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Summary 

Singlet oxygen is notoriously uncontrollable, suffers from poor selectivity, and has 

fast decomposition rates in biological media. Across the scientific community, there 

is an enduring effort to refine singlet oxygen interactions to control its chemistry and 

enhance applications including photodynamic therapy. This body of work outlines 

the design of photosensitisers that employ interactions between singlet oxygen and 

aromatic units for therapeutic and oxygen storage applications. We also detail 

delivery systems that are capable of controlling the site of singlet oxygen generation. 

These systems were produced across four projects: 

 In the first project, pyridone-substituted porphyrins were synthesised as 

photosensitisers for photodynamic therapy. We used Lindsey condensation 

and nucleophilic substitution reactions to synthesise tetrasubstituted 

porphyrins fashioned with pyridone or methylpyridone units. We showed that 

these compounds could generate singlet oxygen, storage it as an 

endoperoxide of the pyridone unit, and then slowly thermally release it. For 

the methylpyridon-substituted porphyrin thermal release occurred at 40 °C 

over 7 h. The initial design was optimised for biocompatibility using two 

synthetic strategies: (i) carboxylic acid groups were introduced and (ii) the 

porphyrin was octasubstituted with polar pyridone units. The optimised 

systems were capable of singlet oxygen generation, storage, and thermal 

release in vitro. The substitution pattern on the pyridone unit also attributed 

to the therapeutic effect and we found that the methylpyridone-substituted 

porphyrins gave a stronger therapeutic effect in vitro when compared to the 

pyridone-substituted porphyrins. 

 We also describe a library of heavy-atom free BODIPY-based dyads with 

anthracene, pyrene, and perylene moieties that can produce singlet oxygen 

via a photoinduced electron transfer mechanism. We studied their absorption 

and emission properties and related their chemical structure to their singlet 

oxygen-generating ability. After identifying our most promising candidates, 

we synthesised a library of water-soluble derivates and tested their efficiency 

against breast cancer (MDA-MB-468) cells. We then identified our lead 
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compound, a BODIPY-phenylanthracene dyad, which has an IC50 value of 

2.8 × 10-7 M. We further characterised its structure using X-ray 

crystallography and made progress towards an in vivo study by studying its 

phototoxicity against both the F98 and AY27 cell lines.   

 We then designed short-chained anthracene strapped porphyrins for oxygen 

storage applications. The key synthetic step was a [2+2] condensation 

reaction between a bisaldehyde and a dipyrromethane. The strapped 

porphyrins also underwent [4+2] cycloaddition reactions across the 

anthracene strap to produce anthracene endoperoxides. X-ray 

crystallography showed that macrocyclic distortion was induced upon the 

introduction of the strap. Additionally, endoperoxide formation occurred on 

one face of the anthracene moiety. Bathochromic shifts in the absorption 

profiles of the endoperoxides and strapped porphyrins also indicated 

macrocyclic distortion. Moreover, we demonstrated, using 1H NMR, the 

thermal decay of the endoperoxide to the parent porphyrin at 85 °C in DMSO-

d6. The thermal stability of the anthracene endoperoxides suggests that these 

compounds are promising candidates for molecular singlet oxygen storage 

devices.   

 The laboratory work described in the final project was executed at the lab of 

Prof. T. Hasan at the Wellman Center for Photomedicine. We constructed a 

receptor-targeted (Cetuximab) liposome-based nanoconstruct that was 

capable of delivering a photosensitiser drug (benzoporphyrin derivative, 

BPD) and Irinotecan specifically to the tumour site. We investigated, using 

whole animal imaging techniques, the efficiency of the construct against an 

orthotopic pancreatic cancer model and compared it to commercially 

available Visudyne and Onivyde regimes. Overall, our construct provided a 

stronger therapeutic response and, at a low-dose, induced 80 days of tumour 

growth suppression. We also investigated the targeting specificity of the 

construct using ex vivo histology experiments and found that photodamage 

caused by our construct was localised to the tumour environment. Finally, we 

used the same targeting strategy to construct targeted BPD-containing 

constructs and attempted to excite them with X-ray radiation; however, this 

was unsuccessful.   
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Explanatory note 

The nomenclature used for the BODIPY and porphyrin cores through this work is as 

follows: 
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Chapter 1: General Introduction 

“universal cure” 

Sidney Farber 1962 

  

“The next step – the complete cure - is almost sure to follow” 

Kenneth Endicott 1963 

 

“We have a cure for breast cancer” 

Emil Frei 1982 

 

“It is now conceivable that our children's children will know the term cancer only as 

a constellation of stars” 

     Bill Clinton 2000 

 

“Like many of you, I believe that the United States of America should be the 

country that ends cancer once and for all” 

       Barack Obama 2016 

 

“Those who have not been trained in chemistry or medicine may not realise how 

difficult the problem of cancer treatment really is. It is almost -not quite, but almost -

 as hard as finding some agent that will dissolve away the left ear, say, and leave 

the right ear unharmed. So slight is the difference between the cancer cell and its 

normal ancestor.” 

        William Woglom 1947 

1.1 HISTORICAL CONTEXT  

1.1.1 A brief history of cancer therapy 

As we are aware, a cure for cancer remains elusive and as our collective 

understanding of the disease increases, it is becoming abundantly clear that the 

‘one shoe fits all’ approach is not going to suffice. The word ‘cancer’, an umbrella 

term for diseases characterised by uncontrolled cell division, originates from the 
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Ancient Greek physician Hippocrates who referred to tumours as carcinos and 

carcinomas, deriving from the Greek word for crab. This was later translated to the 

Latin word cancer.1 Even early Egyptians were aware of the disease; the Edwin 

Smith Papyrus provides a detailed description of breast tumours as ‘like touching a 

ball of wrappings, or they may be compared to the unripe hemat fruit, which is hard 

and cool to the touch’. As for the authors comments regarding “therapy”, “there is 

none”.2,3 Medical science has made steady advancements since these treatises but 

the turn of the 20th century marked an explosion of scientific knowledge and 

resultant modern treatment options. At the dawn of the 1900s, cancer therapy was 

dominated by surgery including William Halsted’s radical mastectomy, in which the 

breast, muscles, and axillary lymph nodes were removed. Although success was 

noted for locally contained tumours, the mechanism of metastasis was not well 

understood, with many believing that if cancer occurred in a secondary location, it 

was not linked to the initial disease.4 

 

Röntgen’s discovery of X-rays in 1895 opened the door to new avenues of medical 

technologies. Among the first doctors to employ radiation therapy was Grubbe from 

Chicago who used X-rays to treat metastatic reoccurring breast cancer.5 In 1898, 

the Curies discovered and later described the physiologic effects of radium, which 

could be inserted into tumours to give high radiation doses.6 The obvious flaw in this 

approach, as with surgery, was that the cancers had to be detected early and display 

slow metastasis for effective treatment. The increased dose also highlighted another 

limitation of radiation therapy; namely, that it was itself cancer-causing. Both Marie 

Curie and Grubbe died riddled with cancer resulting from their career-long exposure 

to carcinogenic agents. In the decades that followed, radiation therapy evolved into 

a front line cancer therapy with breakthroughs including the discovery of high-

energy γ-rays used in cobalt teletherapy,7 electron linear accelerators,8 and more 

recently, the development of stereotactic radiation therapy.9 

 

In the mid-1900s, a new age of cancer therapy was ushered in with the first 

chemotherapeutic drug, Mustine (1.1), a member of the nitrogen mustard gas family. 

Nitrogen mustard gas had already proved itself as an agent of chemical warfare in 

World War I and its capacity to obliterate white blood cells, the Krumbhaar effect, 

was exploited by Goodman and Gilman to develop a new cancer therapy.10 In 1942, 
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they tested their theory on a lymphoma patient but after an initial positive response, 

the patient relapsed. Their results were not published until after the war in 1946.11  

In the preceding years, it was found, with major contributions from chemist 

Haddow,12 that the chlorine atoms were integral to the toxic chemical effects of these 

agents and later that the mechanism of action is related to the crosslinking of 

double-strand deoxyribonucleic acid (DNA) resulting in the cessation of cell 

division.13 Bendamustine (1.2), Cyclophosphamide (1.3), and Chlorambucil (1.4), all 

mustard gas derivatives, are used today for the treatment of a range of cancers 

including chronic lymphocytic leukaemia and non-Hodgkin’s lymphoma (Fig. 1.1).14 

 

 

Figure 1.1: Structure of the first mustard gas, Mustine, and some of its 

contemporary derivatives. 

 

Another notable early chemotherapeutic study was conducted by Farber. In 1946, 

he injected paediatric leukaemia patients with folic acid (1.5) based on a misguided 

interpretation of earlier work showing that the administration of folic acid to 

malnourished patients with blood disorders led to normal blood cell production. 

However, in the leukaemia patients, the administration of folic acid resulted in an 

acceleration of cancer growth due to the integral role of folic acid in DNA replication. 

Undeterred, in a reversal of logic, he reasoned that using folate antagonists to block 

the folate receptor could stagnate the growth of white blood cells. The folic acid 

antagonist, Aminopterin 1.6, a competitive inhibitor of the enzyme dihydrofolate 

reductase (Fig. 1.2), was used to treat sixteen patients. Ten responded and for the 

first time a temporary remission was induced in childhood leukaemia patients but all  
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of the patients relapsed after a few months. His results were published in 1948 as 

the first reported treatment for cancer of bodily fluids as opposed to solid tumours.15 

In the mid-1950s, another anti-folate, Methotrexate (Amethopterin, 1.7) was used to 

induce complete remission in a patient with choriocarcinoma and 

chorioadenoma.16,17  

 

 

Figure 1.2: Structure of folic acid and its antagonists Aminopterin and 

Methotrexate. 

 

There was great hope for a ‘universal cure’ in the years following Farber’s work and 

an arsenal of chemotherapeutic drugs including natural product extracts Paclitaxel 

(Taxol)18 and Vincristine,19 metal-containing, Cisplatin,20,21 Tamoxifen, an estrogen 

receptor modulator,22 and antimetabolite, Fluorouracil,23 were developed throughout 

the 1960s and 1970s; however, with many of the clinical trials only short remissions 

were induced. One explanation proposed for the relapses was acquired resistance 

to a single drug over time. From these observations, the scientific community 

reasoned that the administration of several drugs simultaneously would combat this. 

Thus, the age of combination chemotherapy and adjuvant therapies was born. This 

concept met opposition in the early days as higher drug doses also increased 

toxicity. On the other hand, others including Skipper were advocating for complete 

cell killing. Moreover, Skipper advised that the number of cancer cells present was 

linked to curability.24,25   
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Early regimes developed by DeVita had a high cost and patients on the MOMP 

regime (Methotrexate, Vincristine (Oncovin), Cyclophosphamide, and Prednisone) 

were hospitalised due to toxic drug effects.26 Later Methotrexate was substituted 

with Procarbazine and the treatment duration was extended leading to the MOPP 

regime. It was first used to treat childhood acute lymphocytic leukaemia and later 

was found to cure patients with Hodgkin's lymphoma and non-Hodgkin's 

lymphoma.27 In 1963, Carbone surgically removed breast tumours and then treated 

his patients with a round of chemotherapy to remove any remaining cancer cells. 

