microbes emerged. It was suggested that the best way to target 

microbes while minimizing interactions with the host cell was the use of PDT agents with  a large 

positive charge, making them  electrostatically attractive to bacterial cell walls possessing a 

prominent negative charge.32 Moreover, aPDT is an appealing replacement for antibiotic 

treatments as aPDT agents have been shown to be effective against bacteria,  even those 
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extremely resistant to antibiotics.33 The inability of bacteria to become resistant to aPDT agents, 

even after several partial killing-growth cycles is especially appealing and reassuring. Whereas, 

effective antibiotic action may take days or weeks, aPDT is rapid, taking only minutes to show 

significant effect.34  

Despite these great advantages, the power of aPDT is greatly underestimated and seemed to 

have taken a backseat in the medical and pharmaceutical communities. In the review mentioned 

above, many strategies to counteract antibiotic resistance has been suggested. Some of these 

suggested strategies include antibodies, probiotics, immune stimulation, vaccines etc. It, 

however, failed to mention aPDT, despite having over 2000 citations in PubMed.3 

Even so, aPDT has seen an increase in popularity in certain fields, one of which is dentistry where 

PDT is used to tackle dental infections caused by oral pathogens such as Porphyromonas 

gingivalis.  

1.8 Porphyromonas gingivalis 

Porphyromonas gingivalis is a Gram-negative bacterium that grows under anaerobic conditions. 

Out of about 700 bacterial species to occupy the oral cavities, P.gingivalis is one of the few and 

the most prominent cause of severe forms of periodontal diseases. In contrast to Gram-positive 

bacteria, Gram-negative bacteria have a thicker peptidoglycan wall and an additional lipid 

membrane. This makes infections caused by Gram-negative bacteria difficult to treat. 

P.gingivalis is able to survive deep within periodontal pockets by fermenting amino acids such as 

cysteine. The presence of heme and vitamin K is also crucial for it survival.35 The aggregation of 

heme to its cell wall gives P.gingivalis its characteristic black colour in blood agar cultures. 36 Due 
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to its ability to invade host cells using lipopolysaccharide (LPS) in their cell wall, P.gingivalis is able 

to escape detection from the immune system and avoid attacks from antibiotics. This strategy is 

crucial for its survival and is the major obstacle in treatment of periodontal diseases.37 It is shown 

that the interaction of β1 integrin with the major fimbriae (discussed below) of P.gingivalis causes 

the actin cytoskeleton of the host cells to rearrange leading to its invasion. Interestingly 

P.gingivalis is also able to invade macrophages, hinting this may be tactic to evade the immune 

system.38  Upon successful invasion, P.gingivalis has been shown to secrete enzymes responsible 

for the hydrolysing of ATP, delaying the ATP dependent process of cell apoptosis. This allows the 

pathogen to live inside the host for an extended period of time.39 It is then free to spread to 

neighbouring cells via actin cytoskeleton bridges, allowing  for pathogenesis with minimal 

exposure to the immune surveillance and antibiotics.40  

1.8.1 Virulence factors of P.gingivalis  

Virulence factors are molecules employed by pathogens to facilitate host cell invasion and 

propagate diseases. P. gingivalis has several virulence factors in its arsenal. However, cysteine 

proteases, lipopolysaccharide, capsular polysaccharides and fimbriae are its most powerful 

weapons.  

• Cysteine proteases (gingipains) -  Accounting for over 85% of protein hydrolysis of 

P.gingivalis, gingipains are soluble proteases that are divided into two categories, arginine 

specific (Arg-X), responsible for the hydrolysis of extracellular matrix components, and 

lysine specific (Lys-X), which aids in cell adhesion in addition to its proteolytic 

capabilities.41–43 
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• Lipopolysaccharide (LPS) - LPS is a class of polysaccharides that covers all Gram-negative 

bacteria. Upon binding to host receptors such as Toll-like receptors (TLRs) and CD14, it is 

able to stimulate a cascade of signals within the cell. This allows the host cell to 

differentiate between commensal and harmful bacteria. One such signal caused by 

P.gingivalis LPS, as shown by Chiang et al.,  leads to inflammatory reactions and bone 

resorption.44 As well as having a different structure to other Gram-negative bacteria, the 

LPS of P.gingivalis also shows variations from strain to strain. Examples include the 

structural differences in the O-antigen (a repetitive monomer in lipopolysaccharides), 

acylation patterns and the varying ability of lipid A to activate receptors: most Gram-

negative bacteria show strong affinity towards TLR4 receptor whereas lipid A of 

P.gingivalis mainly activates the TLR2 receptor. It has also been shown that in the 

presence of high concentrations of hemin, P.gingivalis is able to modify its lipid A from 

penta-acylated lipid-A to tetra-acylated lipid A. This may play a role in P.gingivalis’ ability 

to subvert immune signalling by changing the communication between LPS and TLR 

receptors according to the environment it is in.45,46   A paper published in 2005 by 

Paramonov et al reported the presence of another category of LPS where lipid-A was 

linked to an anionic polysaccharide, named A-LPS. According to the study, A-LPS has 

structural associations with Arg-X gingipain and is able to induce weak cytokine responses 

in host monocytes, which not seen in bacteria with more mainstream LPS structures.47  

 

• Capsular polysaccharides (CPS) - One of P.gingivalis’ most formidable virulence factors is 

thought to be its capsule, otherwise known as K-antigen or CPS. The high increase in 
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invasion capabilities of encapsulated bacteria as opposed to non-encapsulated bacteria 

has been demonstrated in a murine lesion model.48 CPS are divided into six categories 

depending on their ability to stimulate the responses from IgG antibodies.49 CPS also 

provides another line of defence against the immune system by protecting the bacteria 

from phagocytosis. Moreover, they may assist in the adherence of the bacteria onto 

gingival epithelial cells.50 Furthermore, study showing the increased cytokine stimulation 

by non-encapsulated mutants show the importance of CPS in softening the immune 

response and for the survival of P.gingivalis in the periodontal pocket.51   

 

• Fimbriae - Fimbriae are thin appendages on the surface of P.gingivalis. They are of two 

types, type I and type II. Type I fimbriae are involved in the early  establishment of the 

pathogen by providing aid in the formation of biofilms whereas type II fimbriae play a role 

in downplaying the immune response from T-cells. However, it should be noted 

P.gingivalis strains that lack type I fimbriae are still highly invasive and virulent.52,53 

 

1.8.2 Treatments for periodontal disease 

Many treatments are in use to treat periodontal diseases. One such method is the mechanical 

removal of plaque and flushing/rinsing with disinfectants. These, however, do not guarantee the 

complete cleansing of the periodontal pockets. In severe cases antibiotics such as metronidazole, 

amoxicillin or penicillin maybe administered. However, as mentioned above, antibiotic resistance 

is on the rise. Treatments against periodontal bacteria have also faced problems of antimicrobial 

resistance. For example, in studies published in 1983 and 1993 the percentages of bacteria 
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resistant to metronidazole, penicillin and amoxicillin were 0-2%, 2-3% and 0.5% respectively.54 A 

study published in 2002 demonstrated the rise in percentage resistance within the span of ten 

weeks for doxycycline (6% to 35%), amoxicillin (0.5% to 25%) and metronidazole (50% to 80%).55   

Various studies published in the last two decades with regards to antimicrobial PDT has resulted 

in its incorporation into clinical periodontology. Most commonly used aPDT agents in 

periodontology include toluidine blue and methylene blue, which have been shown to be 

effective against both Gram-positive and Gram-negative bacteria.56 While early studies have 

shown various oral bacteria to be susceptible to methylene blue and toluidine blue, later studies 

showed that they are ineffective in completely destroying the pathogens, especially those in 

biofilms.57,58 The increased resistance is possibly caused by the biofilm reducing the uptake of the 

dye and possible inactivation of methylene blue.59,60 Methylene blue treatments may be 

administered using kits such as PeriowaveTM Treatment kit or HelboTM Blue treatment kit. Here 

the periodontal pocket is treated with methylene blue and allowed to incubate for 60 s. The 

pocket is then exposed to red light for 60 s using a fibreoptic probe. While organic PDT molecules 

are widely used, they have many drawbacks that are preventing PDT from becoming a more 

mainstream form of antimicrobial and anticancer treatment. For example, Photofrin causes 

prolonged light sensitivity due to slow evacuation from cells. Also, as mentioned above,  

methylene blue and toluidine blue are ineffective at complete removal of infections – it is not 

clear if these agents even enter human cells, or only kill bacteria outside of human cells. The need 

for a more effective PDT agents have led to researchers looking beyond the horizon of traditional 

heterocyclic ring structures. Inspired by the monumental success of cisplatin and subsequent 
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transition metal complexes as anticancer agents, the recent decade has seen an increase in the 

use of transition metal complexes as PDT agents.  

 

  



19 
 

3.1 Transition metal complexes vs Organic molecules for PDT applications 

Transition metal complexes are another new class of PDT agents. Many of the initial transition 

metal PDT agents were born as biological imaging probes.61 Among the most studied transition 

metal complexes for PDT are Ru(II), Ir(III), Pt(II), and Re(I).  As mentioned above, an ideal PDT 

agent should have strong absorbance in the NIR range with long-lived triplet states to ensure 

high quantum yields of 1O2 and/or other ROS. The latter two are dependent on effective 

intersystem crossing (ISC). However, it is very difficult to determine the relationship between 

molecular structure and the rate/efficiency of the ISC, especially in the molecules lacking a heavy 

atom centre. The transition from S1 to T1 is non-radiative and adheres to the laws of conservation 

of energy and momentum (angular momentum). This is achieved via spin-orbit coupling (SOC). 

SOC is an interaction that couples electron spin and the orbital angular momentum allowing two 

spin states to couple (usually forbidden) whilst conserving total angular momentum.62 Transition 

metals can be classified into what is known as heavy atoms. Heavy atom nuclei possess a strong 

positive charge. Electrons moving in its close proximity will be accelerated to relativistic velocity 

resulting in a strong coupling between spin and the orbital magnetic momentum. Thus, transition 

metals are able to induce strong ISC due to the enhanced SOC effects.  

Most organic PDT chromophores consist of a system with extended π-conjugation. Upon 

excitation a π-π* transition is observed. Due to a large exchange integral, these compounds have 

an increased energy gap between S1 and T1 states. This results in weak ISC.  

Although capable of efficient ISC, transition metal complexes have poor molar absorptivity in the 

visible light region. This has significantly held back applying transition metals as PDT agents. The 

weak molar absorption coefficients maybe due to the weak absorption of S0-1MLCT transition, 
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where the HOMO and the LUMO are localised on different parts of the molecule, and hence the 

orbital overlap is comparatively small. 63,64 

Based on these problems, two solutions are apparent. One is to append the metal with a visible 

light harvesting chromophore such a BODIPY dye. One drawback of this method is, even though 

the complexes show strong visible light absorption, the energy harvested by the ligand is not 

channelled to the metal centre. So even though excitation wavelength is improved, the quantum 

yield of the triplet state is not necessarily affected. The alternative is to bind the light-harvesting 

chromophore to the centre via an unsaturated C=C bond or to attaching the chromophore by 

direct metalation (C-metal bond).65,66 It is much more difficult to make such modifications to 

small organic chromophores since the ISC mechanism vary from one another and chemical 

modifications will form compounds with unforeseen photophysical properties.  

Transition metal complexes show efficient and predictable ISC with high yielding and long-lived 

triplet states. Moreover, they are relatively easily to modify to fine-tune photophysical and/or 

biological properties, making them an exciting class of new PDT agents.  Cyclometalated metal 

complexes in particular are emerging as strong candidates in this category.   

 

3.2 The photophysics of  cyclometalated complexes 

Being strong-field ligands, cyclometalating ligands enhance the formation MLCT states which is 

much desired in PDT (Figure 4). This is due the ability of cyclometalating ligands to split the metal 

d-orbitals of the metal efficiently, promoting MLCT over metal centred charge transfers. In 2002 

Hay showed that the LUMO and LUMO+1 to be ligand-based π* orbitals. The presence of a rich 
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π system in cyclometalating ligands may also allow excitation of an electron into a π* orbital. 67–

69 The high SOC of metal centre then enable ISC into a ligand based triplet π-π* state. In reality a 

mixed MLCT-3[π-π] is seen.70 It should be noted that, according to a paper published in 2005 by 

Park et al., inter ligand energy transfer (ILET) from 3MLCT to an ancillary ligand may also be seen, 

allowing for fine-tuning of the emission wavelengths.71 

 

Figure 4- Photophysics of cyclometalated Ir(III) complexes (from ref 67) 

 

Such example was demonstrated by Yersin et al., where the group demonstrated the drastically 

different photophysical properties of two Ir(III)-complexes bearing two identical cyclometalated 

ligands each, (2-(4′,6′-difluorophenyl)pyridine), but different ancillary ligands. One was bearing a 

acetonylacetonato ligand (Flracac) while the second carried an N,O-bound picolinato ligand 

(FIrpic). The emission spectra and structures of these complexes are shown in Figure 5. Due to 

the nitrogen possessing a stronger ligand field effect than oxygen it is able to lower the energy 

of the three occupied d orbitals of the t2g   (i.e. HOMO) better than oxygen thereby increasing the 
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d-π* energy gap, causing as increase of energy in the MLCT transition and ultimately causing a 

blueshifted emission. 72,73  

To date the cyclometalated complexes that have been studied for PDT and singlet oxygen 

sensitization have been octahedral d6 Ir(III) complexes or square planar d8 Pt(II) complexes. The 

former will be the exclusive focus of this review.  

 

Figure 5- Emission of FIracac and FIrpic in CH2Cl2 (λexc 300 nm) at 300 K (from ref  33) 
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3.3 Cyclometalated Ir(III) complexes 

3.3.1 Synthesis of Ir(III) complexes  

Cyclometalated Ir(III) complexes are octahedral in structure. They are able to bear one, two or 

three cyclometalating ligands. Mono-cyclometalated Ir(III) complexes are rare and have not been 

investigated for singlet oxygen formation. On the other hand biscyclometalated Ir(III) complexes 

have been extensively studied for singlet oxygen production. They are of Ir(C^N)2L2 

(C^N=cyclometalating ligand, L=ancillary ligand). The ancillary ligand may be two singly bound 

ligands or a single chelating ligand.  