He noted that there was a marked decrease in the rate of relapse among his 

patients. This theory was later developed by Bonadonna28 and although not a 

complete cure his clinical trial prevented relapse in one out of six patients.29 

 

A final class of cancer therapies that brings us up to the 21st century are 

immunotherapeutics, which employ the immune system to elicit a therapeutic 

response. The most widely used class of immunotherapeutic agents are monoclonal 

antibodies, which are used to stimulate an immune response against cancer cells. 

In 1997, Rituximab, an IgG1 (immunoglobulin G) antibody, which targets cell surface 

receptor CD20, was approved by the Food and Drug Administration (FDA) for the 

treatment of non-Hodgkin’s lymphoma.30 In 1998, Trastuzumab (Herceptin), an 

antibody, which blocks the HER2-neu receptor, was approved by the FDA as the 

first antibody to be used to treat solid tumours and is widely used in the treatment 

of breast cancer.31 These drugs are highly specific; however, high costs 

accompanied by their short shelf life has hindered universal application. For 

example, it costs approximately €42,000 to treat a leukaemia patient with the 

immunotherapeutic Alemtuzumab for one year. Another immunotherapy strategy is 

‘active cellular therapy’ in which immune cells are removed from a patient and 

modified to attack tumour cells before being re-administered. One of these 

personalised therapies uses Sipuleucel-T (Provenge), an immunotherapy vaccine, 

which was approved in 2010 for the treatment of metastatic castration-resistant 

prostate cancer. It targets prostate acid phosphatase, an antigen expressed in 

prostate cancer (Fig. 1.3).32 
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Figure 1.3: Timeline of historic milestones in cancer treatment (top) and 

photodynamic therapy (PDT, bottom).
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1.1.2 The emergence of phototherapy 

If the last century of oncology research has taught us anything it is that cancer is not 

one illness but a myriad of diseases all with distinct characteristics, prognoses, 

genetic markers, and mechanisms of action. So, instead of the ‘universal cure’, our 

canon will have to consist of a wide variety of treatment regimes and protocols. 

Alongside frontline therapies including surgery, radiation therapy, and 

chemotherapy, another treatment is attempting to find its feet in the realm of clinical 

oncology. Like the other treatments discussed, modern photomedicine has arisen 

from the dust of the 20th century. Phototherapy, using light to treat illness, has a long 

and rich history that can be traced to the beginning of medical practice. 

 

Light’s therapeutic capacity was realised by many ancient civilisations and can be 

linked to sun worship in many ancient religions. Ancient Egyptians used light and a 

plant, Ammi majus or bishop's weed, to treat vitiligo.3 Another early advocate of light 

for health restoration was the Ancient Greek historian, Herodotus, who correlated 

bone strength with exposure to sunlight in a passage from “The Histories”: “I noticed 

that the skulls of the Persians are so thin that the merest touch with a pebble will 

pierce them, but those of the Egyptians on the other hand [are] so tough that it is 

hardly possible to break them with a stone. I was told…that the reason was that the 

Egyptians shave their heads from childhood so that the bone of the skull is indurated 

by the sun”.33 

 

These sentiments continued throughout the centuries. In the 1800s it was known 

that sunlight had anti-bacterial properties34 and in 1890, Palm treated rickets with 

phototherapy.35 In the late 1800s, work by Finsen dubbed the ‘grandfather of 

phototherapy’, “opened a new avenue for medical science”.36 He is best known for 

employing the anti-bacterial properties of ultraviolet (UV) light to treat Lupus 

vulgaris, a disfiguring infection commonly found on the head and neck and for the 

development of the electric carbon arc lamp.37 In 1899, he published a seminal book 

entitled ‘Phototherapy’38 and his career culminated in the 1903 Nobel prize one year 

before his death at the age of 43. UV light continued to be used in photomedicine 

throughout the 1900s; some examples include the treatment of arteriosclerosis, 

gout, diabetes, obesity, and respiratory tract infections.39 The American Medical 

Association conducted a review of UV therapy in dermatology in 1932 and 
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documented 34 conditions that could benefit from phototherapy. Today, due to 

medical advancements including the development of antibiotics, UV treatment is not 

as prevalent as it once was; however, UV-B light is still employed in dermatology, 

most notably for the treatment of psoriasis.40 Additionally, psoriasis can also be 

treated with UV-A and the drug 8-methoxypsoralen, in a treatment known as 

Psoralen and ultraviolet A (PUVA). This was first reported in 1974 by Parrish, 

Fitzpatrick, Tanenbaum, and Pathak who cleared psoriasis in all of their 21 

patients.41 

 

In addition to direct light treatment, another photomedical concept, the generation 

of toxic species by interactions between light and a chemical substance, gained 

traction in the early 1900s. The first report of what was later to be known as the 

photodynamic effect was serendipitously discovered by Raab, a student of von 

Tappeiner, who, while working with Paramecium caudatum, noticed that the cells 

died upon exposure to acridine orange and light but did not die if exposed to either 

alone.42 von Tappeiner, together with dermatologist Jesionek, proceeded with this 

work and transitioned the photodynamic effect to a subclass of phototherapy by 

treating lupus and skin cancers with eosin.43,44 In 1904, von Tappeiner 

demonstrated the phenomenon’s oxygen-dependence and later coined the phrase 

“photodynamic therapy” (PDT), referring to oxygen dependant photosensitisation as 

opposed to the photosensitisation reactions used for developing photographic 

plates.45,46 

 

In 1913, Meyer-Betz injected himself with 200 mg of hematoporphyrin, a compound 

derived from blood and first described by Scherer in 1841.47 Although Scherer did 

not resolve the structure, the compound he prepared was a derivative of naturally 

occurring protoporphyrin IX. Upon exposure to light, Meyer-Betz experienced a 

severe photodynamic response involving blistering and swelling of the skin.48 This 

was the first report of photosensitisation in humans, although earlier work by 

Hausmann and Pfeiffer described the effect in animals.49–51 The development of the 

field was impeded by the First and Second World Wars but slowly the idea that this 

oxygen-dependent photosensitisation reaction could be used as a therapy emerged. 

In 1924, Policard observed that fluorescence in tumours was due to the selective 

accumulation of hematoporphyrin.52 Auler and Banzer later confirmed these results 
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and then went on to show that the photodynamic effect could induce tumour 

necrosis in animals with Jensen’s sarcoma and Flicks-Jobling carcinomas using a 

quartz lamp for the illumination step.53 In 1948, the potential for hematoporphyrin in 

diagnostics was realised by Figge but the high phototoxicity of hematoporphyrin 

prevented diagnostics from becoming a mainstream application.54 

 

Until this point, what was considered ‘hematoporphyrin’ was a mixture of porphyrins 

derived from blood. Schwartz and co-workers isolated hematoporphyrin but found it 

accumulated poorly in tumours. Another fraction that was treated with acid was 

identified to be more active and accumulated readily; however, Schwartz failed to 

identify the structure.55 Lipson and Baldes used this hematoporphyrin derivative for 

the detection of a range of cancers including cancer of the cervix and the 

oesophagus56,57 and later, in the first human patient, as a theragnostic agent for 

breast carcinoma (Fig. 1.4).58 

 

 

Figure 1.4: a) Protoporphyrin, b) hematoporphyrin, c) ester and/or ether linkage 

found in hematoporphyrin derivatives. 
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If Finsen is known as the ‘grandfather of phototherapy’, the title of ‘father of 

phototherapy’ goes to Dougherty. His early in vivo work produced reports of long 

term cures for tumours treated with hematoporphyrin derivative.59 This work, along 

with others,60,61 inspired the first human clinical trials involving PDT and an extensive 

study on a variety of cancers including carcinomas (breast, colon, prostate, 

squamous cell, basal cell, and endometrium), malignant melanoma, mycosis 

fungoides, chondrosarcoma, and angiosarcoma was published in 1978. They 

administered hematoporphyrin derivative and then exposed the malignant areas to 

red light. Results showed a response in 111 of the 113 malignant lesions.62 This 

was followed with a litany of trials using hematoporphyrin derivative63–65 and in 1993 

Photofrin (commercial formulation of hematoporphyrin derivative) became the first 

PDT drug to be approved for clinical use against bladder cancer in Canada.66 This 

was followed by the United States FDA approval in 1995 for the palliative treatment 

of oesophageal cancer.67 Since then, many PDT drugs have been approved for 

clinical use including aminolevulinic acid (ALA)-based Levulan, which was shown 

by Kennedy, Pottier, and Pross68 to metabolise to protoporphyrin IX. These 

compounds, along with other clinically relevant photosensitisers, will be discussed 

later in more detail. 

 

A final aspect of phototherapy worth noting due to its continued clinical use is the 

treatment of neonatal jaundice with UV light. Like many origin stories, the story of 

phototherapy to treat hyperbilirubinemia (jaundice) began by chance. A nun at the 

premature unit at Rochford General Hospital in England, Sister Ward, was a firm 

believer in the benefits of sunshine and fresh air for new-born babies. She noticed 

that patches of skin not directly exposed to sunlight remained yellow while the rest 

of the body did not. These observations led researchers at Rochford Hospital to 

investigate further and they noted that bilirubin pigment levels in blood left in the sun 

dropped dramatically. This was followed by a controlled study and the results were 

published in 1958.69 The therapy works by converting bilirubin into more soluble 

isomers that can be easily excreted. In 1968, Lucey published work that confirmed 

that phototherapy could be used as a safe and reliable treatment for neonatal 

jaundice and it became widely used by the 1980s (Fig. 1.3).70 
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1.2 PHOTODYNAMIC THERAPY 

1.2.1 Overview of photodynamic therapy 

Since its inception, PDT has established itself as a safe and reliable treatment for 

various cancers,71,72 dermatological conditions,73,74 age-related macular 

degeneration,75 and has also gained traction in other areas including several 

infectious diseases.76 Its underlying mechanism is well studied and understood and 

it is now accepted as a mainstream clinical therapy.67 

 

PDT relies on the interaction between light, a photosensitiser, and ground-state 

triplet oxygen to produce singlet oxygen and/or other reactive oxygen species 

including hydroxyl radicals and superoxides. Firstly, a photosensitising drug is 

administered and 24-72 h are allowed to elapse to facilitate photosensitiser 

accumulation in the target tissue before the photosensitiser is selectively activated 

with light of an appropriate wavelength. Once triggered by light, the photosensitiser 

is promoted to an excited singlet state and then, via intersystem crossing, a longer-

lived triplet state is occupied. From here reactive oxygen species, including singlet 

oxygen, are produced and depending on the cellular localisation of the 

photosensitiser and the degree of damage caused, cell death is induced (Fig. 1.5).67 

The extent of the photodynamic effect is reliant on photosensitiser distribution and 

localisation, both light and photosensitiser dose, photosensitiser clearance rates, 

and the degree of oxygenation in the target tissue.  
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Figure 1.5: Schematic representation of PDT and Jablonski diagram representing 

the classic PDT mechanism (ROS = reactive oxygen species, ET = electron 

transfer, and ISC = intersystem crossing). 