 

Their synthesis is relatively simple; IrCl3 is refluxed with 2-2.5 equivalents of the cyclometalating 

ligand to yield a dimer bridged by two chlorides. This chloride bridge is then broken by the 

addition of the desired ancillary ligand. These biscyclometalated complexes can also be used as 

precursors for the production of tris-cyclometalated variants by simply displacing the ancillary 

ligand by refluxing with another cyclometalating ligand. It should be noted that, with the 

appropriate ligand, the reflux temperature may be used to control the formation of either the 

facial or meridional isomer.74 Scheme 2 shows various sample pathways for the synthesis 

cyclometalated Ir(III) complexes.   
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Another interesting synthetic route was shown by Swager et al. in 2011. The paper showed 

preparation of a plethora of cyclometalated Ir(III) complexes with the use of a Cu(I) trazolide 

intermediate for the transmetalation  step. The advantage is the one-pot reactions of ligand 

synthesis and the cyclometallation step.75  

 

Scheme 2- Possible synthetic pathways for the synthesis of bis- and triscyclometalated Ir(III) complexes. All complexes are made 
at 140 °C for in 2-methoxyethanol for 24 hours unless otherwise stated 
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3.3.2 Cyclometalated Ir(III) complexes and singlet oxygen – the mechanism  

 

The interest in cyclometalated Ir(III) as photophysical singlet oxygen generators spiked in 2002 

following a paper by the groups of Thompson and Selke. A full paper was later published in 2007 

which demonstrated the ability of ten cyclometalated Ir(III) complexes (Figure 6) to produce 

singlet oxygen in addition to the investigations on the mechanism of singlet oxygen generation 

by these complexes.76,77 Singlet oxygen may quench the triplet excited MCLT-π-π* of 

cyclometalated Ir(III) via three routes: direct transfer of energy to form singlet oxygen (Eq 1), an 

electron transfer resulting in a superoxide anion or simple physical deactivation  

[Ir(C^N)2L2]* + 3O2 → 1O2  + [Ir(C^N)2L2]  (Eq 1) 

[Ir(C^N)2L2]* + 3O2 → 3O-•
2   + [Ir(C^N)2L2]+ ( Eq 2) 

[Ir(C^N)2L2]* + 3O2 → 3O2  + [Ir(C^N)2L2] (Eq 3) 
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Figure 6- Initial cyclometalated Ir(III) complexes investigated for photosensitization of singlet oxygen 
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3.3.3 Cyclometalated Ir(III) complexes as PDT agents.  

 

Although many Ir(III) complexes have been developed as PDT agents, many have one prominent 

drawback. As mentioned above, transition-metal based PDT agents have a short excitation 

wavelength. The following is a brief overview of approaches taken to rectify this problem in Ir(III) 

complexes.  

Several groups have suggested attaching Ir(III) complexes with light-harvesting organic 

chromophores (Scheme 3). For example, Zhao et al. have synthesized Ir(III) conjugates with 

BODPIY dyes via π- conjugation linkers to harness NIR absorptions (10a, 10b, 10c, 10d). 78,79 

Martinez-Martinez also took a similar approach but  opted to functionalize the ancillary ligand 

with the BODIPY dye (11a, 11b). 25 

Despite the strategy, both classes of Ir-BODIPY conjugates show similar absorption bands and ISC 

from the singlet to triplet state was observed when illuminated with visible light. 
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Scheme 3- Cyclometalated Ir(III) complexes synthesised for absorption in the NIR region 

An alternate strategy is the use of ligands with extended π-systems. Similar to the previous 

approach, this results in long triplet lifetimes resulting in good PDT effects. Sun and McFarland 

reported five Ir(III) complexes (12a, 12b, 12, 12d), each with increasing π-conjugation. They 

were able to demonstrate an increase in the intensity of the spin-forbidden (b2g → eg or eg → 

eg) bands (600-800 nm) with increase in π-conjugation.80 
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Two-photon excitation is the process of exciting a molecule with two simultaneous photons. This 

allows for the use of two photons carrying half the energy that is required to populate the 

emissive excited state ( Scheme 5). Two-photon excitation requires a high density of photons. 

The two-photon absorption process is proportional to the square of the photon intensity, 

reflecting the requirement for two photons of light to interact with the molecule simultaneously. 

The main advantage of this technique for PDT is that NIR excitation can be achieved without 

modifying the molecule. Two-photon excitation has been successfully demonstrated in confocal 

microscopy and provides an exciting new direction for PDT. McKenzie et al. demonstrated the 

efficacy of two photon PDT with the use of two Ir(III) complexes of [Ir(ppy)2] type with either a 

bisbenzimidazole (13a) or a N,N-dimethylated version (13b) of it. These compounds were 

previously shown to have effective PDT effects with one-photon excitation at 405 nm. These two 

complexes showed similar effects with NIR two photon excitation.81  
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Scheme 4- One Photon Excitation (i) vs Two Photon Excitation (ii) 
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Aims and Objectives 

This project is based on the hypothesis that certain metal complexes are suitable for killing of 

microbes, more specifically P.gingivalis, when irradiated with light. From the literature it is clear 

that P.gingivalis is very resourceful and strategic in avoiding antibiotics and immune surveillance 

by tacking refuge inside host cells. It has also been shown by McKenzie et al. that 13a is effective 

at localizing inside human cells followed by exiting cells after ca. 2 h, while doing little to no harm 

without light activation.  The specific aims of the project are outlined below: 

• To investigate the ability of current anticancer PDT agents, starting with 13a, to act as 

antimicrobial PDT agents at doses that are harmless to human cells, with or without light. 

• To investigate these potential antimicrobial PDT agents as dual optical/electron 

microscopy imaging probes for bacteria. This will also aid in studying the uptake and 

localizing of the metal complex by the bacteria.  

• To synthesize novel transition metal based PDT agents specially tailored towards 

P.gingivalis and other bacteria, while looking to overcome the more broad shortcomings 

of transition metal PDT such as activation wavelength and solubility.  
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Chapter 2  

Experimental Methods 

 

2.1 Synthesis 

Nuclear Magnetic resonance (NMR) spectroscopy 

All 1H NMR spectra were recorded on a 400 MHz Bruker Advance 400 spectrometer. NMR 

chemical shifts (δ) were determined relative to internal tetramethylsilane, Si(CH3)4 and are given 

in ppm. Spectroscopic grade deuterated NMR solvents were purchased from Sigma Aldrich. 

2.1.1 Synthesis of 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl 2-phenylquinoline-4-carboxylate, 

compound (mdz-pqc). 

 

mdz-pqc 

To a solution of 2-phenylquinoline-4-carboxylic acid (1.0 g,4 mmol), 2-methyl-5-nitroimidazole-

1-ethanol (metronidazole)(1.03 g, 6 mmol), and 4-(dimethylamino)pyridine (0.15 g, 1.2 mmol) in 

dry dichloromethane (10 mL), N,N′-dicyclohexylcarbodiimide (0.99 g, 4.8 mmol 1.3 eq) was added 

upon stirring at room temperature. The resulting mixture was stirred for further 2 hours, which 
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resulted in formation of a white precipitate. Dicyclohexylurea (DCU) was filtered off and the 

filtrate was evaporated to dryness, resulting in a light yellow solid. The solid was redissolved in a 

minimum amount of dichloromethane (10 mL). Addition of  hexane (30 ml) led to precipitation 

of a yellow solid, which was collected by filtration, washed with hexane, and dried in vacuo. The 

product was obtained as a light yellow solid (0.72 g, 93%). 1H NMR (400 MHz, Acetone-d6) δ 2,54 

(s, 3H), 4.90 (t, 4JHH = 4 Hz, 2H), 4.98 (t, 4JHH = 4 Hz, 2H), 7.58 (m, 4H), 7.66 (ddd, 3JHH = 8.3, 6.9, 1.2 

Hz, 1H), 7.85 (ddd, 3JHH = 8.8, 8.3, 5.4 Hz, 1H), 7.98 (s, 1H), 8.18 (d, 3JHH = 8.4 Hz, 1H), 8.32 (d, 3JHH 

= 7.0 Hz, 2H), 8.38 (s, 1H), 8.56 (d, 3JHH = 8.5 Hz, 1H) . HRMS (m/z): [M+] calcd for C22H18N4O4 

402.41, found 403.1. 

2.1.2 Synthesis of [Ir(mdz-pqc)2(µCl)]2 

 

 

[Ir(mdz-pqc)2(µCl)]2 

 

A mixture of 2-methoxyethanol and water (9 ml, 3:1), containing IrCl3 •3H2O (0.20 g, 0.67 mmol 

1eqv) and mdz-pqc (0.54 g, 1.39 mmol 2.02eqv) was refluxed under argon. Colour changes from 

pale yellow to red-orange observed after 30 minutes. The reflux was stopped after 48 hours, and 
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the reaction mixture allowed to cool down to room temperature. Water was added to the 

reaction mixture, leading to precipitation of an orange solid which was filtered and air-dried (0.14 

g, 54%).1H NMR (400 MHz, Acetone-d6) δ 2,54 (s, 3H), 4.92 (t, J = 4 Hz, 8H), 4.99 (t, J = 4 Hz, 8H), 

7.57 (m, 13H), 7.67 (ddd, 4H), 7.85 (ddd, 4H), 7.98 (s, 2H), 8.20 (m, 4H), 8.32 (m, 8H), 8.40 (s, 4H), 

8.60 (dd, J = 17.9, 11.2 Hz, 4H). HRMS (m/z): [M+] calcd for C88H68Cl2Ir2N16O16 2060.94, found 

1031.24. 

2.1.3 Synthesis of 2,2'-bisbenzimidazole 

 

2,2'-bisbenzimidazole 

O-Phenylenediamine (0.54 g 0.005 mol) and oxalic acid (0.225 g, 0.0025 mol) were added to 

ethylene glycol (6 mL) in a 10 mL microwave tube. Polyphosphoric acid (1 mL) was added to the 

mixture. The vessel was irradiated with microwaves at 160 °C for 30 min. After allowing to cool 

room temperature the pH was adjusted to pH 10. The resulting precipitate was filtered and 

washed several times with water until the water emerged at neutral. A light green precipitate 

was obtained (0.9g, 77% yield ). 1H NMR (400 MHz, DMSO) δ 13.55 (s, 1H), 7.76 (d, 3JHH = 7.6 Hz, 

1H), 7.56 (d, 3JHH = 7.8 Hz, 1H), 7.36 – 7.24 (m, 2H) HRMS (m/z): [M+] calcd for C14H10N4, 234.09; 

found 234.26. 
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2.1.4 Synthesis of [Ir(mdz-pqc)2(bbzH2)]Cl, Complex 14 

 

Complex 14 

A suspension of [Ir(mdz-pqc)2(µCl)]2 (0.14 g, 0.07 mmol,  1.0 eqv) and 2,2'-bisbenzimidazole (0.03 

g, 0.12 mmol 2.1 eqv) was dissolved in a mixture of methanol and dichloromethane (20 mL, 1:1) 

and refluxed at 65 oC under a positive pressure of argon for 24h. The reaction mixture was rotary 

evaporated to dryness, and the solid residue was redissolved in a minimum volume of 

dichloromethane (5 mL). Addition of hexane (10 mL) resulted in precipitation of a light-green 

solid, which was filtered. The solid was purified using HPLC using 40% THF in water (plus 0.1% 

TFA) as the eluant. The residue was filtered off and the filtrate was concentrated to obtain a 
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green precipitate (60 mg, 10%). 1H NMR (400 MHz, Acetone-d6) δ 4.90 (t, 4H), 4.97 (t, 4H), 7.54 

(m, 6H), 7.67 (ddd, 2H), 7.82 (ddd, 2H), 7.98 (s), 8.19 (m, 2H), 8.32 (m, 4H), 8.40 (m, 1H), 8.61 (m, 

2H). HRMS (m/z): [M+] calcd for C58H44ClIrN12O8 1229.3, found 1230.3. 

2.1.5 Synthesis of [Ir(pqc)2(µCl)]2 

 

[Ir(pqc)2(µCl)]2 

A mixture of 2-methoxyethanol and water (9 ml, 3:1), containing IrCl3 •3H2O (1.0 g, 3.35 mmol 

1eqv) and 2-phenylquinoline-4-carboxylic acid (1.75 g, 8.61 mmol, 2.1eqv) was refluxed under 

argon. A dark purple precipitate for observed after 5 hours. Reflux was stopped after 48 hours, 

and the reaction mixture allowed to cool down to room temperature. Water was added to the 

reaction mixture, leading to precipitation of a dark purple solid which was filtered and air-dried 

(0.23g, 9.6%). 
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2.1.6 Synthesis of [Ir(pqc)2(bbzH2)]Cl, Complex 15 

 

Complex 15 

A suspension of [Ir(pqc)2(µCl)]2 (0.0989 g, 0.07 mmol,  1.0 eqv) and 2,2'-bisbenzimidazole (0.03 

g, 0.12 mmol 2.1 eqv) was dissolved in a mixture of methanol and dichloromethane (20 mL, 1:1) 

and refluxed at 65 oC under a positive pressure of argon for 48 h. The reaction mixture was rotary 

evaporated to dryness, and the solid residue was redissolved in a minimum volume of 

dichloromethane (5 mL) and precipitated in hexane (20 mL). The precipitate was filtered and 

purified in a Sephadex column using MeOH the eluent to obtain a red precipitate (14.40 mg, 

10.3%). 1H NMR (400 MHz, MeOD) 7.57 (m, 8H), 7.76 (m, 3H), 7.82 (d, 4H), 813 (d, 5H), 8.44 (d, 

2H). HRMS (m/z): [M+] calcd for C48H30ClIrN4O4 919.19, found 920.19. 
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2.2 Bacterial growth and culture  

P. gingivalis (W50 or NCTC 11834) was grown and maintained fastidious anaerobe agar medium 

(FA; LabM, UK). The agar was treated with oxalated horse blood (Oxoid, UK) 5% (v/v). An anerobic  

cabinet (10% H2, 10% CO2, and 80% N2) at 37 ˚C was used for bacterial growth and incubation. 