 

1.2.2 Singlet oxygen, reactive oxygen species, and photodynamic therapy 

Singlet oxygen is integral to PDT as it is the principal cytotoxic agent that affords the 

therapeutic effect. Triplet oxygen is converted directly to singlet oxygen, via energy 

transfer, in Type II reactions.77 The increased reactivity of singlet oxygen compared 

to triplet oxygen arises from the spin-paired electrons found in the π* orbital of 

singlet oxygen, as shown in Fig. 1.6. In contrast, in triplet oxygen, the two highest 

energy electrons are shared between two degenerate π* orbitals, resulting in a more 

stable configuration. Singlet oxygen can diffuse in cells (0.01–0.02 μm)78 and has 

relatively fast decomposition (in the μs range) rates in cytoplasm, although newer 

studies suggest that at least the half-life may be longer than previously believed.7 9  

Singlet oxygen can be detected directly by its phosphorescence at 1275 nm or 

indirectly using fluorescent probes, some of which (including singlet oxygen sensor 

green (SOSG)), are suitable for biological systems.80  
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Figure 1.6: Electronic configuration of triplet and singlet oxygen. 

 

In the Type 1 pathway, either a proton or an electron is transferred to an organic 

molecule in the cell to form radical anions and cations. Alternatively, electrons are 

transferred to molecular oxygen to form a superoxide anion, which is not particularly 

cytotoxic. This superoxide undergoes dismutation to form hydrogen peroxide, which 

plays a role in the function of many enzymes, and oxygen. Superoxides can also 

reduce metals that take part in the Fenton reaction,81 in which hydroxide ions are 

converted to hydroxyl radicals and hydroxide ions, thus producing important reactive 

oxygen species. Superoxides can also produce peroxynitrite and singlet oxygen by 

reacting with nitric oxide and the hydroxyl radical, respectively.77,82  

 

Reactive oxygen species and singlet oxygen induce direct photodamage in cells  

through oxidative stress. Hydroxyl radicals can either add to or oxidise carbon-

containing biomacromolecules to form other highly reactive radicals that can then 

undergo chain reactions and cause extensive oxidative damage. Singlet oxygen 

induces oxidative stress by directly oxidising amino acids, including tryptophan, and 

unsaturated phospholipids to form hydroperoxides, resulting in loss of protein 

function or the initiation of chain reactions in the presence of transition metals, 

respectively.83 The base pairs of DNA, especially guanine, can undergo 

cycloaddition reactions with singlet oxygen across the purine rings to form an 

unstable endoperoxides. Following subsequent rearrangement reactions and the 

formation of 8-oxo-G, G-C:T-A transversions can occur, which induce oxidative 

stress reponses including the expression of ICAM-1 and interleukins, genes 

involved with inflammation and cell damage.84  
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A CHEMIST’S ROLE IN PHOTODYNAMIC THERAPY 

1.3.1 Synthesis and properties of porphyrins and BODIPYs 

The structures of five leading PDT drugs currently in clinical use or of clinical interest 

are displayed in Fig. 1.7. There is a striking commonality in that they are all 

tetrapyrroles - this is not a coincidence. The chemical properties of this class of 

compounds, as well as their cousins the BODIPYs (boron dipyrromethenes), are 

particularly suited for application as photodynamic agents. 

 

 

Figure 1.7: A selection of photosensitisers displaying the role of tetrapyrroles 

in the chemistry of photodynamic therapy. 

 

The porphyrin core consists of four pyrrolic units connected via methine bridges to 

form a 22π-electron system, of which 18π-electrons are involved in aromaticity. 

Since Küster suggested the structure in 1912,85 a range of derivatives have been 

discovered and applied to PDT. Members of the tetrapyrrole family differ by the 

modulation of their π-system, i.e. the degree of reduction (chlorin and 

bacteriochlorin) or the inclusion of heteroatoms (phthalocyanine). Additionally, in 

recent years, BODIPYs have established themselves as a promising class of 

compounds for PDT.86 The first BODIPY was synthesised by Treibs and Kreuzer in 
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196887 and the structure consists of a dipyrromethene core with difluoroboron 

inserted at the nitrogen positions (Fig. 1.8).  

 

 

Figure 1.8: Examples of tetrapyrroles and the BODIPY core used in PDT 

drugs. 

 

The aromatic system in tetrapyrroles and BODIPYs affords characteristic absorption 

properties that are advantageous for PDT. Firstly, in porphyrins, a strong Soret band 

is visible at approximately 400 nm and then four weaker Q bands are found between 

450-700 nm. Chlorins, bacteriochlorins, and phthalocyanines have a stronger red-

shifted absorption profile, making them optically more suited; however, they are less 

chemically stable and their chemistry is not as versatile. BODIPYs have strong 

absorption at approximately 500 nm, are chemically stable, and have a rapidly 

growing synthetic catalogue. 
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Figure 1.9: Normalised absorption spectra of 5,10,15,20-tetraphenylporphyrin 

(grey, H2TPP), 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin (blue, mTHPC), and 8-

(10-bromoanthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (black, 

substituted-BODIPY) in dichloromethane (DCM). 

 

In the past, the limited synthetic control over the natural library of compounds has 

restricted the application of tetrapyrroles. Fortunately, over the last two decades’ 

research has led to substantial advances in the area of synthetic tetrapyrrole and 

BODIPY chemistry and thus opened new doors for this class of compounds and 

their derivatives.88 Particularly, the meso-and β-positions of tetrapyrroles and the 8-

position of BODIPYs can be extensively modified (Fig. 1.8). BODIPYs are 

themselves chromophores and chemical modification is necessary to make them 

singlet oxygen generators (see Chapter 3).  

 

The general condensation mechanism described in Fig. 1.10 shows the steps to 

yield a porphyrin or BODIPY skeleton. The reactions differ by the reactant 

equivalence and reaction conditions. The mechanism is initiated by an acid catalyst 

and the activated carbonyl reacts with pyrrole, subsequently, water is eliminated. 
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The final steps for porphyrin synthesis are cyclisation followed by oxidation of the 

porphyrinogen to the porphyrin. For BODIPY synthesis, the dipyrromethane is 

oxidised to the dipyrromethene (DPM) and in the last step, boron is inserted using 

BF3·Et2O.  
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Figure 1.10: Condensation mechanism to yield a porphyrin or BODIPY illustrated 

using meso-phenyl derivatives. 
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Elementary symmetrical meso-substituted porphyrins can be synthesised by simple 

condensation reactions between pyrroles and aldehydes (Fig. 1.11). In 1935, 

Rothemund synthesised porphyrins by reacting pyrrole and aldehydes in methanol 

(MeOH) at rt for several weeks, heating to 85-90 °C, or heating to reflux in a sealed 

tube.89,90 In the 1960s, the Adler-Longo method was developed. The major 

modification was heating the reactants to reflux in propionic acid. The reactions were 

performed at high concentrations and improved yields were reported (20 ± 3% for 

5,10,15,20-tetraphenylporphyrin). They also noted dependence on oxygen 

availability for the formation of the porphyrin. The major limitation of this method is 

poor substrate tolerance as many aldehydes do not survive the harsh acidic 

conditions.91 The most widely used method in contemporary porphyrin synthesis is 

the Lindsey method, due to its versatility and substrate scope. In this method, the 

reaction between pyrrole and aldehyde is catalysed by acid and performed in a 

chlorinated solvent at rt. In the second step, an external oxidant, for example, 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or p-chloranil is used to oxidise the 

porphyrinogen to the porphyrin. As well as increased yields (approximately 40% for 

5,10,15,20-tetraphenylporphyrin), the mild conditions allowed for a broader 

substrate scope. Today, the addition of an external oxidant is often used as an add-

on to the Alder-Longo method.92   

 

 

Figure 1.11: Simple condensation reactions to yield an A4 porphyrin. 

 

Hemaoglobin and cytochromes, prominent natural porphyrin-containing proteins, 

show synthetically onerous low symmetry. To achieve target porphyrins with various 

meso-substitution patterns more elaborate condensation reactions are employed. 

The first of which are mixed condensations. An inherent flaw of this methodology is 

the statistical mixture of products that require laborious work-up and result in the 
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target molecule being isolated in low yields. For a mixed condensation with four 

different aldehydes, there are six possible ABCD-meso-substituted (bearing four 

different meso-substituents) porphyrin products, with theoretical statistical yields 

between 6.25 and 25%.93 To exact more control, [2+2] or [3+1] methodologies are 

employed to obtain ABCD-meso-substituted porphyrins. In the early development 

of these reactions, β-substituted porphyrins were the targets.94 Usually, for [2+2] 

condensations, a reduction yields the dipyrromethanedicarbinol and this is followed 

by a Lewis base condensation with a DPM and finally an oxidation step. A common 

side reaction observed for these methodologies is scrambling of the pyrrole units 

but moderate to high yields have been reported (Fig.1.12).95  

 

 

Figure 1.12: Possible methods to synthesise meso-substituted ABCD-porphyrins. 

 

The final condensation strategy is a [2+2] condensation between a DPM and an 

aldehyde (Fig. 1.13). This reaction yields primarily A2B2-type porphyrins. Again, this 

reaction is acid-catalysed and when choosing this method, the possibility of 

scrambling must be considered.96 
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Figure 1.13: Possible ways to synthesise unsymmetric A2B2-porphyrins. 

 

An alternative approach is the total synthesis of porphyrins. This methodology has 

produced highly complicated and unsymmetric porphyrins but it often involves long 

and cumbersome synthetic routes. The basic approach is the synthesis of a bilane 

precursor followed by metal-templated cyclisation and oxidation to the porphyrin.97 

 

BODIPYs are also synthesised using condensation reactions. Functional groups 

can be introduced at the 8-position of the BODIPY through the aldehyde and at the 

1, 2, 3, 5, 6, and 7 positions using functionalised pyrroles. The most common 

synthesis is between pyrrole and an aromatic aldehyde; however, the use of 

aliphatic aldehydes has not yet been reported. The mechanism is described in Fig. 

1.10 and this method is used for the generation of symmetric BODIPYs. The 

reaction is carried out using pyrrole as a solvent or pyrrole dissolved in 

dichloromethane (DCM) and is catalysed by an acid. This is followed by oxidation 

with an external oxidant and boron insertion. Often, halogenated aryl aldehydes are 

used to introduce a synthetic handle for further functionalisation.  