The bacteria were allowed to grow for 3 days (unless otherwise state) prior to starting the 

experiments. 

P. aeruginosa (PA01) was grown and maintained on Leria-Bartani (LB) agar (Miller) at 37 ˚C in an 

aerobic incubator for 24 hours prior to starting the experiments.  

2.3 Cell lines 

Cell line Genotype  Reference 

H357 Epithelial squamous cell 

carcinoma 

82 

HEK293 Human embryonic kidney cells 83 

HEP-G2 Human hepatocellular 

carcinoma 

84 

 

2.4 Cell culture  

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) is a cell culture growth medium containing 

various nutrients including vitamins and amino acids necessary for the growth of cells in-vitro 

(full composition of DMEM is listed in the appendix).85 DMEM  was supplemented with 5 mL L-

glutamine (200 mM solution), 50 mL fetal calf serum (10%) was used to culture cells in standard 

T-75 flasks (a narrow necked flask made of polystyrene with an adherent inner surface). Cells 

were incubated 37 °C in an atmosphere of 5% CO
2 

/ 95% air. Cells were allowed to reach ~90% 
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confluency prior to experiments. Cells were washed with PBS and subcultured using Trypsin EDTA 

(2 mL). 

2.5 Bacterial Colony Forming Unit (CFU) assay  

The bacterial solution was serially diluted (10-1-10-4) and placed on Fastidious Anaerobe (FA) agar 

as 5 µL triplicates and incubated for 4-5 days. 

2.6 PDT experiments on P.gingivalis and P.aeruginosa  

1 ml P.gingivalis (W50 or NCTC 11834) or P.aeruginosa suspensions with a chosen optical density 

0.5 OD600 (for P.gingivalis) and 0.1 OD600 (for P.aeruginosa) in PBS were made. The suspension 

was split into a glass vials (for irradiation) and an Eppendorf tubes (dark control). The suspensions 

were treated with a known concentration (concentrations used are indicated in the main body) 

of either metal complexes or pure metronidazole. Two more suspensions in a glass vial were 

treated with pure PBS. One of these was kept in the dark while the other was irradiated. All 

vessels were wrapped in foil and all samples were allowed to incubate in an anaerobic cabinet 

(for P.gingivalis) or an aerobic incubator (for P.aeruginosa). The suspension in the glass vials were 

irradiated with a laser diode (ThorLabs M405L3 - 405 nm) (405 nm, 20 mWcm-2, 3 min). The 

contents of the all vessels were pipetted onto fresh agar plates for CFU counting.  

2.7 Cell toxicity and PDT experiments 

Two 96-well plates were seeded with 10000 cells/well (100 µL) and left to incubate overnight. 

Both plates were treated with varying concentrations of the complex (0-1000 nM, 100 µL) or 

equivalent DMSO control (0.2%) and incubated for 2 hours. Cells were washed with  PBS (1 x 

3mL).  The cells were treated with DMEM (without phenol red and L-glutamine + 10% FCS, 100 

µL). One plate was treated with light (405 nm, 20 mWcm-2, 3 minutes). The other plate was 
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wrapped in foil and kept in the dark. Both plates were allowed to incubate overnight. The wells 

were washed with PBS and replaced with fresh DMEM (w/o phenol red and L-glutamine + 10% 

FCS, 100 µL). 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazoliumbromide (MTT) (30 µL) was 

added to each well and incubated for 24 h. The formazan crystals were dissolved by carefully 

removing the media and dissolving the crystals in DMSO (50 µL). Optical density of the wells were 

recorded at 540 nm on a plate reader (Tecan, Infinite® 200 PRO plate reader) . 

2.8 Invasion assay  

All experiments were performed in triplicate. A previously reported antibiotic protection assay 

was modifed.86 H357 cells were seeded onto a 24 well plate (9 wells in triplicates plus two more 

for cell counting) at 8 x 104 cells/ ml with 1 mL of cell suspension per well and incubated for 3 

days. On the 3rd day the two wells for cell counting were washed with PBS (2 x 500 µL), trypsinised 

(500 µL, trypsin-0.02% EDTA) and neutralized with growth media (500 µL, DMEM with 10% FCS) 

after cell detachment. Three-day old plate-cultured P.gingivalis were transferred to centrifuge 

tube with growth media (DMEM with no added supplements). The bacterial concentration 

adjusted to a multiplicity of infection 1:100, i.e. every human cell is to be exposed 100 bacterial 

cells. The wells seeded with cells were washed with PBS (2 x 500 µL). The bacterial solution above 

was added to each well (500 µL/ well) and incubated for 90 minutes. A further triplicate of wells 

with the original inoculate were also incubated alongside the cells (viability wells). These three 

wells were left untreated until the end of the experiment. The wells were washed with PBS (3 x 

500 µL). The extracellular bacteria were killed by treating each well with metronidazole (200 

µg/mL, 500 µL) and incubating at 37oC, 5% CO2 for 1 hour.  
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The metronidazole was removed by washing with PBS (3 x 500 µL). Each triplicate was then 

treated with either DMEM, 3 (5 nM in DMEM) or 3 (1000 nM in DMEM) and incubated for at 

37oC, 5% CO2 for 2 hours. The wells were removed of 3 or DMEM and washed with PBS and 

replaced with DMEM (w/o phenol red and L-glutamine). Each well was then treated with 405 nm 

light for 3 mins at 20 mWcm-2. The wells were washed with PBS (3 x 500 µL). The cells were lysed 

by adding sterile distilled water (200 µL/well), scraping with a pipette tip for 45 s followed by 

aggressive aspirating. The lysates and the viability wells were then serially diluted and plated for 

colony counting. Colony forming units were counted after 4 days of incubation. The number of 

internalised bacteria can be expressed as a percentage of CFUs in the original inoculum.  

        % 𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =
𝐶𝐹𝑈𝑠 𝑖𝑛 𝐷𝑀𝐸𝑀 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐶𝐹𝑈𝑠 𝑖𝑛 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚
 x 100 

2.9 Biofilm toxicity and PDT experiments 

2.9.1 Growth of biofilms 

To grow biofilms P.gingivalis from the agar plate was inoculated to brain heart infusion (BHI) 

liquid nutrient broth (components in the appendix) and the OD600 adjusted 0.5 OD600 (for 

P.gingivalis) and 0.1 OD600 (for P.aeruginosa) before transferring 1 mL of the bacterial solution 

into wells of a 24 well tissue culture plate (Greiner CELLSTAR®). The 24 well plate was allowed 

to incubate in the above anaerobic conditions for 5 days (for P.gingivalis) or 24 h for (for 

P.aeruginosa). The presence of biofilms was confirmed with crystal violet stain.  

2.9.2 Photodynamic therapy  

All experiments were performed in triplicate. Two 24 plates with biofilms were used for each 

experiment (for irradiation and dark controls). Three wells of each plate were treated with either 

PBS (1 mL), 14 (concentrations as stated in discussion) or metronidazole (1 mL, 10 nM) (only for 
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P.gingivalis). Three extra wells of the dark control plate were treated with industrial methylated 

spirit (IMS) The biofilms treated IMS was used as the positive control as it is assumed IMS will 

destroy all biofilms. The plates were allowed to incubate in the dark in an anaerobic cabinet or 

aerobic incubator for 2 hours. Following removal of the plate cover, each well of the ‘light control’ 

plate was irradiated for 3 minutes 405 nm light at 20 mWcm-2 with the focal point focused on the 

centre of the well. All wells of both plates were washed with 2 x 1 mL PBS before being treated 

with LIVE/DEAD® BacLight™ stain and allowed to incubate in the dark for 15 minutes. Optical 

density of wells at was recorded on a plate reader (Multiskan fc, Thermo Fisher Scientific, 

Warrington, UK).  

2.10 3D – Skin models 

2.10.1 Model preparation  

Biopsy samples from EuroskinTM were placed in 1 M NaCl (enough to cover the entire skin) and 

incubated overnight at 37 °C. The sample was poured into a sterile petri dish. The epidermis was 

separated from the dermis using blunt forceps to obtain a decellularized dermis (DED). The DED 

was incubated at 37 °C for 48 hours with DMEM to flood the sample with growth medium. The 

sample was then transferred to fresh DMEM and stored at 4 °C until needed. To construct the 

skin, the DED was cut into approximately 6 x 12 mm circular samples using a sterile cork-borer 

and inserted into tissue culture inserts. The inserts were placed in a 12 well plate. The DED was 

then seeded with 1×105 fibroblasts and 3×105 skin keratinocytes each in 250 µL of serum free 

DMEM/2ng/ml TGFa (plus penicillin and streptomycin/fungizone). The surrounding area around 

the insert was filled with 1 mL of the same medium. The samples were allowed to incubate for 

24 hours at 37 °C before replacing the growth medium. After a further 24 hours of incubation the 
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medium was removed and fresh medium was added to the base of the skin construct so that it 

forms an air-liquid interface. The medium was replaced ever 2-3 days for 14 days. The medium 

was switched to an antibiotic-free medium 72 hours before the experiment.  

2.10.2 Infection and PDT experiment 

An overnight culture of P.aeruginosa was adjusted to 1 x 106
 bacteria in Lysogeny broth (LB) 

broth. Incisions on the skin constructs were made using a heated metal inoculating loop. Each 

construct was infected with 20 µL of the above bacterial solution and allowed to incubate for 24 

hours. The samples were washed with PBS (3 x 1 mL). The samples were separated into 2 sets of 

3 in 2 12-well plates (for either irradiation or to be kept in the dark). Each sample was treated 

with either PBS (1 mL) or complex 14 (2 µM or 20 µM, 1mL). Both plates were allowed wrapped 

in foil and allowed to incubate for 2 hours in an aerobic incubator. 3 samples in one plate was 

irradiated with light (405 nm, 40 mWcm-2, 15 minutes). Samples in both plates were then washed 

with PBS and weighed. The samples were shredded using sterile scalpels and vortexed in PBS (1 

mL) for 1 min. The vortexed PBS was serially diluted to and plated for CFU counting. The bacterial 

counts were expressed as CFU/mL/mg. 

2.11 Confocal microscopy 

2.11.1 Planktonic bacteria - sample preparation 

For P.gingivalis (NCTC 11834) (at a concentration of 0.5 OD600) the bacteria were treated with (1 

mL, concentrations as specified in main text) of 13a or 14 and incubated for 2 hours in an 

anaerobic cabinet. For P.aeruginosa (at a concentration of 0.1 OD600) the bacteria were treated 

with 14 (1 mL) and incubated for 2 hours in an aerobic incubator. Both bacterial species were 

washed with PBS (3 x 1 mL) before being fixed in 4% paraformaldehyde for 30 minutes. The 
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bacteria were re-washed with PBS (3 x 1 mL) and deionised water (1 x 1 mL). The samples were 

mounted on to microscope slides using  SlowFade™ Gold Antifade Mountant (Thermo Fisher).  

 

2.11.2 Biofilms- sample preparation  

Biofilms of both P.gingivalis (NCTC 11834)  and P.aeruginosa were grown on 35 mm glass bottom 

imaging dishes (Ibidi) with the same procedure as for PDT experiments. The biofilms were treated 

with varying concentrations of 14 and incubated in an anaerobic cabinet (for P.gingivalis), or an 

aerobic incubator (for P.aeruginosa). The samples were washed with PBS (3 x 1 mL) before being 

fixed in 4% paraformaldehyde for 30 minutes. The bacteria were re-washed with PBS (3 x 1 mL).  

2.11.3 Imaging 

Confocal microscopy was performed using the Nikon A1 microscope with an excitation of 403.55 

nm and emission filters set at 450/25, 525/25 and 595/2. Images were processed using ImageJ.  

2.12 3D Structured illumination microscopy  

2.12.1 Fixed cells 

P.gingivalis (NCTC 11834) (at a concentration of 0.5 OD600) the bacteria were treated with of 13a 

(10 nM, 1mL) or 14 (10 nM or 20 µM, 1 mL) and incubated for 2 hours in an anaerobic cabinet. 

The samples were washed with PBS (3 x 1 mL) before being fixed in 4% paraformaldehyde for 30 

minutes. The bacteria were re-washed with PBS (3 x 1 mL) and deionised water (1 x 1 mL). The 

samples were mounted on to microscope slides using SlowFade™ Gold Antifade Mountant 

(Thermo Fisher).  
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2.12.2 Live cells 

P.gingivalis (NCTC 11834) (at a concentration of 0.5 OD600) were treated with 14 (10 nM, 1 mL) 

in a 35 mm glass bottom imaging dishes (Ibidi) and incubated for 2 hrs in an anaerobic cabinet. 

The bacteria were resuspended in PBS (1mL). The sample was treated with BacLight LIVE/DEAD 

Bacterial Viability Kit (L7012, Thermo Fisher) according to manufacturer’s instructions.  

2.12.3 Imaging- Fixed cells 

3D SIM images were taken on the GE Deltavision OMX with the excitation wavelength set at 405 

nm with the detection filter set to 528/48.  

2.12.4 Imaging- Live cells 

3D SIM images were taken on the GE Deltavision OMX. The sample was initially irradiated with 

the 405 nm (3 min) line to activate the complex. Images were then collected then taken for 30 

minutes with an excitation of 488 nm with a filter set of 528/48 and 609/37. 

2.13 Transmission Electron Microscopy  

Two experiments were designed. In the first experiment, P.gingivalis samples were treated with 

varying concentrations of 13a or 14 (0 - 1000 nM) and incubated for 2 hrs. The samples were 

washed with PBS (3 x 1 mL), and fixed in 3% glutaraldehyde in PBS. The samples were then 

dehydrated, embedded in Araldite resin, sectioned and imaged. Only OsO4 was used as a 

conventional contrasting agent. Therefore, any increase in contrast can be attributed to the 

complex. 