 

Alternatively, 8-substituted BODIPYs can be generated from pyrroles and acid 

chlorides. This reaction proceeds through a DPM intermediate and is performed in 

DCM under moderate heating. In the second step, a base is used to mediate boron 

insertion using BF3·Et2O. This method is used to introduce aliphatic groups at the 

8-position and oxidation is not required. The final method for BODIPY synthesis 

employs ketopyrroles and is used to form unsymmetric BODIPYs. The ketopyrrole 

is first synthesised and then condensed with another pyrrole in DCM with a Lewis 

acid catalyst. Again, the final step is boron insertion (Fig. 1.14).98  

 



 

 
42 

 

 

Figure 1.14: Methods to synthesise aryl-BODIPYs. 

 

The development of functionalisation reactions is important for the application of 

both BODIPYs and porphyrins as they give access to a wide variety of symmetric 

and unsymmetric compounds through stepwise synthetic routes, which rely on the 

reactivity of the various positions. The most commonly used examples will be 

described below but this is not an exhaustive list. Extensive reviews and recent 

examples on the subject are referenced for further information.88,98–100  

 

The simplest post-condensation porphyrin functionalisation is metallation and this 

can be achieved using metal salts of Zn2+, Ni2+, Mg2+, and Cu2+, to name a few. 

Metallated tetrapyrroles have an important role in biological systems; for example, 

iron in heme and magnesium in chlorophyll. The BODIPY’s boron difluoride core 

can also be synthetically modified. For example, DPM can be reacted with 9-

borabicyclo[3.3.1]nonane triflate or dibutylboron triflate to introduce bulky alkyl 

groups.101 Alternatively, nucleophilic substitution can take place between an aryl 

Grignard or organolithium reagent and the fluorine atoms to yield boron aryl units.102 

Substituted acetylides may also be used to replace the fluorine atoms, under certain 

circumstances (for example terminal trimethylsilyl group), which allows for further 

reactions including Sonogashira couplings.103 Reaction of the boron difluoride 

groups with sodium methoxide or alcohols and aluminium trichloride can introduce 

alkoxide groups at this position.104,105 Alternatively, reaction with trimethylsilyl 

chloride and acetic acid can yield carboxylates.106 
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Due to the electrophilic nature of the meso- and β-porphyrin positions, direct 

substitution reactions are possible. Inhoffen applied Vilsmeier formylation chemistry 

to porphyrins by reacting metallated porphyrins, usually a Ni2+ or Cu2+ porphyrins, 

with a Lewis acid to generate Vilsmeier complexes. This was followed by hydrolysis 

to yield either the meso- or β-formylated porphyrin.107 Nitration is another type of 

electrophilic substitution reaction that has been applied to porphyrin chemistry. The 

degree of nitration is dependent on reagent choice and can be mediated by nitric 

acid in acetic acid, nitric acid in sulfuric acid, copper nitrate in acetic acid, or zinc 

nitrate. Subsequently, the amino porphyrin can be accessed with tin chloride and 

hydrochloric acid or sodium borohydride, palladium, and carbon.108–110  

 

Alternatively, the porphyrin can be activated with organolithium reagents to undergo 

direct nucleophilic reactions to introduce aryl and alkyl meso and β substituents. 

This chemistry was developed by the Senge group starting in the late 1990s. To 

perform this reaction, the lithium reagent is first generated in situ at low 

temperatures, leading to a Meisenheimer-type complex being formed on the 

porphyrin. This is followed by hydrolysis and then oxidation back to the 

porphyrin.111,112 Another useful strategy is halogenation, as it allows for a range of 

subsequent functionalisation reactions. Smaller halogens, fluorine and chlorine, 

halogenate the meso-positions while bromination occurs more readily at the β-

positions, as the β-positions are less sterically hindered. Regiochemistry is also 

controlled by temperature, reaction time, and position blocking strategies. 

 

The 2- and 6-positions of the BODIPY core also undergo electrophilic attack. 

Sulfonation can be achieved using chlorosulfonic acid, followed by the addition of 

base113 and nitration can occur in the presence of nitric acid at 0 ºC.114 Halogenation 

has been shown to occur on all the positions of the BODIPY core. However, 

halogenation will only occur at the 1- and 7-positions if all others are blocked.115 

Palladium-mediated C–H functionalisation has been used to extend the conjugation 

of the BODIPY core at the 2- and 6-positions and employs an alkene with an 

electron-withdrawing group, a palladium catalyst, and an oxidant.116  

 

Once halogenated (by reaction or introduction in the condensation), transition metal 

catalysed reactions are a natural progression to functionalise both the BODIPY and 
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porphyrin periphery. They generally proceed by oxidative addition of the 

halogenated starting material to the palladium-based catalyst, followed by 

transmetallation and then reductive elimination to yield the coupled product and the 

regenerated catalyst. The most common cross-coupling reaction is the Suzuki 

reaction in which a halogenated species is reacted with a boroylated aryl or alky 

reagent in the presence of a palladium catalyst.117 This reaction has been performed 

on both halogenated BODIPYs and porphyrins.118 Other organometallic couplings 

used on halogenated BODIPYs and porphyrins are Sonogashira reactions with 

terminal alkynes,119 Heck reactions, which use activated alkenes to introduce 

alkenyl substituents120 and Stille couplings, which use stannanes.121,122 

Halogenated porphyrins can also undergo Buchwald-Hartwig reactions to yield 

aminoporphyrins.123 Alternatively, 3,5 chlorinated BODIPYs can undergo 

nucleophilic substitution reactions to introduce alkoxides, thioalkoxides, and amines 

(Fig. 1.15 and Fig. 1.16).124  

 

 

Figure 1.15: Schematic representation of exemplary porphyrin functionalisation 

methods. 
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Figure 1.16: Schematic representation of exemplary BODIPY functionalisation 

methods. 
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1.4 PHOTOSENSITISERS AND PHOTODYNAMIC THERAPY EFFECTS 

1.4.1 The ideal photosensitiser 

As physicists primarily optimise light sources and pharmacists study 

pharmacokinetics, chemists occupy themselves with the challenges associated with 

the design and synthesis of photosensitising drugs. These compounds are designed 

to have high singlet oxygen quantum yields, as well as other ideal properties, that 

maximize functionality and provide an efficient and effective route from production 

to cell delivery. These properties include but are not limited to, solubility in the 

cellular environment, low dark toxicity, optimal photophysical properties that 

complement biological media, a facile and reproducible synthesis, chemical purity, 

minimal side effects, negligible aggregation in formulations, straightforward 

administration, swift excretion from the body but targeted distribution lasting long 

enough to provide the therapeutic effect, and resistance to photobleaching (Fig. 

1.17).67 To date, the identification of a molecule that has all of the aforementioned 

properties has eluded us and compounds with strong singlet oxygen-generating 

ability have been prioritised in the search. This has resulted in a trade-off, with many 

of the photosensitisers in clinical use having less than ideal side effects; however, 

over the past few decades’ incremental optimisations have been made.  

  

 

Figure 1.17: Properties of an ideal photosensitiser. 
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Photosensitisers can be classified into first, second, and third generations. 

Hematoporphyrin and its derivatives were the first photosensitisers used in a clinical 

setting and thus are the first generation of PDT agents. Although they are strong 

singlet oxygen generators and are still used in clinics as Photofrin (an oligomeric 

mixture of porphyrins), patients suffer from high photosensitivity. Additionally, 

Photofrin has weak absorption at its maximum (630 nm).125 

 

Second generation photosensitisers are characterised by their chemically defined 

structures and possess properties of the ideal photosensitiser. One such compound, 

mTHPC (1.14), marketed as Temoporfin, was approved for the treatment of head 

and neck cancer in 2001.126 The chlorin structure gives rise to a maximum at 650 

nm (Fig. 1.9) and it can be effective at very low-doses. Grosjean et al. treated early-

stage oesophagus and bronchi cancers with a dose of 0.15 mg/kg (in most cases), 

using 652 nm or 514 nm light sources and they reported a 77% positive response, 

making mTHPC much more potent than Photofrin; however, they also reported skin 

photosensitivity post-treatment.127 

 

Benzoporphyrin derivative monoacid A (BPD, 1.15), also known as Verteporfin, is a 

second-generation BPD with an optimised absorption profile (maximum at 690 nm), 

allowing for 50% greater tissue penetration when compared to Photofrin.128 It also 

has fast tumour uptake of 30–150 min following intravenous administration of the 

liposomal formulation and rapid clearance rates of a couple of days.129 Verteporfin 

is clinically available as Visudyne (a liposomal formulation of Verteporfin) and can 

be used for the treatment of age-related macular degeneration.130 Another class of 

tetrapyrroles not yet clinically approved are phthalocyanines (1.13). They have a 

have strong absorption band at 680 nm with a molar absorption coefficient of 1 × 105 

M−1 cm−1. Additionally, the insertion of metals, such as zinc, increases the triplet 

state lifetime to >100 μs. Moreover, issues with excessive aggregation in aqueous 

solution and slow clearance are being overcome by peripheral functionalisation.131 

 

The final example of a second-generation photosensitiser is different from the 

others. Specifically, the administered compound, ALA, is not an active 

photosensitiser but a metabolic precursor of protoporphyrin IX (1.8). Protoporphyrin 

IX, the active photosensitiser, is naturally generated in the mitochondria through the 
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heme biosynthetic pathway. Heme then acts as a trigger for the feedback regulatory 

system, following the insertion of iron into protoporphyrin IX using ferrochelatase. 

However, the addition of exogenous ALA causes a build-up of protoporphyrin IX and 

thus the therapeutic response. Esterified forms of ALA have been developed to 

increase bioavailability. The methylester derivative of ALA is marketed as Mervix, 

while ALA is marketed as Levulan. They are used to treat malignant and non-

malignant skin conditions including actinic keratosis and basal cell carcinoma.132 

 

The third generation of photosensitiser drugs are currently under development and 

are a major theme of this thesis. They are designed using rational principles aimed 

to bring us a step closer to the ideal photosensitiser. Some of these strategies 

include targeting groups for specificity (see 1.4.2), expanding conjugation to alter 

the absorption profile, inclusion in nanoconstructs to increase biocompatibility,13 3  

and/or controlling singlet oxygen generation and effects to enhance the therapeutic  

outcomes. The topic of singlet oxygen modulation for PDT applications has been 

reviewed in detail by Callaghan and Senge.134  

 

1.4.2 Photosensitiser uptake and cellular localisation 

Following photosensitiser administration, either systemically, locally, or topically, its 

biodistribution has a major impact on the efficiency of reactive oxygen generation 

and thus the photodynamic response. Across a wide variety of photosensitisers, 

preferential tumour accumulation has been observed. Figge noted this phenomenon 

as early as 1948 in an extensive in vivo study on hematoporphyrin across a selection 

of cancers.54 However, it is important to note that there is also accumulation in other 

organs, which can make the term ‘preferential tumour accumulation’ misleading. An 

example of this is the biodistribution of 4,4',4'',4'''-(5,10,15,20-

porphyrintetrayl)tetrabenzenesulfonic acid, which is known to accumulate in tumour 

tissue but also in other organs especially the liver and kidneys. Notably, both of 

these organs are involved in porphyrin metabolism.135,136 Additionally, dose and time 

after administration should be considered when evaluating tumour uptake. The 

mechanism of selective accumulation is unclear but most likely is a culmination of 

many factors relating to the chemical properties of the photosensitiser molecule and 

the target tissue physiology.  
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When it comes to photosensitiser design, hydrophobicity has been shown to 

increase uptake. Moan and co-workers studied hematoporphyrin derivatives and 

reported a correlation between the degree of hydrophobicity and cellular uptake.137  

Later, Oenbrink et al. also documented increased uptake in V79 Chinese hamster 

cells for the more hydrophobic members of their synthetic porphyrin library.138  

However, there is a pay-off as excessive hydrophobicity renders the molecule 

incompatible with biological media. Hydrophobic compounds, especially those with 

π-stacking abilities tend to aggregate in polar solvents, of which hematoporphyrin 

derivative is a good example.137 Hematoporphyrin was shown to accumulate and be 

retained in tumour tissue and could not be removed by diffusion into 

hematoporphyrin-free media.139 Bellnier and Li suggested this could be due to 

porphyrin aggregation trapping the compound in the cell.140 Another explanation is 

that it may bind to cellular components including albumin, a major porphyrin 

transporter,141 low-density lipoproteins,142 and collagen.143 Another example of how 

chemical modification can modulate uptake is the development of ALA derivatives. 