The second experiment was designed to study damage caused by 14 on P.gingivalis. The bacteria 

were treated with 14 as above and incubated for 2 hours and treated with light (405 nm, 20 mW 

cm-2, 3 min). The samples were washed with PBS (3 x 1 mL) before being fixed in 3% 
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glutaraldehyde in PBS. The samples were then dehydrated and embedded in Araldite resin and 

treated with OsO4, lead citrate and uranyl acetate before sectioning and imaging with TEM.  TEM 

imaging was carried out using a FEI tecnai 120Kv G2 Biotwin TEM with an Orius SC100 bottom 

mounted camera using Gatan Digital Micrograph software.  
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Chapter 3   

Development of a novel antimicrobial PDT 

agent  

The ability of P.gingivalis to invade and hide in host cells and avoid any host immune response or 

antibiotics presents a major problem.37 Therefore, any prospective transition metal PDT agent 

must have the additional ability of crossing the human cell membrane. One such complex was 

synthesized by Prof Gareth Williams, Durham University and has been heavily investigated by 

Prof Julia Weinstein and Dr Helen Bryant as potential one- and two- photon anticancer PDT 

agents.81 This chapter will consist of two parts. First part will discuss screening for a potential 

antimicrobial PDT candidate based on previously studied anticancer PDT agents. The second part 

will be the synthesis of a new antimicrobial PDT complex 

 

Figure 7- Chemical structure of 13a, a complex previously investigated as an anticancer PDT agent 
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3.1 An anticancer Iridium complex for antimicrobial PDT 

In tandem with the PDT investigations, 13a has also been studied for its use in optical imaging. 

Extensive studies carried out by Dr Jonathan Shewring using super-resolution microscopy (3D 

Structured Illumination Microscopy) shows that the localisation pattern on 13a changed over a 

period of 24 hours, following the 2 hour incubation with 13a.87 The images recorded after 15 min 

showed uniform staining of the cytoplasm. Overtime, this staining disappeared giving rise to 

more punctate staining. At the 2h mark, there was a mixed cytoplasmic and punctate (spot-like) 

staining. The staining pattern was attributed to the pH sensitive nature of the complex and was 

therefore likely that its protonated form was trapped by lysosomes, which possess a pH of ~ 4.5.88  

 

 

Figure 8- LSCM images of live HeLa cells treated with complex 13a (10 μM, 2 h) and LysoTracker™ Red (50 nM, 35 mins) with 
lysosome staining pattern highlighted by white arrows (A) emission from complex 13a (λex = 405 nm), (B) emission from 

LysoTracker™ Red (λex = 561nm). Scale bar = 10 μm (From J. R. Shewring PhD thesis) 
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Figure 9 - 3D SIM images of fixed HeLa cells stained with complex 13a ( 10 μM, 2 h) and LysoTracker™ Red (50 nm, 35 mins) (A) 
Lysotracker emission( λex = 561 nm), (B) Complex 13a emission(λex = 405 nm), (C) Overlay of A and B, (D) zoomed in ROI 

demonstrating colocalisation of the Lysotracker and complex 4.6 seen as white areas. (Scales bar = 3 μm) (From J. R. Shewring 
PhD thesis) 

 

A colocalization study with LysotrackerTM Red confirmed this hypothesis as shown in Figure 8 and 

Figure 9. These studies confirm the uptake of 13a by human cells, and provided evidence for 

changing localisation of the compound inside the cell. Furthermore, the work of Dr Luke 

McKenzie demonstrated the ability of cells to effectively begin excreting 13a after 30 minutes 

(Figure 10).81 
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Figure 10 - Depletion data, cells were incubated with 13a (10 µM, 2 h) before fresh media was added. The cells were then fixed 
at varying times post staining (From L. K. McKenzie PhD thesis) 

 

The PDT properties were confirmed by the clonogenic assay (an assay used to quantify the 

number of living cells following a toxicity experiment). The upper limit for dark toxicity was shown 

to be 100 μM, although dark toxicity studies at higher concentrations was restricted by the need 

to use more than 2% DMSO to dissolve the complex – thus, it is likely that the compound is not 

toxic in the dark at much higher concentrations. Compound 13a demonstrated its ability to 

induce high levels of cell death (Figure 11) when irradiated with a 405 nm light at 20 mWcm-2. 

The closely related compound 13b, which carried a methylated N-atom on the bis-benzimidazole 

ligand vs. H-atom in 13a, showed light toxicity similar to 13a, but was also found to be highly toxic 

in the dark (60% cell death observed at 0.01 mM)  (Figure 11).  Therefore, the methylated 

derivative 13b was not studied further. 
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Figure 11 - Long term cell survival of HeLa cells following incubation with 13a  or 13b) after treatment with light (405 nm,  3 
mins, 20mWcm-2) or kept in the dark (From L. K. McKenzie PhD thesis). 

 

The previous studies were conducted on HeLa cells. In order to investigate the potency of 13a 

towards killing bacteria in gums, we replicated the studies of 13a light toxicity on H357 (human 

oral squamous cell carcinoma) cells, which are more relevant to this project (Figure 12). H357 

cells were chosen as they are routinely used in the invasion assays using P.gingivalis. The invasion 

assay in necessary to determine the PDT effect on internalised bacteria (discussed below). MTT 

assay was used for toxicity studies due to its time efficiency. The results show that H357 cells are 

slightly more sensitive to treatment with 13a and 405-nm light than HeLa cells. The slight 

difference in results could also be attributed to the difference in toxicity assays used. However, 

13a follows a similar dark and light toxicity pattern in both cell lines; 20% of cell death started to 
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occur at ~ 0.01 µM and the survival fraction halved at 0.1 μM in the irradiated samples (Figure 

12).  

These results clearly indicated the ability of 13a to successfully enter human cells, show minimum 

dark toxicity and most importantly show PDT effects in the presence of light. This, therefore, 

presented a solid starting point for the development of antimicrobial PDT agents.  

 

Figure 12- Survival of H357 cells after incubation with 13a  (2 h) after treatment with light (405 nm 3 min, 20 mW cm-2) or kept 
in the dark. Data obtained using MTT assay  (n = 3). 
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Figure 13 - Survival of P.gingivalis (0.1  OD at 600 nm) after incubation with 13a  (2 h) followed by treatment with light (405 nm, 
3 min, 20 mW cm-2) (n = 3). 

 

 
 

Figure 14 - Survival of P.gingivalis (0.2 OD at 600 nm) after incubation with 13a  (5 nM, 2 h) followed by treatment with light 
(405 nm 3 min, 20 mW cm-2) (n = 3). 
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3.2 The effect of 13a on P.gingivalis 

Compound 13a with a concentration of 5 nM was tested on P.gingivalis. According to Figure 11 

and Figure 12, 13a at this concentration has no effects on human cells in the presence or the 

absence of light. Due to their smaller size and less sophisticated cellular structure, we 

hypothesised that bacteria will be more sensitive to 13a than human cells. This would allow the 

use of the same complex without any modifications to kill bacteria without any adverse effects 

on host cells. The experimental conditions previously used for cell killing studies were modified 

for bacterial studies, as follows. A bacterial concentration of 0.1 OD600 was used. Bacteria were 

incubated with a solution of 13a (5 nM) for 2 hours. This was followed by irradiation with 405 nm 

light, and CFU assays. The results, shown in Figure 13, indicate significant light toxicity of 13a for 

P.gingivalis at 5 nM concentration, at which no light toxicity was detected for cells. Therefore, 

our results proved that the bacteria are indeed more sensitive to light activated 13a than cells 

are.  

The colonies of sample treated with 13a and light were completely irradicated whereas the 

sample kept in the dark was unharmed, showing lack of dark toxicity. The absence of dark toxicity 

in antimicrobial-PDT may be pivotal to prevent the development of resistance towards potential 

aPDT agents in the future. A sample treated with only PBS was also treated with light (405 nm, 

20mWcm-2, 3 min). The 20% decrease in colonies of this sample was attributed to the damage 

done by the laser diode alone. Indeed, treating periodontal disease with the use of UV alone (310 

nm) light has been suggested in the literature, although the effectiveness of this technique is not 

conclusive.89,90  



55 
 

The experiment was repeated at a higher bacterial concentration of 0.2 OD600. The results are 

shown in Figure 14. The killing pattern is similar to that of experiments with 0.1 OD600. However, 

due to overall increase in the number of bacteria in the initial inoculant, the overall bacterial 

count has increased.  

3.3 Microscopy studies with 13a 

3.3.1 Confocal and super-resolution microscopy.  

Iridium(III) complexes have attracted interested as biological probes in the past decade. The work 

of Shewring et al mentioned above demonstrated the ability of iridium (III) complexes to be used 

as luminescent probes for confocal and 3D SIM imaging of cells.91  Consequently, this can be 

extended into studying the localisation pattern of 13a in bacteria. The bacteria were treated with 

13a (10 nM, 2 h), fixed in 4% in paraformaldehyde (PFA) and mounted on to a slide. Clear bacterial 

emissions were observed using 405 nm excitation and is shown in Figure 15. However, due to the 

smaller size of bacteria, bacterial morphology or localisation patterns of 13a could not be 

elucidated with confocal microscopy due to insufficient spatial resolution.  

Further structure and localisation information was pursued using 3D-SIM microscopy. The 

rejection of out-of-focus light along the z-axis caused by small precipitates, due to the poor 

solubility of the complex, proved to be an obstacle in the 3D construction of the image. 

Nevertheless, a rough idea of localisation was obtained using a z-slice of a SIM image (Figure 16), 

which indicates accumulation of 13a along the bacterial cell wall and concentrating in cytoplasm.  
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Figure 15 - Confocal images of P.gingivalis (ʎexc = 405 nm). a) stained with 13a (10 nM, 2h).  b) PBS. The images show the uptake 
of 13a by P.gingivalis as the bacteria can only be seen in the samples treated with 13a and not with PBS 

 scale bar = 6 µm 

 

 

 

Figure 16 - A single z-slice of P.gingivalis SIM image of P.gingivalis (left) and emission lines (right) along the yellow line on the 
left, indicating uptake of the metal complex by bacteria. scale bar = 6 µm 
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3.3.2 Electron Microscopy 

Due to their electron rich nature, transition metal complexes have the ability to scatter electrons 

and enhance contrast in electron microscopy. Despite this potential, only a few transition metal 

complexes have been studied for contrast enhancement in electron microscopy of cells, and none 

for studying bacteria.92 With an increase in interest in correlative microscopy, the potential for 

13a to be a dual probe for both optical microscopy and electron microscopy was investigated. 

Furthermore, if successful, the high resolution of electron microscopy would allow for a better 

understanding of the distribution of 13a within P.gingivalis.  

The bacterial samples were incubated for 2 hours with varying concentrations of 13a, and fixed 

in 3% glutaraldehyde in PBS. The sample was then dehydrated, embedded in Araldite resin, 

sectioned and imaged by Dr Chris Hill using Transmission Electron Microscopy (TEM). Only OsO4 

was used as a conventional contrasting agent in all samples. Therefore, any increase in contrast 

can be attributed to the complex. The resulting TEM images are shown in Figure 17. 

The TEM images show a clear increase in contrast between the unstained sample and a sample 

stained with 13a at a 10 nM concentration. The contrast becomes more prominent when the 

concentration of 13a is increased to 100 nM. At this concentration a high amount of contrast and 

detail is seen in the cell wall. These images confirm what was suggested by the SIM images, the 

metal complex is able to stain the bacterial cell wall and concentrate in the cytoplasm. It should 

be noted that, according to previous work, a much higher concentration of at least 50 µM of 13a  

was required to see significant contrast in HeLa cells.87 
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Figure 17- TEM images of P.gingivalis with stained with 13a (concentrations shown, 2h). The sample treated with only OsO4 shows depositions around 
the membrane. This contrast in the membrane is increased as the concentration of 13a is increased. 
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3.4 A novel antimicrobial-PDT agent based on 13a 

Bacterial toxicities data with 13a at a relatively low concentration of 5 nM is a promising start. 

However, it is clear that a higher dosage of 13a is required for the complete destruction of 

bacterial colonies. It is important that any potential aPDT completely kill all bacteria to prevent 

development of resistance. While increasing the concentration of 13a is a viable option, this 

would also potentially cause collateral damage to the host cells since the concentration of 13a 

required to kill bacteria will overlap with the concentrations that harm cells. It is therefore, 

necessary for 13a to target bacteria better. 13a would also be more clinically accepted if the 

absorption wavelength has a higher wavelength; 405 nm is not optimal for tissue penetration 

although it should be noted this problem is not as significant for antimicrobial-PDT as it is in 

anticancer treatments since lasers can be shone directly on to the periodontal pocket and other 

infection sites. To answer these questions, the synthesis of a derivative of 13a, compound 14 was 

proposed.  The structural modifications to 13a are shown in Figure 18. 

 

Figure 18: Structure of new antimicrobial-PDT agent, compound 14. 13a (black) has been modified with metronidazole (blue) 

and extra benzene rings (red). 
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The two cyclometalating ligands were modified by adding 2-Methyl-5-nitroimidazole-1-ethanol 

moieties joined by an ester bond. 2-Methyl-5-nitroimidazole-1-ethanol is better known as 

metronidazole, an antibiotic used for targeting Gram-negative anaerobic bacteria. After entering 

the cell, the nitro group is reduced by electron donors such as pyruvate:ferredoxin 

oxidoreductase (PFOR) (Figure 19), thioredoxin reductase (TrxR)or nitroreductase 1 (NTR1) into 

a radical species. The exact source of the electron donation is dependent on the pathogen.93,94 

These radical species react with the DNA and proteins of bacteria leading to its death. In the 

presence of oxygen, the radicals are reoxidized into the parent drug. Indeed, it is possible for host 

cell components to be caught in the crossfire leading to side-effects.  

 

Figure 19: Activation of metronidazole by pyruvate:ferredoxin oxidoreductase (PFOR) (from ref 95) 

 

There are two features of the design of 14. Firstly, it is hypothesised that the addition of 

metronidazole on to the iridium complex will enhance the antibacterial characteristics of the 
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complex by acting as both an antibiotic and an antimicrobial-PDT agents. This will allow for 

maximal antimicrobial activities with smaller doses.  

We note that metronidazole, despite being one of the most used antibacterial agents, does not, 

by itself, penetrate the bacterial cell wall.  Complex 13a, on the other hand, readily accumulates 

in both eucaryotic cells, and bacteria. There is therefore additional potential advantage of 

carrying metronidazole inside the cells using metal complex as a “cargo”.  

The second design feature is the addition of the two extra benzene rings on to the 2-

phenylpyridine. The extension of the aromatic system increases conjugation, lowers the energy 

of the LUMO, and therefore decreases the energy of the metal-to-ligand charge-transfer 

transition, thus shifting the absorption band towards the red region, as reported by e.g. Pope et 

al for complexes with a similar modification.96  
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3.5 Initial approach to the Synthesis of 14 

3.5.1 Synthesis of the 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl 2-phenylquinoline-4-

carboxylate (mdz-pqc) 

The cyclometalating ligand, 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl 2-phenylquinoline-4-

carboxylate (mdz-pqc), was synthesised via a Steglich esterification of 2-phenylquinoline-4-

carboxylic acid and 2-methyl-5-nitroimidazole-1-ethanol (metronidazole) using N,N'-

dicyclohexylcarbodiimide (DCC) as the coupling agent with 4-dimethylaminopyridine (DMAP) as 

the catalyst (Scheme 5). The reaction also yielded dicyclohexylurea (DCU). This biproduct is 

partially soluble in the solvent used (DCM) and most of it can be separated using a simple 

filtration. The remaining DCU was removed by recrystallising the ligand mdz-pqc in hexane. The 

reaction was also attempted using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) instead 

of DCC. However, the reaction is highly water sensitive and has a much lower yield compared to 

DCC (35% with EDC and 93% with DCC).  

 

Scheme 5- Synthetic pathway to cyclometalated ligand using a Steglich esterification. Yield 93%. 

The product was characterised by 1H NMR spectroscopy (Figure 20)  
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Figure 20- Aromatic region of 1H  (400 MHz, 298K, acetone) spectrum of mdz-pqc 

Upon esterification into mdz-pqc, the 1H NMR resonances of metronidazole and 2-

phenylquinoline-4-carboxylic acid change their position. Generally, the peaks of 2-

phenylquinoline-4-carboxylic acid move more up-field upon esterification. The doublet at 8.57 

ppm has shifted up-field from 8.82 ppm and the singlet at 8.40 ppm has shifted up-field from 

8.60 ppm. This is possibly due to the increased shielding that occurs after the esterification. In 

this orientation, the COO- group is able to donate electrons into the aromatic ring, which leads 

to more shielding. The singlet corresponding to the aromatic proton of the metronidazole shows 

a shift from 7.90 ppm to 7.99 ppm, as the electron density of the corresponding C-atom has 

decreased upon addition of the electron-withdrawing ester group. These spectra are compared 

in Figure 21. 
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Figure 21- Stacked 1H spectra (400 MHz, 298K, acetone) of 2-phenylquinoline-4-carboxylic acid (blue), metronidazole (green) & 
mdz-pqc (red) 

 

3.5.2 Synthesis of the [Ir(mdz-pqc)2(µCl)]2 

The mdz-pqc ligand was refluxed with IrCl3 in 2-methoxyethanol to form a dimer of bridged by 

two chlorides, which is the characteristic intermediate in the synthesis of cyclometalated iridium 

complexes. The resulting dimer, [Ir(mdz-pqc)2(µCl)]2, showed a different 1H  NMR spectrum 

(Figure 22) from the 1H NMR spectrum of mdz-pqc. The loss of a proton at the carbon atom 

number 4 (H-4) causes the doublet at 8.32 ppm to change into a multiplet. The doublets at 8.20 

ppm & 8.60 ppm also split into a doublet of doublets and a multiplet, respectively. Most 

importantly, the doublet at 8.34 ppm which corresponds to H-4 and H-6 changes its integration 
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from 2 to 1, confirming that a proton has been lost (In the free ligand this peak integrates to 2 

protons). The changes to the 1H NMR are shown in Figure 23. The experimentally obtained m/z 

value is half of the expected value. This was thought to be cleaving of the sensitive chloride bridge 

by the solvent (dichloromethane in this instance). The isotopic pattern confirms the presence of 

the half-dimer. 

 

 

 Figure 22- Aromatic region of 1H spectrum (400 MHz, 298K, acetone) of [Ir(mdz-pqc)2(µCl)]2  
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Figure 23- Stacked 1H NMR spectra (400 MHz, 298K, acetone) of aromatic regions of mdz-pqc (cyan) & [Ir(mdz-pqc)2(µCl)]2 (red) 

 

3.5.3 Synthesis of bis-benzimidazole. 

The ancillary ligand of this complex is bisbenzimidazole. The synthesis of this ligand had been 

attempted before the start of this project with the use of prior literature.97 This synthesis used a 

dehydration reaction between o-phenyldiamine and oxalic acid, utilizing poly-phosphoric acid as 

the catalyst. However, this reaction had poor success rate and yields. This could be due to the 

accumulation of water by poly-phosphoric acid under reflux conditions. The purification involved 

Soxhlet extraction, which contributed to further diminished yields. A new method was attempted 

by replacing oxalic acid with dithiooxamide. This reaction too had poor success rates and 
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returned the starting products for majority of the time. A better method using microwave heating 

resulted in excellent yields and reproducibility. This is discussed further in the section below.  

 

Scheme 6- Reaction pathway to complex 14 

 

3.5.4 Synthesis of 14. 

To obtain the final complex, [Ir(mdz-pqc)2(µCl)]2 was refluxed with 2.1 equivalents of 

bisbenzimidazole in MeOH:DCM (1:1). The bisbenzimidazole breaks the di-chloride bridge and 
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coordinates to the iridium centre. The solvent mixture was evaporated resulting light green 

precipitate was dissolved minimum amount of the solvent mixture (5 mL) and precipitated with 

acetonitrile. The resulting 1H NMR spectrum showed significant amount of impurities, mostly 

from unreacted starting material. The crude precipitate was dissolved in a minimum amount of 

acetone, and the resulting acetone solution was added dropwise to a concentrated brine solution 

to obtain a light-yellow precipitate. This method removed most of the impurities but the 1H NMR 

spectrum still showed some signals from the unreacted staring materials. Further purification 

was attempted using column chromatography using various permutations of eluents on silica gel 

and neutral alumina. Due to the high polarity of both the reactants and the final complex, column 

chromatography continued to be unsuccessful as coelution became a recurring problem. 

Separation was ultimately achieved using preparative HPLC using 40% THF in water. The aromatic 

region of the 1H NMR spectrum of the purified 14 is shown in Figure 24. 
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Figure 24-Aromatic region of 1H spectrum (400 MHz, 298K, acetone) of [Ir(mdz-pqc)2(bbzH2)]Cl 

 

The 1H NMR spectrum of complex 14 shows complex splitting patterns and peak broadenings. 

The metronidazole moiety of the complex can be classed as an azole. Azoles are capable of 

undergoing complicated mechanisms known as annular tautomerism. Imidazoles in particular 

are known to exhibit prototropic annular tautomerism and often exist as a mixture of 

tautomers, where one tautomer will be favoured over another depending on conditions such 

temperature, solvent, pH and substituents.98,99  

The exchange of the nitroimidazole’s aromatic proton with the nitro group explains the reason 

for broadening of the corresponding resonance at 7.98 ppm. Despite the peak splitting the 

integration of the multiplets is equal to the expected values (except for the imidazole proton’s 
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peak mentioned above which is integrating to a lower than predicted value), which indicates the 

formation of the desired product 14. 

The changing of positions between the imidazole aromatic proton and the nitro-group breaks the 

symmetry of the molecule as the NMR detect complexes with 4-nitro or 5-nitroimidazoles. This 

results in the splitting of peaks into multiplets. It has been found that although the 5-

nitroimdazole is more stable, the 4-nitro tautomer dominates due to its higher dipole moment, 

which increases solubility.100,101 The tautomers are shown in Figure 25.  It is interesting to note 

that some studies suggest that addition of electron-withdrawing groups favour the 3-

nitroimidazole or shift the equilibrium towards 5-nitroimidazole.102 The coordination of the 

ligand mdz-pqc to Iridium will cause shift of electron density from the ligand to Ir atom, and could 

explain why larger splitting of 1H-NMR resonances is observed in the 1H-NMR spectrum of 

complex 14, but not in the 1H-NMR spectrum of its Ir-dimer precursor.  

 

 

Figure 25- The tautomers of mdz-pqc 

 

In order to investigate if the tautomerism was the reason for the complex NMR pattern observed, 

1H NMR spectrum was recorded at 223 K (Figure 26). It was thought that the lower temperature 
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would slow down the exchange of the proton and yield a clearer spectrum. Indeed, lowering the 

temperature reduced the splitting observed above. The singlet from the aromatic proton of the 

nitroimidazole at 7.98 ppm is clear, sharp and shows no broadening. However, there are splitting 

occurring, as evident by the overlapping doublets at 7.90 ppm. This is consistent with studies of 

imidazoles, which state it is not possible to detect individual tautomers even at lower 

temperatures.103 Mass spectrometry analysis of the pure mixture confirmed the presence of 

complex 14 (m/z = 1144). Neither the NMR or the mass spectroscopy can be used to confirm 

purity of the complex. This was done using analytical HPLC. 

 

 

Figure 26- Aromatic region of 1H (400 Hz, 223 K, acetone) spectrum of [Ir(mdz-pqc)2(bbzH2)]Cl 
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3.6 Optimisation of the Synthetic procedure for 14  

The reactions used to synthesise the target complex 14 described in the previous section resulted 

in poor yields (15%). In the case of bisbenzimidazole synthesis, the originally used reaction gave 

poor yields and inconsistent results (10%). To solve both of these problems, the reactions were 

optimised my using microwave-assisted synthesis. Microwave-assisted synthesis occurs due to 

dielectric heating. Dielectric heating is the interaction of the electric field of the microwave 

radiation (wavelength 1 mm – 1 m) with the molecules. One such interaction is dipolar 

polarisation. When irradiated with microwaves, the dipole moment of the molecules will rotate 

to align themselves with the electric field. However, the microwave frequency is not high enough 

for the perfect alignment of the dipole. This causes a phase difference between orientation of 

the dipole moment and the electric field, resulting in dielectric heating due to the energy loss 

from the dipole moment due to friction and collisions between molecules. Alternatively, if ions 

are present in solution, these ions will follow the electric field and cause heating through 

collisions, which leads to kinetic energy being converted to heat. Heating caused by ionic 

conduction is much stronger than dipolar polarisation. However, despite the mechanism utilised 

by the system, microwave heating is far more efficient than conventional heating. In conventional 

heating, the heat needs to passed through the walls of the vessel. This is in contrast to microwave 

heating where the microwaves reach the reaction mixture directly. The result is a more uniform 

and efficient distribution of heat (Figure 27).  
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Figure 27- The distribution of heat from microwave heating vs conventional heating (from ref 104) 

 

In commercial microwave reactors (both domestic and industrial) the frequency is set at 2.45 

GHz.105 This means that only temperature can be used to control the dielectric constant as 

dielectric constant decreases with increasing temperatures. Therefore, the most effective 

solvents to be used in microwave-assisted synthesis are solvents with high dielectric constants 

(e.g. ethylene glycol, water, DMSO, DMF). 

The synthesis of ancillary ligand, mdz-pqc, using microwaves was no attempted as the initial 

reaction was reproducible at room temperatures and produced high yields of the ligand. In 

contrast, the synthesis of the Ir-dimer, [Ir(mdz-pqc)2(µCl)]2, required refluxing for 48 hours and 

resulted in only 54% yield. The reaction was then attempted using microwave heating. The 

reaction temperature remained the same at 120 °C. The solvent mixture, 2-methoxyethanol and 

water (3:1) was also kept the same as both 2-methoxyethanol and water are highly polar solvents 

and meet the needs for microwave heating. The reaction mixture was heated in 10 mL microwave 

tube for 30 min (max 20 Watt). The workup remained the same. The reaction yielded 79% of 
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product. In addition, the crude mixture showed greater purity than the crude mixture from the 

synthesis performed using conventional heating, as shown by the 1H NMR spectra in Figure 28.  