Esterified ALA derivatives including methyl, pentyl, hexyl, and benzyl are more 

lipophilic and display increased cellular uptake.144,145 

 

The differences in the microenvironment of tumour tissue compared to normal tissue 

is also thought to affect the uptake and retention of photosensitisers. Firstly, tumours 

express angiogenesis factors that lead to hypervasculation,146 which is 

characterised by increased permeability due to elevated levels of vascular 

permeability factors.147,148 This increased permeability may allow photosensitisers, 

especially when bound to large serum proteins, to enter the tumour tissue at 

increased rates. Another contributing factor to this phenomenon may be the poor 

lymphatic drainage found in tumour tissue. In normal tissue, the lymphatic system 

clears biomolecules found in the interstitial space but without a functional lymphatic 

system, biomolecules are retained to a greater extent.149 Finally, Guinnilo showed 

that the cellular environment of tumour tissue is acidic,150 likely due to increased 

CO2 levels resulting from a high metabolic rate. Later, Thomas and Girotti provided 

evidence suggesting that this could affect photosensitiser retention. By 

administering glucose to reduce the cellular pH prior to PDT they found that there 

was a greater accumulation of hematoporphyrin derivative in tumour cells.151 The 

combined effect of high permeability, low pH, and retention due to the lack of a 
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functional vascular system is suggested as a possible mechanism for the 

preferential accumulation of photosensitisers in tumour tissue; however, the details 

have yet to be definitively elucidated. 

 

Preferential accumulation alone does not result in an optimal therapeutic response 

as photosensitivity post-treatment is still a major drawback of PDT. To combat this, 

another strategy to aid photosensitiser accumulation is the introduction of 

bioconjugates to specifically target cancer tissue. These targeting groups can be 

covalently bound to the photosensitiser or incorporated into the delivery system (see 

Chapter 5).  

 

Firstly, glycoporphyrins offer increased solubility in addition to the ability to target 

specific lectin receptors. The high rate of glycosylation152 in malignant tissue results 

in the upregulation of surface saccharides and transporters.153 This is one of the 

earliest bioconjugate strategies and numerous tetrapyrrole-glycoconjugates have 

been applied to PDT.154,155 As an example, pyropheophorbide, a 2-

deoxyglucosamide, was shown to accumulate in a 9L glioma rat model by targeting 

a glucose transporter. Fluorescence imaging showed preferential accumulation and 

photoinduced mitochondrial damage was evident.156 Similarly, bile acid-porphyrin 

conjugates were used by Králová et al. to target and image these surface 

saccharides and they showed selective phototoxicity against a variety of cells line 

as well as in a mouse model bearing a 4T1 mammary carcinoma.157 Our group also 

developed mTHPC bile acid conjugates that targeted a sodium-dependent bile acid 

transporter, a receptor which is upregulated in Barret’s oesophageal cancer. 

Although uptake was demonstrated, phototoxicity was not shown to induce cell 

death.158 

 

Vitamins, retinoic acid, and folates have been used for targeted PDT. Folate 

receptors are over-expressed in cancer tissue and taken up by endocytosis thus 

making them a delivery mechanism for conjugated photosensitisers. In 2012, Syu 

et al. developed folate-conjugated mTHPC-loaded micelles that accumulated in 

folate receptor-overexpressing cancer cells both in vitro and in vivo and displayed 

positive solid tumour toxicity.159 Porphyrin-retinamide conjugates were developed 
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by Sibrian-Vazquez et al. and were taken up by RAR-positive neuroblastoma SK-N-

DZ cells 20-50% more than in HEp2 cells. Moreover, moderate toxicity was noted.160 

 

The final biomolecule targeting groups to be discussed are proteins. Low-density 

lipoproteins are molecular targets because they are overexpressed in cancer tissue, 

which again, is linked to cancer’s high metabolic rate. They function as carriers for 

hydrophobic molecules and thus can solubilise photosensitisers.161 In one example, 

a chlorin-e6-conjugate was developed by Schmidt-Erfurth et al. and enhanced 

cellular uptake and phototoxicity were noted in Y79 human retinoblastoma cells.162 

Protein-targeting using antibodies is pursued in PDT because of unique antigen 

specificity. In 2005, Savellano et al. conjugated a BPD to Cetuximab (Cet), an anti-

epidermal growth factor receptor, often overexpressed in cancers. This construct 

was used to kill epidermal growth factor receptor-overexpressing epidermal 

carcinoma and ovarian cancer cells using the photodynamic effect. When compared 

with free Verteporfin, enhanced specificity was noted.163 In a second example, 

Mitsunaga et al. also investigated phthalocyanine- conjugated antibodies that target 

epidermal growth factor receptors, Trastuzumab- (anti-HER1) and Panitumumab 

(anti-HER2). These compounds were not taken up by the cells and were instead 

bound to the membrane but both showed targeted photodynamic toxicity.164 The 

Boyle Group also made considerable contributions to this field by developing 

conjugation methods using isothiocyanate moieties.165,166,167 They conjugated a 

porphyrin-based photosensitiser to radiolabelled internalising and non-internalis ing 

antibodies with loading ratios between 1.4 and 2.5. Overall, they showed that the 

internalising conjugates displayed enhanced phototoxicity compared to the non-

internalising conjugates165 and this approach was also utilised in the development 

of anti-EpCAM, anti-CD104, and LAG3 scFv (targets antigens associated with 

colorectal malignancies) antibody conjugates and again selective phototoxicity was 

observed.166,167  

 

Once in the tumour tissue, the subcellular localisation of the photosensitiser can 

modulate the cell death response. The short half-lives and diffusion constants of 

reactive oxygen species limit the photodynamic effect to the area of localisation. 

Cellular localisation can be identified using confocal laser scanning fluorescence 
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microscopy and the colocalisation of organelle-specific probes can increase the 

accuracy of identification.168  

 

Some photosensitisers do not localise in a particular cellular location such as 

pyropheophorbide, a methyl ester, which has been shown to localise in the Golgi 

apparatus, endoplasmic reticulum, lysosomes, and mitochondria but for most 

photosensitisers, one main organelle is targeted.169 Ideally, a photosensitiser should 

be hydrophilic with less than two negative charges to cross the plasma membrane. 

Strongly polar and hydrophobic molecules generally cannot diffuse across the 

plasma membrane and thus have to rely on endocytosis for uptake. 

Deuteroporphyrin IX and its halogenated derivatives were shown to localised in the 

plasma membrane of murine L1210 leukaemia cells.170 Similarly, in human 

carcinoma cells, Photofrin mainly accumulated in the plasma membrane following a 

3 h incubation period (and in the Golgi apparatus after longer incubation times). At 

a dose of 28 µg/mL, membrane disruption and cell swelling were observed after 

PDT.171 mTHPC (1.14) is a clinically relevant photosensitiser and it primarily 

accumulates in the Golgi apparatus and endoplasmic reticulum in MCF-7 cells. 

Following PDT, photodamage was primarily localised to these organelles.172 

 

Mitochondria are the powerhouses of the cell and thus are an important localisation 

site for photosensitisers. As a generalisation, cationic, hydrophobic photosensitisers 

tend to localise in the mitochondria. These include the cyanide dye, N,N′-bis(2-ethyl-

1,3-dioxolane)kryptocyanine, which was shown to induce phototoxicity in human 

bladder, squamous, and colon carcinoma cells.173 Additionally, zinc(II) 

phthalocyanines with lipophilic side-chains have been shown to localise in 

mitochondria and kill HeLa cells.174 Finally, another clinically relevant 

photosensitiser, Verteporfin, has been shown to localise in the mitochondria but this 

is dependent on both cell type and formulation method.175  

 

Many photosensitisers localise in lysosomes, but studies have shown that 

photodamage is not as efficient in lysosomes compared to other organelles. 

MacDonald et al. showed that pyropheophorbide a-mediated photodamage was 

more effective in mitochondria than in lysosomes.176 Woodburn et al. modified 

hematoporphyrin and protoporphyrin IX (1.8) to give derivatives with anionic, 
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cationic, or hydrophobic side chains and studied their uptake in V79 Chinese 

hamster lung fibroblasts and C6 glioma cells. They found that compounds with 

cationic charges localised in mitochondria, while those with anionic charges 

localised in lysosomes (Fig. 1.18).177  

 

 

Figure 1.18: Factors, speculated or proven, effecting photosensitiser uptake and 

cellular localisation. 

 

1.4.3 How photodynamic therapy affects the cellular and tumour 

environment  

In addition to direct photodamage caused by singlet oxygen and other reactive 

oxygen species, PDT can induce cellular stress that leads to the initiation of cell 

death pathways. Apoptosis, the primary cell death pathway following PDT, is a 

controlled pathway characterised by morphological changes including blebbing and 

cell shrinkage. In the early 1990s, apoptosis was first identified as a PDT cell death 

pathway in mouse lymphoma L5178Y cells.178 Release of cytochrome c and the 

destruction of anti-apoptotic proteins, Bcl‐2 and Bcl‐xL, initiates photodamage in the 

mitochondria and endoplasmic reticulum.179,180 Additionally, lysosomal damage 

resulting in the release of lysosomal proteases can indirectly promote apoptosis in 

mitochondria, which is mediated by the protein tBid.181 The apoptotic response 

following light treatment is swift and DNA damage is evident within minutes. 
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In PDT, cells that do not undergo apoptosis are likely to undergo autophagy. Xue 

and co-workers expressed cell lines without essential components to apoptosis 

including Bax and caspase-3 and they found that autophagy was the dominant cell 

death pathway.182 Autophagy is used by cells to recycle components when under 

stress and may protect cells from mitochondrial damage.183 This function is carried 

out in the lysosomes and thus lysosomes are a target for PDT.184   

 

More recently, paraptosis has been identified as a PDT cell death pathway. Its exact 

mechanism of action is not well understood but is thought to involve the endoplasmic 

reticulum and mitochondria. The pathway is characterised by excessive 

vacuolisation of the cytosol without DNA damage. An example of paratosis after 

PDT was reported by the Kessel group.185 The final cell death pathway is necrosis; 

however, it is not commonly the intentional outcome of PDT as it is non-specific and 

arises from high light doses or photodamage of the membrane, leading to cell lysis. 

Luo and Kessel demonstrated the dependence of dose on cell death pathways. At 

a low chloroaluminum phthalocyanine dose and 45 mJ cm ‐2 of light in murine 

leukemia P388 and L1210 cells, apoptosis was induced but at higher doses 

membrane damage was observed (Fig. 1.19).186 

 

 
Figure 1.19: Microscopic image of cell death induced by PDT; reproduced from 

ref. 186 and 187.186,187 

 

In addition to inducing cell death pathways, PDT can cause other effects on the 

tumour microenvironment. Once a tumour has reached a threshold volume it begins 

the process of angiogenesis to sustain growth by generating blood vessels to supply 

oxygen and nutrients.188 PDT can cause vascular shutdown and thus starve the 

tumour of essential supplies. This was shown by Henderson et al. in 1989 using 

Photofrin and a fibrosarcoma tumour in vivo model.189 However, vasculature 

damage can result in tumour hypoxia and make subsequent PDT less effective. 
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Additionally, this situation may also initiate vascular endothelial growth factor 

(VEGF), matrix metallopeptidases (MMPs), and cyclooxygenase-2 (COX‐2) derived 

prostaglandins, which are pro-angiogenesis signalling proteins.190 Cell 

vasoconstriction, shrinkage, and eventually collapse are morphological changes 

resulting from PDT. Khurana et al. studied the effect of Visudyne on single vessels 

using confocal microscopy and Doppler optical coherence tomography. They found 

that at a light dose of 451±43 J/cm2 and 2.5 mg/kg of body weight of Visudyne 

complete vascular collapse was observed.191 The time between photosensitiser 

administration and light dose can also modulate the effectiveness of vascular 

damage. For example, a study of hypericin-mediated PDT in a RIF-1 tumour model 

showed that at an interval of 30 min, the functional vasculature was reduced to 

10.9% after treatment. In contrast, 15 h and 6 h intervals resulted in functional blood 

vessels remaining after treatment.192 

 

Oxidative stress can activate the immune system leading to an anti-tumour 

response.193 It begins with a dramatic increase in cytokine levels. One such cytokine 

is interleukin-1β, which when blocked results in a reduction in in vivo cure rates.194 

Additionally, when anti-inflammatory cytokines including interleukin-10 and TGF-β 

are blocked the photodynamic response is enhanced.195 Then, infiltrating cells are 

activated including neutrophils, monocytes, and macrophages and again their 

absence has been shown to reduce the PDT response.196,197 

 

An adaptive immune response is also observed after PDT, in which antigen-

presenting cells including dendritic cells present antigen-derived peptides to T 

lymphocytes thus activating CD4+ T helper cells, CD8+ cytotoxic T cells, and B cells 

that can migrate and kill tumour cells. Damage-associated molecular patterns and 

tumour antigens activate both innate and adaptive immune responses.198 This was 

shown in an in vivo model by Korbelik et al. who reported that a EMT6 mammary 

carcinoma could be cured in immunonormal BALB/c mice. In contrast, severe 

combined immunodeficiency  (SCID) mice were not cured, thus indicating the role 

of the immune response in eradicating cancerous cells.199 A similar effect was 

reported in a human case study of a patient with angiosarcoma. Following PDT on 

one limb, lesions on an untreated limb went into remission two months later. Four 

months post-treatment, remission was induced in lesions on another limb. Following 
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a biopsy, CD4+T lymphocytes and CD8+T lymphocytes were shown to be 

present.200 Immune suppression normally follows a large immune response to 

prevent over activation and this is also true following PDT. Elmets and Bowen 

showed that mice treated with hematoporphyrin derivative displayed a 50% 

suppression of contact hypersensitivity to 2,4-dinitro-fluorobenzene.201 
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1.5 EVALUATION AND LIMITATIONS OF PHOTODYNAMIC THERAPY 

PDT has many advantages over conventional treatments. It is more selective and 

thus less toxic to healthy tissue than chemotherapeutic drugs, has better cosmetic 

results and a lower risk of infection compared to surgery, and unlike radiotherapy, it 

does not cause side effects such as infertility. Moreover, PDT does not cause organ 

damage due to toxic drug accumulation and has dual functionality as it targets both 

the tumour vasculature and cancerous cells. Finally, due to its unique mode of 

action, PDT is immune to many conventional chemotherapeutic resistance 

mechanisms, a property that shows potential for combinational therapies.202,203 

Despite this, PDT is not yet a widespread treatment due to its many limitations and 

the reluctance of clinical practice to incorporate new strategies. 

 

As mentioned, singlet oxygen has a short lifetime and diffusion rate79 in biological 

media and thus photodamage is contained to the site of generation. This can be 

directly influenced by photosensitiser distribution and the specific tumour 

vasculature. Many tumours generate their own vascular supply but often the inner 

tumour is hypoxic. This limits the generation of singlet oxygen, which is reliant on 

the tissue oxygen concentration. Treatment regimens often repeat cycles of light 

treatment to allow time for tissue oxygen levels to replenish. This is known as 

fractionated PDT.204 

 

As well as singlet oxygen generation, the optical properties of photosensitisers are 

also a limitation of PDT. The optical window for biological media is between 650-

1200 nm, where electromagnetic radiation has its maximum depth of penetration. 

This region avoids the absorption profiles of important biomolecules including water, 

melanin, and hemoglobin. Many photosensitisers on the market are activated by 

light between 400-600 nm and thus the light treatment is most effective on exposed 

areas including the skin and less effective on embedded cancers.205  

 

Furthermore, higher energy light can lead to burning and poor patient compliance. 

Many porphyrin-based photosensitisers suffer from photobleaching, in which the 

photosensitiser is degraded upon prolonged exposure to light. For example, 

hematoporphyrin undergoes photooxidation, leading to its degradation.206 BODIPYs 

may be an alternative to porphyrins as they are relatively photostable.207 PDT it is 
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not as effective for the treatment of metastatic disease when compared to 

chemotherapy or immunotherapy. In many cases, clearance rates are not optimal 

and photosensitisers including protoporphyrin IX continue to circulate post-

treatment, leading to sensitivity up to weeks post-treatment.208 

 

In any case, PDT is a clinically relevant therapy that requires novel approaches to 

optimise current treatments and advance the development of third or fourth 

generation photosensitisers. 
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1.6 SINGLET OXYGEN AND AROMATIC UNITS 

1.6.1 [4+2] Cycloaddition reactions 

A large proportion of the work detailed in this thesis is underpinned by interactions 

between singlet oxygen and aromatic units, a phenomenon which has been known 

since the work of Dufraisse, Moureu, and Dean in 1926.209 In this historic research, 

the authors synthesised rubene (naphthacene, 1.68) and noticed a colour change 

in an aerated solution following irradiation with light. They isolated a compound 

containing a peroxide that decomposed upon heating to between 110 °C and 150 

°C. This decomposition yielded the parent hydrocarbon and an oxygen species. In 

fact, what occurred was a reversible [4+2] cycloaddition involving oxygen and the 

aromatic system, compound 1.68, to form an endoperoxide, compound 1.69 

(Scheme 1.1).210,211  

 

Scheme 1.1: The reversible [4+2] cycloaddition reaction between rubene and 

oxygen, first demonstrated by Dufraisse, Moureu, and Dean.209 

 

In 1964 Foote identified singlet oxygen as the driving force behind these reactions212 

and then in 1967 Wasserman and Scheffer213 proved that the released oxygen 

species is in the singlet state. They achieved this by studying the thermal 

decomposition (heating reactants in benzene or chloroform for 2-4 days) of 9,10-

diphenylanthracene endoperoxides in the presence of starting materials for singlet 

oxygen mediated oxidations. In one example, 2,5-diphenyl-4-methyloxazole, 1.70 

was converted to N-acetyldibenzamide 1.72 in an 82% yield (Scheme 1.2), thus 

confirming that singlet oxygen was generated from the endoperoxide.213  
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Scheme 1.2: One of the reactions Wasserman and Scheffer used to prove that the 

thermal decomposition of endoperoxides yield singlet oxygen. 

 

Other polyaromatic molecules capable of this transformation were identified214 and 

[4+2] cycloadditions remain the most popular method of endoperoxide synthesis; 

however, some polyaromatics including unsubstituted benzene and naphthalene do 

not undergo these reactions, hence their endoperoxides were synthesised using 

other methods.215,216 On the other end of the scale, as well as reacting readily with 

singlet oxygen, compound 1.74 also reacts with molecular oxygen via a polar 

transition state to form the endoperoxide, 1.75.217 Factors to consider when 

synthesising endoperoxides include the size of the aromatic system, steric effects, 

and substitution patterns. For example, pentacene is more reactive towards 

electrophilic singlet oxygen than anthracene due to its increased electron density.218 

Moreover, the introduction of electron-donating groups near the site of singlet 

oxygen addition increases the rate of endoperoxide formation.219 The influence of 

steric effects on endoperoxide formation can be observed in compounds 1.74 and 

1.76. Endoperoxide formation is possible in both systems because the aromatic 

rings are under steric stress. Compound 1.74 is non-planar despite all carbons being 

sp2 hybridised but this strain is released upon endoperoxide formation.217 Similarly, 

in compound 1.76 the aromatic rings are deformed to allow for interaction with 

singlet oxygen.220  
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Scheme 1.3: Structure of hydrocarbon 1.74 that can react with both singlet and 

triplet oxygen. Structure of endoperoxide forming hydrocarbons that are influenced 

by steric effects, both 1.74 and 1.76. 

 

The decay properties of endoperoxides are highly dependent on each system but 

decay is mediated by photolysis and/or thermolysis. Endoperoxide decay proceeds  

by either cycloreversion reactions, to yield the parent hydrocarbon and an oxygen 

species, or by homolytic cleavage of the oxygen-oxygen bond, leading to 

decomposition products (quinones and hydro-ketones) and/or rearrangement 

products. The homolysis mechanism becomes prominent in higher arenes, while 

cycloreversion is more commonly observed for naphthalenes. This idea, 

represented in Fig. 1.20, was suggested by Turro et al. and evidenced with 

thermodynamic studies.221 

 

 

Figure 1.20: Possible thermolysis and photolysis pathways of endoperoxide 

decomposition. 