 

 

Figure 28- 1H NMR spectra (400 MHz, 298K, acetone) of crude reaction mixtures of [Ir(mdz-pqc)2(µCl)]2 after reflux (top) and 
microwave heating (bottom) approaches 

 

To obtain the equatorial ligand, bisbenzimidazole, o-phenylenediamine and oxalic acid were 

reacted in a 10 mL microwave tube at 160 °C for 30 minutes. Polyphosphoric acid was used as 

the catalyst and ethylene glycol was used as the solvent. This reaction proved to be efficient and 

high yielding (77% yield). Furthermore, the work up was a simple precipitation in water. The 1H-

NMR spectrum of the product, bisbenzimidazole, is shown in . 
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Figure 29- Aromatic region of 1H NMR spectrum (400 MHz, 298K, DMSO) of bisbenzimidazole 

 

The 1H NMR obtained for bisbenzimidazole is consistent with literature and shows a single 

multiplet at 7.01 ppm.106  

This success could not be replicated for the synthesis of complex 14. [Ir(mdz-pqc)2(µCl)]2 and 

bisbenzimidazole was dissolved in a variety of solvents and irradiated with microwaves for 

various times at different temperatures (see table below) . The optimum solvent system for 

refluxing this reaction is DCM:MeOH (1:1). However, this system is not ideal for microwave 

reactions. Due to the low dipole moment of DCM and MeOH, the actual working temperature of 

the solvent is below 65 °C. Therefore, while the reaction produced some product, the yields were 
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lower than when heating to refulx. Changing the solvent to the more polar ethylene glycol 

resulted in the decomposition of the reactants and/or product. This is evident in the 1H NMR 

spectra of the crude reaction mixtures (Figure 30). A singlet expected at ca 8.00 ppm and a 

doublet of doublets expected ca 6.00 ppm are completely missing. These peaks correspond to 

the protons of metronidazole. The spectrum indicates that the dimer and ligand have 

decomposed. This could be due to the high working temperature of 160 °C 

 

 

Figure 30- 1H NMR spectrum (400 MHz, 298K, acetone) of a crude reaction mixture after a microwave assisted reaction between 
[Ir(mdz-pqc)2(µCl)]2  and bisbenzimidazole. 
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The best results were achieved with 2-methoxyethanol as the solvent, at 70 °C, and 30 minutes 

reaction time. Higher temperatures seem to decompose the product as was the case with 

ethylene glycol. Reducing the temperature to negate the effects of high temperature reaction 

resulted in the recovery of the product. Heating the reaction at 70 °C for 30 minutes in 2-

methoxyethanol resulted in 50% yield. Although relatively low, it is a significant improvement 

from the yield of the standard reflux reaction, which was 15%.  

Temperature/°C Solvent Time % crude 

yield 

comment 

65 DCM:MeoH (1:1) 30 min 15  

120 2-Methoxyethanol 30 min 0 - 

120 2-Methoxyethanol 1 h 0 Recovered 

decomposed 

dimer 

120 2-Methoxyethanol 10 min 0 Recovered  

reactants 

70 2-Methoxyethanol 30 min 50  

160 Ethylene glycol 30 min 0 Recovered 

decomposed 

product 

70 2-Methoxyethanol 1 h 50  

 

Table 1 - Various reaction conditions used for the microwave assisted reaction between [Ir(mdz-pqc)2(µCl)]2  and 
bisbenzimidazole. 
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3.7 Synthesis of a control complex  

In order to verify the hypothesis behind complex 14, another control complex was needed, 

complex 15. This complex should have the backbone of 14 except for the metronidazole moiety. 

If complex 14 causes more bacterial death than complex 15 it would indicate that the 

metronidazole, in particular the nitro group, is involved in the mechanism.   

 

The synthetic route used was similar to the one used for the initial preparation of complex 14. 2-

phenylquinoline-4-carboxylic acid was reacted directly with IrCl3 without any modifications to 

obtain the iridium dimer. The reaction was resulted in the dimer, [Ir(pqc)2(µCl)]2, as a dark purple 

precipitate in poor yields (10 %). This precipitate was extremely insoluble and was only partially 

soluble even in DMSO. Due to this, the clarity of the 1H NMR (Figure 31) was poor and accurate 

integration was not possible. However, the spectrum showed significant shifts in peaks arising 

from the proton on the 13th carbon atom, moving downfield from 7.85 ppm to 7.98 ppm. There 

splitting pattern for the peak at 8.60 ppm corresponding to H-3 changes from a singlet to a 

multiplet. These changes are consistent with the changes from the dimer of complex 14.  
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Figure 31-Stacked 1H NMR spectra (400 MHz, 298K, acetone) of aromatic regions of pqc (cyan) & [Ir(pqc)2(µCl)]2 (red) 

  

[Ir(pqc)2(µCl)]2 was then heated to reflux temperature with bisbenzimidazole to obtain complex 

15. This reaction was inefficient and yielded only 10% of the product.  
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Figure 32- Absorbance spectrum of Complex 14, in CH2Cl2 

 

Figure 33- Emission spectrum of an aerated Complex 14at 405 nm excitation, in CH2Cl2  
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3.9 Conclusion 

 

A previously reported Ir(III) complex (13a) used in anticancer PDT treatments was tested on 

P.gingivalis, a pathogen responsible for severe periodontal disease. Initial results indicate that 

13a is able to successfully kill P.gingivalis at a relatively low concentration of 5 nM, which is a 

concentration that is not harmful for human cells. The effectiveness of 13a decreased with an 

increase in bacterial concentration, indicating the need for better targeting towards bacteria. A 

new Ir(III) complex based on 13a was proposed. This new compound, complex 14, possesses an 

additional antibiotic moiety, on the ancillary ligand, leading to a dual antibiotic/PDT effects. The 

new ancillary ligand was synthesised using an esterification reaction. It was then reacted with 

IrCl3 to form a di-Ir dimer bridged by chloro groups. The dimer was cleaved with bisbenzimidazole 

to obtain the final complex. The final complex shows evidence of tautomerism as a result of 

exchanging an aromatic hydrogen and the nitro group of the antibiotic moiety. The synthesis was 

optimised using microwave assisted synthesis. Overall, microwave assisted synthesis resulted in 

quicker reactions times and produced higher yields compared to refluxing.  
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Chapter 4  

Antimicrobial effects of complex 14 on 

Porphyromonas gingivalis 

 

4.1 Antimicrobial effects on planktonic P.gingivalis  

Complex 14 was tested on P.gingivalis (W50). A concentration of 5 nM was used as this was 

thought to be non-toxic to host cells (please see cell toxicity studies below). Complex 14 was 

compared against its closely related complex 15 and pure metronidazole. A bacterial 

concentration of 0.5 OD600 was used. The samples were either irradiated with a 405 nm laser 

diode at 20 mWcm-2 for 3 min or kept in the dark. Two bacterial solutions were treated with PBS. 

One of these was treated with light to investigate if there is any damage done by the laser alone. 

The second PBS sample was the negative control. The results are shown in Figure 34.  
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Figure 34- Survival of P.gingivalis (0.5 OD600) after incubation with complexes 13a, 14 and 15 (5 nM, 2 h) & metronidazole (10 
nM, 2 h) after treatment with light (405 nm 3 min, 20 mW cm-2) or kept in the dark (n = 4). 

The bacterial sample treated with complex 14 (+ light) showed a significant reduction in 

colonies. When compared to sample treated with PBS and kept in the dark, the colonies treated 

with complex 14 was reduced by 99.9%, which equates to 3log10 reduction. Complex 14 also 

shows much better aPDT activity than its anticancer counterpart 13a. Interestingly, pure 

metronidazole had little antibacterial activity (+/- light) at the concentration used. The very 

slight reduction is equal to that in the presence of complex 14 (- light). This suggests that the 

enhanced antimicrobial capabilities is due to a synergistic effect of metronidazole and the 

cyclometalated iridium center. Further PDT experiments show the minimum inhibitory 

concentration (IC50) to be ≤ 5 nM as shown in Figure 35. The IC50 of most commonly used 

antibiotics to treat periodontal disease is > 70 nM.  

 

 

0

1E+10

2E+10

3E+10

4E+10

5E+10

6E+10

7E+10

8E+10

9E+10

1E+11

C
FU

/m
L



84 
 

 

 

Figure 35-PDT activity of complex 14 at various concentrations P.gingivalis (W50) (top) & P.gingivalis (NCTC 11834) bottom 
treated with light (405 nm 3 min, 20 mW cm-2) or kept in the dark (n=3) 

The viability of both strains was unaffected by the presence of complex 14 in the dark. This is an 

advantage as more control can be gained over the drug action. Furthermore, this will reduce the 

likelihood of bacteria developing resistance in the future.  
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4.2 Comparison with Periowave system 

PeriowaveTM treatment is a PDT treatment currently in the market for treatment of periodontal 

disease. It is a formulation has methylene blue as its active ingredient, which is administered to 

a patient and irradiated locally with light of the wavelength of ≈ 620 nm. Two samples of 

undiluted treatment solution were incubated with NCTC 11834 for 10 minutes. One sample was 

kept in the dark while the other was irradiated with 625 nm light. The results are shown in Figure 

36. 

 

Figure 36- Survival of P.gingivalis (NCTC 11834) with Periowave treatment. Bacterial suspensions were incubated with the 
Periowave treatment (undiluted, 10 min) followed by treatment with light (625 nm, 33 mW cm-2, 1 min) or kept in the dark. 

(n=8) This treatment was done following  a similar protocol prescribed by Periowave. 

 

When irradiated with light the Periowave treatment reduces bacterial count by approximately 

45%, which is significantly less than the 99.9% reduction caused by complex 14.  
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4.3 Cell toxicity  

Cellular uptake of complex 14 was confirmed by confocal microscopy (Figure 37) and shows 

cytoplasmic localization, similar to previously reported cyclometalated iridium complexes.87 

 

Figure 37- Confocal images of H357 cells treated with 14 (10 µM) (images taken by Dr Callum Jones) 
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Figure 38- Survival of H357 (a), HEK293 (b), and HEP-G2 (c) cell lines pre-incubated for 2 h with  complex 14 (+/- light). See text 
for details. 
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Once the localization within the cell was confirmed, complex 14 was tested for any toxic effects 

against a range of host cells. Three cell lines were chosen, H357 (epithelial squamous cell 

carcinoma), Hep-G2 (human hepatocellular carcinoma) and HEK293 (human embryonic kidney 

cells). The results are shown in Figure 38. Complex 14 showed least toxicity towards H357 cells 

with the viability being unaffected, even at higher concentrations, with or without light. Complex 

14 exhibit low levels of cytotoxicity towards HEK293 cells, with over 80% of the cells surviving at 

the highest concentration used in both the light and dark samples. Hep-G2 cells were the most 

sensitive to treatment with some reduction in viability at 10 nM and 60% of cells surviving the 

1000 nM concentration. All cells were unaffected by the highest concentration (0.2%) of DMSO 

used.  
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4.4 Targeting internalised bacteria 

 

After establishing complex 14 is non-toxic to cells, especially at concentrations sufficient to kill 

bacteria, its ability to kill bacteria that are internalized in human cells was investigated. The 

results are shown in Figure 39.  

 

 

Figure 39- Survival of internalised P.gingivalis (NCTC 11834) treated with varying concentrations of complex 14 and irradiated 
with light (405 nm 3 min, 20 mW cm-2) 
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Figure 40- Survival of P.gingivalis (NCTC 11834) biofilms incubated with complex 14 (10 nM, 2h), metronidazole or Industrial 
Methylated Spirit (IMS) (positive control).  Light dose = 405 nm 3 min, 20 mW cm-2 (n = 3) 

 

The results show that intracellular bacteria are also sensitive to the aPDT treatment with an 

approximate reduction in viability of 99.9%. Thus complex 14 can target both internalised and 

external bacteria.  

4.5 Antimicrobial effects on P.gingivalis biofilms 

The effect of 14 on biofilms was also investigated. A primitive biofilm model consisting of 

P.gingivalis (NCTC 11834) was formed. As shown in Figure 40, complex 14 was able to reduce the 

viability of bacteria in biofilms by over 60% whereas metronidazole had no effect. It should be 

noted that due to the quantification technique used 100% killing could not be detected as shown 

by the IMS control. 

4.6 Light microscopy studies 

Confocal & Structured Illumination Microscopy (SIM) was used to examine the localisation of 

complex 14 inside P.gingivalis. The images were taken at two concentration (10 nM & 20 nM).  
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Z-slices of the SIM images (Figure 41) shows the rough localisation of complex 14 in P.gingivalis. 

The change in localisation pattern when increasing the concentration suggests complex 14 

accumulates along the bacterial cell wall first followed by concentrating in the cytoplasm. The 

mechanism by which this occurs is not yet known. 

The PDT effects of the complex on P.gingivalis was observed in real time on live cells using SIM 

with the help of the LIVE/DEAD® BacLight Bacterial Viability Kit. The kit consists of two stains, 

SYTO-9 and propidium iodide. SYTO-9 is able to bind to all types of nucleic acids irrespective of 

the cell integrity. Propidium iodide is only able to penetrate cells with damaged membranes 

and is able to displace SYTO-9 that is bound to nucleic acids. SYTO-9 and propidium iodide have 

excitation/emission maxima at 480/500 nm and 490/635 nm, respectively. Therefore, when 

combined together it is possible to observe the death of bacterial cells in real time by 

monitoring the emissions intensities at 500 nm & 635 nm. As bacteria die the intensity of 500 

nm emission decreases and the intensity of the 635 nm emission increases. The DeltaVision 

OMX microscope consists of a 405 nm laser. This was used as the light source to activate the 

PDT effects of complex 14. After 3 minutes of irradiation with the 405 nm, the changes in the 

A568 & FITC (525 nm & 595 nm, respectively) channels were observed. As seen on Figure 42, 

the intensity of the A568 channel increases significantly while the intensity of the FITC channel 

decreases over the course of 30 minutes. There is already some emission at timepoint 0 

minutes. We believe this is due to the damage done prior to collecting data in these channels 

(i.e. during irradiation/activation with the 405 nm laser). Even so, this experiment suggests 

bacteria continue to die even after the initial irradiation. Furthermore, this also suggests that 

complex 14 does significant damage to bacterial membranes. This is evident from the increase 
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in emission from propidium iodide as it would not be able to penetrate membranes that are 

intact.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41- A single z-slice of SIM image (left) and emission line (right) along the yellow line on the left, indicating uptake complex 14 by 
P.gingivalis. Concentration = 10 nM (top) & 20 μM (bottom) scale bar = 6 μm 
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The LIVE/DEAD stain kit was also used to observe the effect complex 14 has on P.gingivalis 

(Figure 43) and we were able to observe a concentration dependent increase in the red 

emissions for both bacterial biofilms. This confirms the above PDT experiment on biofilms 

(Figure 40) which shows complex 14 to be effective at damaging bacterial biofilms.  