 

The aromatic substitution patterns can also affect the decay properties. To exemplify 

this Table 1.1 displays the half-lives of a variety of substituted naphthalene 

endoperoxides. With increasing substitution, cycloreversion occurs over longer 
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timescales due to the electron-donating group stabalisation of the endoperoxide. 

Additionally, steric effects can modulate endoperoxide stability. The 1,8-dimethyl 

naphthalene isomer, 1.85 is more stable than the 1,4-isomer (1.84) due to repulsion 

between adjacent methyl groups in 1.85, resulting in a shorter half-life. It is also 

interesting to note that the authors did not observe the endoperoxide of 1-

methylnaphthalene.222 In 2015, Klaper and Linker extended the naphthalene 

derived endoperoxide library and studied their stability.223  

 
 
Table 1.1: Thermal cycloreversion half-lives at 25 ºC of methyl naphthalene 

endoperoxides.222  

Endoperoxide t1/2 (h) Endoperoxide t1/2 (h) 

 

 

Not observed  

 

 

70 

 

 

5 

 

 

290 

 

 

30 

 

 

stable* 

*During the timescale of the experiments 

 

Bearing in mind that in the aforementioned studies the endoperoxides were 

synthesised from a parent hydrocarbon and singlet oxygen generated from an 

external source, Rihter et al. incorporated an endoperoxide forming unit onto a 

photosensitiser scaffold to allow for the generation and trapping of singlet oxygen in 

the same molecule. This report helped endoperoxide forming reactions transition 

into practical applications. His self-sensitising molecule was 1,6,10,15,19,24,28,33-

octabutoxynaphthalocyanine (Scheme 1.4, compound 1.89). Irradiation of 1.89 in 

benzene generated singlet oxygen from the triplet excited state of the 

phthalocyanine core, which was subsequently added to the aromatic periphery, 

resulting in the formation of the endoperoxide bearing compound 1.90. 
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Decomposition of compound 1.90 to the parent phthalocyanine, 1.89, occurred 

thermally or photochemically under visible light.224  

 

 

Scheme 1.4: Structure of naphthalocyanine system capable of singlet oxygen 

generation, trapping and thermal release. 

 

1.6.2 Application of [4+2] cycloaddition reactions 

A major application of this reaction, which will be discussed in more detail in Chapter 

2, is slow-release or fractional PDT but this transformation is also employed for 

oxygen storage systems, bioimaging, and even photolithography. In the following 

paragraphs, some examples will be highlighted.  

 

Firstly, the endoperoxide of 1,4-dimethylnaphtlene, 1.84 is used as a singlet oxygen 

generator under both mild and dark conditions where thermal release occurs at 25 

°C. The endoperoxide is formed at 0 °C and can be stored at -80 °C for several 

months.222 In 1985, this concept was applied to polymeric systems. Methyl -

substituted poly(vinylnaphtha-1-enes) were prepared by Saito et al. and their 

endoperoxides, which were generated using methylene blue (MB), were shown to 

release singlet oxygen between 0-35 ºC.225 Similar to the monomers, they can 

generate singlet oxygen under mild conditions but can also be used under solvent-

free conditions and the residue can be easily removed after thermal 

decomposition.225 

 

[4+2] Cycloaddition reactions play a role in biological probes and imaging agents. 

The activity of SOSG is based on endoperoxide formation and this probe is widely 

used to detect singlet oxygen and for bioimaging. It has a very low fluorescent 
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quantum yield of approximately 1.9%, as a result of photoinduced electron transfer  

(PeT). However, following interaction with singlet oxygen, the orbital energies are 

perturbed and photo-induced electron transfer is unable to occur. The fluorescence 

quantum yield of the resultant endoperoxide is 37% with a maximum emission at 

525 nm. It is used both in vitro and in vivo and in bench assays but quantitative 

measurements are limited by its inherent singlet oxygen-generating ability (Scheme 

1.5).80,226  

 

Scheme 1.5: Structure of singlet oxygen sensor green (SOSG) showing that its 

function is reliant on a [4+2] cycloaddition reaction.  

 

Perhaps, a more synthetically eloquent example was provided by Mokhir and co-

workers who detailed a library of phosphoramidites, which contained an anthracene-

based linker and other molecular fragments including nucleosides, fluorogenic 

agents, and a cholesteryl derivative. In the presence of singlet oxygen, the linker 

was cleaved by endoperoxide formation via a cycloaddition, which was followed by 

decomposition to release of the attached units. They applied this concept to the 

design of a singlet oxygen probe for live mammalian cells. The attached 

fluorophores were quenched when the linker was intact and activated upon 

cleavage. They reported that the fluorescence intensity of the probe is related to the 

concentration of singlet oxygen within the cells and responsive to both 

photogenerated singlet oxygen and singlet oxygen resulting from the decomposition 

of the endoperoxide, compound 1.94, Scheme 1.6.227  
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Scheme 1.6: Singlet oxygen responsive linker with intermediate endoperoxide 

formation. 

 

In a final example, a 9,10-diphenylanthracene-based monolayer or thin film was 

used to write on a micrometre surface using [4+2] cycloaddition reactions. The 

anthracene unit was anchored to a silicon surface using amide bonds. The system 

was sensitised using MB and visible light. The generation of endoperoxides led to 

quenched fluorescence that could be restored (up to 90%) upon heating and this 

cycle could be repeated (Fig. 1.21).228  

 

 

Figure 1.21: Fluorescence image of a pattern generated on 9,10-

diphenylanthracene monolayer; reproduced from ref. 228.228 
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Chapter 2: Pyridone-substituted 
Porphyrins for Slow Singlet Oxygen 

Release 

 “That her dark hair would weave a snare that I might one day rue;  

I saw the danger, yet I passed along the enchanted way, 

 And I said, let grief be a fallen leaf at the dawning of the day” 

Patrick Kavanagh, 1946 

2.1 INTRODUCTION 

2.1.1 Singlet oxygen slow-release systems 

A major roadblock to the widespread clinical application of PDT is a lack of patient 

compliance with treatment regimens due to the pain associated with intense and 

prolonged light exposure. In addition to this, blistering and itching caused by 

photosensitivity continues post-treatment.229 On the other hand, long treatment 

times and intense light are required to give an effectual therapeutic response as 

singlet oxygen has a limited half-life in biological media.79 A practical solution to 

these issues is rest periods between successive light exposures, with the added 

advantage of allowing tissue oxygen levels to recover. However, as singlet oxygen 

generation only occurs in the presence of light, the therapeutic effect is fragmented. 

Thus, designing systems that can generate, store, and slowly release singlet oxygen 

in cells after irradiation has been terminated could facilitate an enhanced PDT effect 

for clinical application. The aforementioned [2+4] cycloaddition reactions between 

singlet oxygen and aromatic units have found application in PDT as these reactions 

can mediate slow singlet oxygen release.  

 

Thermolysis of endoperoxide gold nanoparticles is an option for delayed singlet 

oxygen release. Gold nanoparticles functionalised with anthracene endoperoxide 

derivatives were shown to release singlet oxygen for up to several weeks upon 

photothermal or magnetic activation.230,231 In 2016, Kolemen et al. demonstrated 
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that singlet oxygen release could be mediated by near-infrared (NIR) light in vitro.232 

In their work, they described an anthracene-based endoperoxide linked to a gold 

nanorod (2.1, Fig. 2.1), with each nanorod carrying 6.5 × 109 anthracene derivatives. 

They showed that when a dimethyl sulfoxide (DMSO) solution of the nanoconstruct 

and a singlet oxygen scavenger, in this case, 1,3-diphenylisobenzofuran (DPBF), 

was either irradiated with a laser at 830 nm or gradually heated from 25 °C to 100 

°C, there was a decrease in DPBF absorption due to singlet oxygen release from 

the endoperoxide. In contrast, a control of only the gold nanorods gave no response. 

To demonstrate this in vitro, HeLa cells were treated with the functionalised 

nanorods and incubated for 24 h. The cells were then exposed to Cyto-ID, to detect 

oxidative stress, and 808 nm near-IR light (2.0 W/cm2) for 10 min. After 24 h, a 

reduction in cell viability was confirmed by an 3-(4,5-dimethylthiazol-2-yl)- 2,5-

diphenyltetrazolium bromide (MTT) assay. Although it was demonstrated that the 

chemical generation of singlet oxygen can cause apoptosis in vitro using light-

induced thermolysis, optimisations of the light dose are required to transition this 

concept to a clinical setting.232  

 

 

Figure 2.1: Structure of photothermally activated anthracene-based slow-release 

PDT photosensitiser. 

 

Naphthalene is another option for singlet oxygen slow-release PDT systems. Lv et 

al. designed a system with naphthalene endoperoxides and an iridium(III) complex 

conjugated to a polymeric carrier. Gold nanorods were also included to trigger 

photothermal singlet oxygen release upon irradiation at 808 nm. Phototoxicity was 
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demonstrated in HeLa cells and attributed to both photothermal and oxidative 

cellular damage.233 

 

Recently, 1,4-dimethylnaphthalene derivatives were applied to PDT by the Akkaya 

group. They synthesised a trimethylsilyl 1,4-dimethylnaphtalene endoperoxide, 

compound 2.2, that was stable at rt for up to 800 h. Upon the addition of fluoride 

ions from tetrabutylammonium fluoride (20 mM), the trimethylsilyl group underwent 

cleavage and the resulting 1,4-dimethylnaphthalene endoperoxide, compound 2.3, 

decayed with a half-life of 5 h to release singlet oxygen. This fluoride-mediated 

controlled singlet oxygen release was demonstrated in vitro. MCF-7 cells were 

incubated with varying concentrations of the endoperoxide and sodium fluoride, as 

the fluoride ion source. Toxicity attributed to released singlet oxygen was observed; 

however, it was also noted that sodium fluoride is not ideal for in vivo models due to 

its inherent toxicity (Scheme 2.1).234  

 

Scheme 2.1: Fluoride ion controlled slow-release singlet oxygen system.  

 

2.1.2 The pyridone moiety in photodynamic therapy 

Pyridone moieties are important ‘trapping units’ for slow-release singlet oxygen 

systems for biomedical applications because their water-solubility facilitates in vitro 

studies and endoperoxide formation and decay occurs at biologically relevant 

temperatures. Firstly, they have been used in photomedicine for the regeneration of 

anoxic tissue, a major contributor to necrosis during grafting.235 Benz et al. studied 

a library of substituted pyridone-based endoperoxides and found that at 37 °C in 

water they had varying half-lives and cycloreversion yields. Compound 2.6 was 

determined to have a half-life of 8.5 h and a cycloreverson yield of 78% in water at 
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37 °C (Scheme 2.2), which are important properties for biological applications. This 

compound was incubated with fibroblasts and smooth muscle cells , which were 

grown under anoxic (0% oxygen) conditions. Vitamin C was added to quench singlet 

oxygen and avoid oxidative damage. Cell survival was increased due to the 

photochemically generated oxygen thus demonstrating the potential of these 

systems in aiding the treatment of  necrotic wounds.236 

 

 

Scheme 2.2: Pyridone-based singlet oxygen controlled slow-release systems 

(TEG = triethylene glycol). 