Figure 42- Live SIM images of P.gingivalis treated with complex 14 (10 nM, 2h) followed by BacLight LIVE/DEAD stain Top- A568  
Time= 0s (left) and Time = 30 min (right) after being irradiated with 405 nm laser. Bottom- FITC Time= 0s (left) and Time = 30 min 
(right) after being irradiated with 405 nm laser (need to add emission graphs over the 30 mins) 
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Figure 43- Confocal images (A568/FITC channel merge) of P.gingivalis (11834) complex 14 (2h) and treated with light (405 nm, 20 
mWcm-2

, 3 min). The biofilms were then treated with BacLight LIVE/DEAD stain. scale bar = 19 μm 
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4.7 Electron microscopy studies 

Lastly, the uptake of 14 and the damage it causes to bacteria was studied using transmission 

electron microscopy. The resulting TEM images are shown in the following Figure 44.  
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Figure 44- TEM images of P.gingivalis treated with only complex 14 and OsO4 
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Figure 45- TEM images showing damage caused by complex 14 to P.gingivalis, following irradiation. The sample not treated with 
compound 14 shows well-structured and turgid bacterial cells, indicating they are healthy. As the concentration is increased the 
bacteria start to show more damage to the cell wall. They are also shown to release more vesicles. This shows that they have been 
damaged by the PDT treatment and are under stress. 



97 
 

The TEM images show a clear increase in contrast going from the unstained sample to a sample 

stained with 14 at a 10 nM concentration. The contrast becomes more prominent when the 

concentration is increased to 1000 nM. At this concentration a high amount of contrast and detail 

is seen in the cell wall. Furthermore, the bacteria seem fully intact even at higher doses 

confirming that there is no dark toxicity.   

A second set of TEM images were taken following a PDT treatment with complex 14. The samples 

were treated with standard TEM contrast reagents this time to get a full understanding of the 

damage caused by the complex on the bacteria. The images (Figure 45) show increased 

membrane damage as the concentration is increased. At 5 nM concentration bacteria show 

membranes with pores or misshaped membranes indicating they are stressed. At 100 nM the 

membranes look increasingly misshaped with some cells appearing to be bursting. At the highest 

concentration the bacteria show marked increase in burst membranes. The TEM images are also 

in agreement with the light microscopy studies. The increase in contrast of the cell wall as the 

concentration increases confirms the results of the SIM images, which showed affinity of complex 

14 towards the cell wall. The live imaging also suggested complex 14 damages membranes. This 

is clearly confirmed in the TEM images.  
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4.8 Conclusions 

The novel cyclometalated iridium complex, complex 14,  was investigated for PDT effects against 

P.gingivalis, a pathogen involved in severe forms of periodontal disease.. The new complex, 14, 

at a concentration of 5 nM, demonstrated its ability to reduce P.gingivalis colonies by 99.9% 

(3log10 reduction) in the presence of a 405 nm light while not being active against bacteria in the 

dark even at high concentrations. This is a very low concentration when compared to the current 

antibiotic treatment against P.gingivalis, metronidazole, which has a minimum inhibitory 

concentration of approximately 73 nM.107 It was also significantly better than the current PDT 

system in the market, which shows only a 50% reduction in bacterial colonies. Most importantly, 

the complex is able to enter cells and kill internalised bacteria. Although bacteria in biofilms are 

more resistant to conventional antibiotic treatment, the new complex performed well against a 

primitive P.gingivalis biofilm model with more than 60% reduction in bacterial biofilm. TEM 

images show that the complex localises in the outer-membranes of the bacteria and is causing 

its rupture when irradiated with light.  It is important that the treatment is not toxic to host cells. 

The toxicity of the complex was tested against three cells lines (H357, HEK293 and HEP-G2) and 

all cell lines were unaffected by the complex without treatment of light. H357 and HEK293 

showed little or no toxicity in the presence of light, whereas HEP-G2 were more sensitive at 

higher concentrations of the complex.  

 

 

. 
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Chapter 5  

Antimicrobial effects of complex 14 on 

Pseudomonas aeruginosa 

 

After successfully showing the ability of complex 14 to induce death of P.gingivalis without 

harming human cells in-vitro, the potential commercialisation of the complex was explored. This 

involved conducting market research through the Lean Launch Program, a pre-accelerator 

programme designed for researchers to verify the market needs for their research. A major 

finding of the market research was that there is a great need for antimicrobials that can cure 

infections on the skin caused by conditions such diabetic foot ulcers, surgery and burns. The 

bacteria that are most active in these infections include Pseudomonas aeruginosa. This chapter 

explores the experiments conducted to investigate the efficacy of complex 14 against 

P.aeruginosa. 

5.1 Introduction to Pseudomonas aeruginosa  

P.aeruginosa is an ubiquitous, aerobic opportunistic Gram-negative bacteria. In the UK, it 

accounts for 25% of ventilator associated pneumonia and has become the biggest global cause 

of healthcare-associated infections.108 The number of infections caused by this bacteria in the UK 

has increased by 16% from 2009. This is at a rate of approximately 8.1 infections per 100,000 

people.109 The colonisation rate is shown to increase from 0-24% to 50% during hospitalisation. 
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The increase in P.aeruginosa cases globally has led the World Health Organisation to list the 

bacteria as a priority pathogen in its global priority (group 1) list of antibiotic-resistant bacteria.110  

P.aeruginosa is a highly tactful in developing resistance to antibiotics. The treatment options for 

P. aeruginosa are very limited due to the bacteria’s ability to quickly form resistance through 

genetic mutations and/or exchanging of resistant plasmids.  It has developed all known 

mechanisms of resistance and has become resistant to the all of the common classes of 

antibiotics, namely, aminoglycosides, quinolones and beta-Lactams (including penicillin).  P. 

aeruginosa has evolved to express enzymes that are capable of destroying antibiotics such as the 

enzyme cephalosporinase, which catalyses the breakdown of beta-Lactams.111 It also has a low 

number of OprD proteins and high number of efflux systems causing it to have reduced 

permeability in its outer membrane.112,113 These factors have caused an urgent need for the 

development of alternatives to antibiotics in order to counteract the increasing threat of 

P.aeruginosa.  

5.1.1 P.aeruginosa biofilms 

One of the biggest factors contributing to its formation of resistance to antibiotics is its ability to 

form strong biofilms allowing it to survive in harsh conditions, both biological (e.g. immune 

response, antibiotics etc.) and non-biological (e.g. mechanical washing, scrapping etc.).60 It is 

thought P. aeruginosa biofilms are the main factor contributing to its thriving in hospitals. 

However, unlike P.gingivalis, P.aeruginosa does not need an attachable surface to form biofilms. 

For example, there have been reports of P.aeruginosa biofilms forming in the lungs of cystic 

fibrosis patients.114 P.aeruginosa biofilms are very sophisticated and have complex networks of 

channels optimised for better distribution of nutrients and plasmids across the biofilms.115 
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 The extracellular proteins contribute towards the critical function of maintaining the biofilm’s 

rigidity as well as connecting the bacteria to the extracellular polysaccharides (EPS) matrix 

consisting of polysaccharides such as galactose and glucose. These biomolecules are essential for 

the integrity of the biofilm architecture.116 For example, it was shown that increased expression 

of amyloid protein causes increase in the number of aggregate phenotypes leading to enhanced 

biofilm formation.117 

Another important factor in P.aeruginosa pathogenesis is extracellular DNA (eDNA) which was 

first reported in 2002.118 eDNA plays the essential role in acquiring resistance from other 

resistance species through the exchange of resistance genes. The eDNA can be produced  

endogenously or exogenously.119 Endogenously produced eDNA is released into the environment 

after lysis of bacteria upon exposure to sub-inhibitory concentrations of antibiotics. This is 

thought to be a mechanism for the increase in resistance of bacteria within patients who do not 

adhere to the complete treatment.120 A simplified diagram for the stages of biofilm formation in 

P.aeruginosa is shown in Figure 46. 

It is now well accepted that bacteria in biofilms are about 1000-times more resistant to 

antibiotics. Several factors contribute towards this increased resistance. Firstly, the biofilm acts 

as a physical barrier for antibiotics. Another is that the biofilm contains large volumes of water, 

which will reduce the working concentration of the antibiotics.121 Thirdly, there is a gradient of 

nutrients and oxygen within the biofilm. It is possible that areas with lower concentrations of 

oxygen reduce the efficacy of antibiotics such as tobramycin and ciprofloxacin.122 The nutrition 

gradient also means that areas with low nutrition have low metabolism, leading to reduced 

efficacy of antibiotics which require active metabolism to function. Finally, bacteria in biofilms 
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are in close proximity to one another when compared to their planktonic counterparts. This 

makes the exchange of resistance genes much easier.123 

 

Figure 46- Stages of biofilm formation in P.aeruginosa (from ref124) 

 

5.1.2 Treatments for P. aeruginosa infections 

Traditional antibiotics are the first line of treatment against P. aeruginosa. However, this bacteria 

accounts for the highest rates of resistance against levofloxacin and ciprofloxacin with resistance 

rates of about 20 -35%. It is also highly resistant to gentamicin and exhibits a resistance rate of 

12 -22%. The problem is magnified when multidrug resistant strains are taken into account; the 

prevalence of strains resistant to 3 or more antibiotics have increased from 4% to 15% from 1993 

to 2020.60 It is possible that PDT could serve as an alternative to treat P.aeruginosa infections. 

PDT does involve not traditional antibiotic mechanisms. This means that the chances of 

P.aeruginosa already having resistance to complex 14 are low. PDT mechanism can also be better 

controlled than antibiotic mechanisms since the compound is active only when irradiated with 
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light. Lastly, the activation wavelength for complex 14 is 405 nm. This is also in the same range 

as light treatment for wounds where blue light is used to improve blood flow to the wounds and 

aid in healing. Some clinicians we have interviewed believe that the PDT treatment at 405 nm 

could have a dual effect of increasing blood flow to the wounds while treating the infection 

directly.  

 

5.2 Complex 14 on P.aeruginosa 

Complex 14 was tested on P.aeruginosa, initially at 5 nM, which was the initial concentration 

used for P.gingivalis. The bacterial reduction at this concentration was insignificant. In order for 

the complex to do the same rate of damage as to P.gingivalis, the concentration had to be 

increased to 2 µM as shown on Figure 47. At this concentration approximately, 1log10 reduction 

in bacterial colonies was observed. The complex continued to reduce bacterial counts until 20 

µM after which the reduction rate plateaued at 2Log10 reduction. The IC50 is approximately 1 µM.  

Although the reduction in bacterial count is significant, the concentrations used are likely to 

cause harm to human cells, especially to hepatic cells. It should be noted that this toxicity is only 

present in the present of the light source. Harm to the liver can be avoided if the liver is not 

irradiated.  

Confocal microscopy was used to confirm the uptake of complex 14 by P.aeruginosa (Figure 48). 

The images show that P.aeruginosa has taken up complex 14 evident from increased emission in 

the all three channels. Interestingly, there is emission in DAPI channel in the sample treated only 

with PBS. This is possibly due to fluorescent pigments produced by the bacteria (discussed 

below). 
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Figure 47- Percentage survival of P. aeruginosa incubated with complex 14 (+/- light) (n =2) 

 

 

Figure 48- Confocal image of P. aeruginosa treated with a) complex 14 (20 µM, 2h incubation ) or b) PBS  scale bar = 6 µm 
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There is a significant difference between the IC50 values of 14 against P.gingivalis and 

P.aeruginosa (5 nM and 1 µM respectively). This stark difference can be explained by the intrinsic 

resistance of P.aeruginosa towards ROS. The mechanism of ROS inhibition by P.aeruginosa are 

complex and the studies are still in their infancy.125 That said, the literature is in agreement that 

the resistance to ROS comes from a combination of detoxifying enzymes, transcriptional 

regulators, pigment production, quorum sensing (coordination among individual bacteria within 

a colony to share genetic information) and carbon metabolism. In context of PDT, the most 

important factors to ROS resistance are arguably the detoxifying enzymes and pigment 

production. The detoxifying enzymes include catalase, peroxidase, superoxide dismutase and 

alkyl hydroperoxidase.126 Most living cells have some or all of these enzymes. However, the 

utilisation of these enzymes by P.aeruginosa particularly within its biofilms makes them 

troublesome for the immune system and antimicrobials. For example, P.aeruginosa has three 

varieties of catalases and four variants of alkyl hydroperoxidases. This allows the bacteria to 

survive within host macrophages.127  

The pigments secreted by P.aeruginosa are pyocyanin, pyomelanin and pyoverdine as shown in 

Figure 49. The chemical mechanisms by which these pigments neutralise ROS were not reported. 

However, it is possible these are highly conjugated and fluorescent systems and are capable of 

neutralising the effects of ROS by accommodating radical species in the aromatic orbitals. This 

reduces the potency of the free radicals. There has been a report of the pigments generated by 
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P.aeruginosa showing protection against oxidative stress caused by PDT.128 Here, the researchers 

exposed P.aeruginosa mutants, which produce a higher volumes of pigments the PDT effects of 

Toluidine Blue-O & 5,10,15,20Tetrakis-(1-methyl-4-pyridyl)-21H,23porphine,tetra-p-tosylate 

(TMPyP) and compared the bacterial death with wild type P.aeruginosa exposed to the same 

compound. They discovered that bacteria which possess larger volumes of the pigment 

pyomelanin led to increased counteracting of the effects caused by both Type I and Type II PDT 

pathways (i.e. bacterial death due to ROS and singlet oxygen respectively).  

Detoxifying enzymes and pigment production will directly affect the PDT mechanism by 

essentially inhibiting the Type I PDT pathway and partially inhibiting the Type II pathway. This 

could also potentially lead to new forms of resistance towards PDT agents.  

 

 

Figure 49- Pigments produced by P.aeruginosa 

 

5.3 Antimicrobial effects on P.aeruginosa biofilms 

Complex 14 was tested on a primitive biofilm model of P.aeruginosa. As shown in Figure 50, 

complex 14 showed great efficacy against the biofilms, reducing bacterial colonies by over 60% 
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while showing minimal toxicity in the dark. Due to the quantification technique used 100% killing 

could not be detected as shown by the IMS control (positive control). Whilst this indicates that 

complex 14 has potential to be efficient against P.aeruginosa biofilms, this model is a primitive 

model consisting of only bacterial species. In reality biofilms will have multiple bacterial species 

and will likely be more resistant to antimicrobial effects of 14. Confocal images of the 

P.aeruginosa biofilms were taken following treatments (Figure 51). LIVE/DEAD stain was used to 

observe the bacterial cell death. The images confirm the above findings. The emissions in the red 

channel increases with increasing concentration of complex 14, indicating bacterial cell death. 

Interestingly, the distribution of the dead cells appear uniform throughout the biofilm. This is 

very evident in the sample treated with 20 µM. This would indicate that despite the uneven 

distribution of oxygen in the biofilm, the PDT effect appears to be uniform.  

 

Figure 50- Survival of P.aeruginosa incubated with treated with 14  (2 or 20 µM. 2h). Positive control = IMS & light dose = 405 nm, 
3 min, 20 mW cm-2 (n = 2) 
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              0 µM                                                  2 µM                                                    20 µM 

Figure 51- Confocal images (A568/FITC merge) of P.aeruginosa (bottom) biofilms treated with varying concentrations complex 14 
(2h incubation) and treated with light (405 nm, 3 min) scale bar = 19 µm 

5.4 Three-Dimensional (3-D) model experiments 

The PDT experiments conducted on planktonic P.aeruginosa and P.aeruginosa in biofilms the 

bacteria undergo cell death in the presence of a light activated complex 14.  In order to gauge 

the performance of the complex on human skins, we tested the effects of complex 14 on 3-D skin 

models infected by P.aeruginosa. 3-D skin models are considered a better alternative to animal 

models. In addition to ethical reasons, the skins of animals used for testing are very different 

from humans, especially in the innate immune responses.129  

Previously, human skins remaining from surgeries have been used. However, experiments 

conducted using these models are difficult to replicate. A more reliable, physiological relevant 

3D model that can be grown in the lab has been developed by Dr Joanna Shepherd and co-

workers at the University of Sheffield.130 Here, a sterile decellularized dermis (DED) acts as the 

base to seed a known number of fibroblasts and keratinocytes supplemented with known 

amount of growth medium.  
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In collaboration with Dr Shepherd, we utilised these skin models to investigate the PDT effects of 

complex 14 on a physiologically relevant model. The models were wounded by creating burning 

them with a heated metal inoculating loop. The wounds were then infected with an overnight 

culture of P.aeruginosa. The infection was allowed spread for 24 hrs (Figure 52). It is possible to 

let the infection spread up to 72 hours. Beyond this point, the model will be destroyed by the 

bacteria.  

 

Figure 52- 3-D Skin models after wounds were introduced via burning (left). The red circle shows the appearance of the burn 
wound. The wounds were then infected and the infection was allowed to spread for 24 hour (right) 

 

After the 24 hour infection period, the growth media were removed and treated with complex 

14, in a similar fashion to the planktonic and biofilm experiments. The light dose was changed 

slightly; the wavelength remained the same at 405 nm but the power was increased to 40 mWcm-

2 and the exposure time was increased to 15 minutes. This was to ensure complete penetration 
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of the light into the model and ensure even illumination. The results are shown in Figure 53.  

 

Figure 53- Efficacy of complex 14 (concentrations shown & +/- light) in treating 3D skin models infected with P.aeruginosa. Light 
dose = 405 nm, 40 mWcm-2, 15 minutes (n = 1). The asterisk indicates an anomalous data (discussed in main text) 

 

The results show a linear relationship between the concentration of complex 14  and the rate of 

bacterial cell death. At 20 µM (+light) a 1log10 reduction in bacterial colonies is observed. This is 

lower than the 2log10 reduction observed at the same concentration on planktonic bacteria. It 

has been shown that after 24 hours P.aeruginosa is able to invade the underlying dermis.130 They 

are also likely to form stronger biofilms as well as invade cells. These factors may be contributing 

to the increased resistance of P.aeruginosa in 3-D skin models. The results also indicate that the 

light source alone maybe killing the bacteria as shown by the sample treated with PBS and light. 

The sample treated with 20 µM of complex 14 and kept in the dark show the greatest reduction. 

This is an anomaly since previous experiments showed no activity at this concentration without 

being illuminated with light. During the experiment this particular skin sample lost its integrity 

0

5000000

10000000

15000000

20000000

25000000

PBS (Dark) PBS (Light) 2 µM (Dark) 2 µM (Light) 20 µM
(Dark)

20 µM
(Light)

C
FU

/m
L/

m
g

*



111 
 

and disintegrated into a semi-solid material. It is possible some bacteria trapped in the skin were 

lost from the sample leading to a reduced bacterial count.  

5.5 Conclusions 

Complex 14 was investigated on P.aeruginosa, a bacteria responsible for severe skin infections 

and fatal sepsis, for PDT activity. Although more resistant that P.gingivalis at lower doses, 

complex 14 was able to reduce bacterial colonies by 90.0% when the concentration was 

increased to 2 µM. This is still relatively a low dose compared to compared to the minimum 

inhibitory concentrations of antibiotics such as gentamicin and ciprofloxacin which are greater 

than 10 µM.131 The uptake of the complex was confirmed by confocal microscopy. Complex 14 

was also tested on P.aeruginosa. At 20 µM concentration, the complex was able to reduce the 

size of biofilms by 60%. Furthermore, the complex was tested on 3D skin models infected with 

P.aeruginosa, which is a more physiologically relevant testing method. The complex was able to 

reduce the infection at 20 µM but not as strongly as with planktonic bacteria.  
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Concluding remarks and future work 

 

With an increase in antibiotic resistance, there is an urgent need to replace antibiotics. During 

this project we have attempted to address this issue by developing an antimicrobial based on a 

form of light therapy known as PDT. A previously reported anticancer PDT agent (complex 13a) 

was modified with an antibiotic moiety, metronidazole to form complex 14. Complex 14 was first 

synthesised using conventional refluxing methods. The synthesis was optimised using 

microwave-assisted synthesis. The synthesis leading up to the final step, coordinating the 

equatorial ligand to the iridium dimer, was greatly improved by the use of microwave-assisted 

synthesis. The final step needs be more optimised to improve yields. Optimisation may be done 

using different reaction times, temperatures and solvent mixtures.  

Complex 14 showed great efficacy is reducing the colonies of P.gingivalis. The IC50 was very low 

at 5 nM. The most common antibiotic used to treat P.gingivalis infections is metronidazole, which 

has an IC50 of 73 nM. The efficacy of complex 14 was compared against a commercially available 

system called PeriowaveTM  that is used to cure periodontal disease using PDT. The data suggests 

that the PeriowaveTM system has minimal effects against P.gingivalis with the system reducing 

the colony count by only 63%.  

Complex 14 showed more killing than its closely related complex 15, which had the same basic 

structure as complex 14 but without the metronidazole. Interestingly, pure metronidazole did 

not show any killing in this experiment. This indicates that the increased bacterial killing shown 

by complex 14 is due to a factor other than pure antibiotic effects from its metronidazole. That 
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is, metronidazole may be involved in the photochemistry of the complex and generates free 

radicals of its own, which enhances the PDT capabilities of the complex. In the future, the radical 

forming mechanism should be studied using radical scavengers such as galvinoxyl. Further free 

radical studies can be done with electron paramagnetic resonance spectroscopy, which should 

be able to detect if an unpaired electron is present on the metronidazole moiety upon excitation. 

Transient absorption spectroscopy also needs to be carried out on complex 13a, 14 and 15. This 

is needed to investigate any changes to the electron transfer mechanism that may occur to 

complex 14 due to the addition metronidazole.  

The TEM and SIM images indicate complex 14 has an affinity towards the cell wall of bacteria and 

TEM images show evidence of it causing bacterial cells to burst upon irradiation with light. 

However, the biological mechanism by which this happens needs to be investigated further. 

Uptake of the complex by live bacteria can be investigated further with stimulated emission 

depletion microscopy. We demonstrated the ability of complex 14 to kill bacteria using live SIM 

imaging. The studies using live bacteria to study PDT effects can be enhanced using Atomic Force 

Microscopy (AFM). The resolution of AFM can be used to study the cell wall further and elucidate 

the damage shown by TEM. Furthermore, the use of mutants with varying structural differences 

to the cell wall can be used to investigate the targeting mechanisms used by complex 14. 

The new complex 14 was also tested on P.aeruginosa. The complex bacterial killing pattern was 

similar to P.gingivalis. But the concentration needed to be increased to 2 µM to observe any 

significant killing. After successfully demonstrating its ability to reduce colonies of P.aeruginosa 

we tested the ability of complex 14 on a more physiologically relevant system. This was done by 

testing its ability to reduce P.aeruginosa colonies that have infected a 3-D skin model. Whilst it 
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showed dose dependent bacterial killing, the rate at which it kills bacteria was reduced. However, 

this was only shown on one experiment and many more repeats are needed to confirm these 

findings. The next steps in this research would be to further investigate the effects of complex 14 

on more clinically relevant systems such as 3-D skin models and 3-D oral tissues. The Franz cell 

chamber is an assay used to investigate the depth of skin penetration by a topical therapeutic 

agent. In order to move to the clinical trials, the depth of penetration of complex 14 into the skin 

needs to be investigated using the Franz cell using human skin models. Histology assays coupled 

with confocal microscopy should be used to get a deeper understanding of the mechanism within 

a more clinically relevant system.  

Although complex 14 showed great efficacy in reducing both P.gingivalis and P.aeruginosa 

colonies with PDT, its structure needs to modified to absorb in the visible light region to improve 

its clinical efficacy by increasing the depth of penetration of the light source. This can be done by 

tuning the energy gap between the HOMO and the LUMO. The HOMO is located on the phenyl 

ring of C^N ligand and Ir(III) centre, whereas the LUMO is distributed on the pyridine ring of the 

same ligand. Addition of electron withdrawing groups in the pyridyl moiety stabilises the LUMO 

and reduce the energy gap between the HOMO and LUMO. Variants of complex 14 with electron 

withdrawing groups on the C^N ligand can be synthesised to improve the absorption 

wavelengths.  

Complex 14 shows great potential. Its prospects of reaching a clinical setting can be greatly 

improved with these additional data and mechanistic studies.  

 



115 
 

Appendix 1 

 

Components Molecular 

Weight 

Concentration 

(mg/L) 

mM 

Amino Acids 

Glycine 75 30 0.4 

L-Arginine 

hydrochloride 

211 84 0.398104 

L-Cystine 2HCl 313 63 0.201278 

L-Histidine 

hydrochloride-H2O 

210 42 0.2 

L-Isoleucine 131 105 0.801527 

L-Leucine 131 105 0.801527 

L-Lysine 

hydrochloride 

183 146 0.797814 

L-Methionine 149 30 0.201342 

L-Phenylalanine 165 66 0.4 

L-Serine 105 42 0.4 

L-Threonine 119 95 0.798319 



116 
 

L-Tryptophan 204 16 0.078431 

L-Tyrosine 181 72 0.39779 

L-Valine 117 94 0.803419 

Vitamins 

Choline chloride 140 4 0.028571 

D-Calcium 

pantothenate 

477 4 0.008386 

Folic Acid 441 4 0.00907 

Niacinamide 122 4 0.032787 

Pyridoxine 

hydrochloride 

206 4 0.019417 

Riboflavin 376 0.4 0.001064 

Thiamine 

hydrochloride 

337 4 0.011869 

i-Inositol 180 7.2 0.04 

Inorganic Salts 

Calcium Chloride 

(CaCl2-2H2O) 

147 264 1.795918 

Ferric Nitrate 

(Fe(NO3)3"9H2O) 

404 0.1 2.48E-04 

Magnesium Sulfate 

(MgSO4-7H2O) 

246 200 0.813008 
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Potassium Chloride 

(KCl) 

75 400 5.333334 

Sodium Bicarbonate 

(NaHCO3) 

84 3700 44.04762 

Sodium Chloride 

(NaCl) 

58 6400 110.3448 

Sodium Phosphate 

monobasic 

(NaH2PO4-2H2O) 

154 141 0.915584 

Other Components 

D-Glucose 

(Dextrose) 

180 1000 5.555555 

Sodium Pyruvate 110 110 1 

Table 2- Composition of Dulbecco's Modified Eagle Medium (DMEM) 

Distilled Water 1 L 

brain extract  7.8 g/L  

dextrose 2.0 g/L  

disodium 

phosphate 

2.5 g/L  

heart extract 9.7 g/L  

proteose 

peptone 

10.0 g/L  

sodium chloride 5.0 g/L  

Table 3- Composition of Brain Heart Infusion Broth 
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Figure 54- 1H-NMR (400 MHz, 298K, acetone) spectrum of mdz-pqc 
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Figure 55 - 1H-NMR spectrum (400 MHz, 298K, acetone) of [Ir(mdz-pqc)2(µCl)]2 
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Figure 56- 1H-NMR spectrum (400 MHz, 298K, acetone) of [Ir(mdz-pqc)2(bbzH2)]Cl 
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Figure 57- 1H-NMR (400 Hz, 223 K, acetone) spectrum of [Ir(mdz-pqc)2(bbzH2)]Cl, Complex 14 

 

  



122 
 

 

Figure 58- 1H-NMR spectrum (400 MHz, 298K, acetone) of [Ir(pqc)2(µCl)]2  
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Figure 59- 1H-NMR spectrum (400 MHz, 298K, acetone) of [Ir(pqc)2(bbzH2)]Cl, Complex 15 
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Figure 60- TOF MS of [Ir(mdz-pqc)2(bbzH2)]Cl 

 

 

Figure 61- ESI MS of [Ir(mdz-pqc)2(bbzH2)]Cl, Complex 14 
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Figure 62- HPLC chromatogram of impure [Ir(mdz-pqc)2(bbzH2)]Cl, Complex 14 

 

Figure 63- HPLC of [Ir(mdz-pqc)2(bbzH2)]Cl, Complex 14 after purification  
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