 

In the same year, Changtong et al. reported 2-pyridone moieties that were 

conjugated to a porphyrin. This single construct was capable of singlet oxygen 

generation by the porphyrin photosensitiser, storage on the pyridone units, and 

subsequent thermal release. They showed that endoperoxide decay between 25 °C 

and 50 °C was reversible and followed first-order kinetics. Interestingly, the 

endoperoxide could be generated at rt and singlet oxygen release continued for 

several h post-irradiation.237  

 

Although the aforementioned work highlighted these pyridone-based compounds as 

potential PDT agents, they were limited by poor water-solubility. In 2016, Akkaya 

and co-workers validated the concept in vitro using halogenated distryl BODIPYs 

fashioned with 2-pyridone moieties. These systems were delivered to cells using 

micelles. BODIPY 2.8 (Fig. 2.2) was transformed into the endoperoxide using light 

irradiation in the presence of MB. The efficiencies of the native BODIPY and its 

endoperoxide bearing analogue were compared in cytotoxicity studies. HeLa cells 

were treated with varying (9 nM – 2.5 µM) concentrations of each compound and 

irradiated with red light for 10 min every hour for 24 h. These light-dark cycles were 

followed by 24 h of incubation in the dark. Increased cytotoxicity was observed for 

the endoperoxide bearing BODIPY as opposed to the parent functionalised 

BODIPY. They also studied the release of singlet oxygen from the endoperoxide 
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using DPBF as a singlet oxygen trap. Irradiation of the parent halogenated BODIPY 

in a DMSO solution resulted in singlet oxygen generation and a decrease in DPBF 

absorbance. This was followed by a dark stage in which DPBF absorbance 

continued to decrease. The pattern continued over several light-dark cycles, in 

essence, showing that singlet oxygen is produced from the photosensitiser but also 

released from the endoperoxides under dark conditions making these compounds 

applicable to fractional PDT.238 

 

Since the first publication of the results disclosed in this chapter,239 the pyridone unit 

has established itself as a useful moiety for PDT photosensitisers. Some examples 

will be highlighted in the following paragraphs. In 2018, Xiao et al. demonstrated the 

pyridone trapping principle with an aza-BODIPY core. They synthesised an aza-

BODIPY photosensitiser with 2-pyridone units, compound 2.9. This was reacted with 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000] (DSPE-mPEG2000), to generate biocompatible nanoparticles through 

self-assembly. These constructs generate singlet oxygen, which is trapped and 

slowly released via the pyridone units. They demonstrated cellular uptake and 

phototoxicity in HeLa cells and preferential tumour accumulation in vivo. HeLa 

tumours implanted in nude mice displayed 93% inhibition (Fig. 2.2).240 
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Figure 2.2: Structure of pyridone-based slow-release photosensitisers with 

BODIPY and aza-BODIPY cores. 

 

Another nanoconstruct with pyridone units for application in PDT was published in 

2019 by Jiao et al.241 They constructed a silica nanocarrier with a protoporphyrin IX 

derivative to generate single oxygen, a pyridone storing unit, and a cyanine 

derivative to monitor singlet oxygen production. The cellular uptake of the system in 

HeLa cells was sufficient and upon light irradiation, fractional PDT was 

demonstrated. They noted higher phototoxicity resulting from their system 

compared to a  traditional protoporphyrin IX photosensitiser in HeLa cells and were 

able to monitor singlet oxygen production under dark conditions in living cells using  

fluorescent bleaching.241 

 

A pyridone-containing phenalenone has also been designed, compound 2.11. The 

phenalenone unit generates singlet oxygen, which is trapped by the pyridone units 

and then thermally released. This was demonstrated in HeLa cells and apoptosis 

was initiated during both light and dark cycles.242  
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Scheme 2.3: Structure of pyridine-functionalised phenalenone. 

 
In a final recent example of a pyridone modified system. Chen et al. functionalised 

Erlotinib, an epidermal growth factor receptor (EGFR) targeting chemotherapeutic 

drug, with a pyridone unit using ‘click’ chemistry.243 They showed that uptake was 

greater in Hcc827 cells, an Erlotinib-sensitive human lung cancer cell line with high 

EGFR expression, when compared to HepG2 cells, with high differentiation and 

proliferation, or H1975 cells, an Erlotinib-resistant human lung cancer cell line. 

Endoperoxide bearing Erlotinib showed a two-fold increase in anticancer activity in 

the cell models when compared to Erlotinib and the pyridone-substituted Erlotinib. 

This principle was also demonstrated in tumour bearing Kunming mice with the 

endoperoxide functionalised Erlotinib showing a better antitumor response than 

unsubstituted Erlotinib. This approach is particularly interesting because it does not 

require light or tissue oxygen.244  

 

 

Figure 2.3: Structure of pyridone endoperoxide functionalised Erlotinib. 
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2.2 OBJECTIVES  

Practical limitations of PDT are patient discomfort and compliance issues associated 

with irradiation protocols that cause skin burning and inflammation. To address this, 

we aimed to synthesise compounds that can produce singlet oxygen under dark 

conditions and thus allow for either a reduction in irradiation time or fractional 

irradiation protocols. We also aimed to design a system that could increase the 

therapeutic response by continuing to generate singlet oxygen under dark 

conditions. The approach aimed to design compounds capable of singlet oxygen 

generation, storage, and thermal release.  

 

Pyridone was chosen as the trapping unit because it has inherent water-solubility 

and endoperoxide thermal decay properties that can be chemically tuned for 

biological conditions and thus medical applications. It was envisioned that pyridine- 

octa- and -tetra substituted porphyrins would show increased water-solubility and 

singlet oxygen trapping ability, correlating to an enhanced therapeutic effect. The 

porphyrin core was chosen as it is a versatile synthetic scaffold and an efficient 

singlet oxygen generator. The target compounds were tetrapyridone-substituted 

porphyrins with carboxylic acid units, compounds 2.13 and 2.14, and octapyridone-

substituted porphyrins, compounds 2.15 and 2.16 (Fig. 2.4). We aimed to produce 

these compounds using Lindsey condensation and nucleophilic substitution 

reactions as key synthetic steps. Target compounds, 2.13–2.16, differed by their 

substitution pattern and we aimed to study the effect of this variation on thermal 

decay and the resulting permutations in the therapeutic response. We also aimed 

to investigate the in vitro cytotoxicity of the target compounds to evaluate their 

biocompatibility and applicability to PDT.   
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Figure 2.4: Structures of target pyridone-appended photosensitisers. 
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2.3 RESULTS AND DISCUSSION* 

2.3.1 Pyridone-substituted A4-porphyrins 

Pyridone-substituted porphyrins were investigated as potential PDT 

photosensitisers. Initially, symmetric porphyrins bearing four pyridone units were 

synthesised. Porphyrin 2.17 was synthesised under Lindsey conditions92 and 

characterised in accordance with a previously published procedure.237 Porphyrins 

2.18 and 2.19 were prepared by a nucleophilic substitution reaction between 

porphyrin 2.17 and either 2-hydroxypyridine or 3-methyl-2-hydroxypyridine, with the 

pyridone in a 15-fold excess and in the presence of NaH (Scheme 2.4). Yields of 

52% and 63% were obtained for 2.18 and 2.19, respectively. 

 

 

 

Scheme 2.4: Synthesis of pyridone-substituted A4-porphyrins. a) 2-

Hydroxypyridine or 3-methyl-2-hydroxypyridine (15 eq.), NaH (15 eq.), THF, rt, 5-6 

h. 

 

The introduction of four pyridone units did not show the expected water-solubility 

and thus in vitro studies failed. SOSG assays were performed on porphyrins 2.18 

and 2.19. As described in Scheme 1.5, SOSG consists of an anthracene unit that 

                                                             
*Contributions to the results in this chapter were made by Dr. M. A. Filatov and the Boyle Group.  
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quenches a fluorophore. Upon cycloaddition between singlet oxygen and the 

anthracene unit, quenching is disrupted and fluorescence is enhanced.226  

Porphyrins 2.18 and 2.19 were irradiated with broadband light (400–700 nm) in 

tetrahydrofuran (THF) at 0 °C for 1 h to ensure complete conversion of the pyridone 

moieties to endoperoxides. After irradiation, SOSG (0.1 eq.) was added and 

fluorescence was monitored with time while heating to 20 °C or 40 °C. The results 

indicate that the release of singlet oxygen from the endoperoxide of compound 2.18 

took place at 20 °C over 5 h. In contrast, the endoperoxide of compound 2.19 did 

not release singlet oxygen under the same conditions but when heated to 40 °C the 

release took place over 7 h (Fig. 2.5). This is explained by the electron-donating 

effect of the methyl group, which increases the stability of the endoperoxide and 

thus decomposition occurs at higher temperatures.239 This observation is in 

agreement with a previous publication on simple 2-pyridone derivatives, which 

reported that the endoperoxide of 2-pyridone has a half-life of 30 min at 37 °C, while 

3-methyl-2-pyridone-endoperoxide is considerably more stable with a half-life of 8 

h.236 

 

Figure 2.5: Singlet oxygen sensor green (SOSG) assay to detect singlet oxygen 

release from endoperoxides of compounds 2.18 (left) and 2.19 (right). Rise of 

SOSG fluorescence was monitored in THF with the excitation/emission pair 

490/525 nm. Inset: 535 nm emission changes with time. 

 

2.3.2 Synthesis of water-soluble pyridone-substituted A4-porphyrins 

To improve the water-solubility of the initial systems, optimisations were undertaken: 

i) the introduction of more pyridone moieties (compounds 2.15 and 2.16) and ii) the 

introduction of carboxylic acid groups on the meso-aryl substituents (compounds 
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2.13 and 2.14). Firstly, the synthesis of the octapyridone-porphyrins involved 

bromination of 3,5-dimethylbenzoate 2.20 to yield compound 2.21 (Scheme 2.5). 

This was followed by reduction of the ester to alcohol 2.22 with diisobutylaluminium 

hydride (DIBAL) and subsequent oxidation to aldehyde 2.23 with MnO2. A two-step 

approach was taken for the synthesis of 2.23 from 2.21 to achieve better control as 

partial reduction to the aldehyde was expected to be problematic. Compounds 2.20–

2.23 were synthesised and characterised in accordance with literature 

procedures.245–247  

 

 

Scheme 2.5: Synthetic route to aldehyde 2.23. a) NBS (2 eq.), benzoyl peroxide 

(cat.), CCl4, reflux; 3.5 h; b) 1. DIBAL (2 eq.), toluene, 0 °C, 2. 70 °C, 3 h, 3. HCl 

(aq.); c) MnO2 (10 eq.), DCM, rt, 24 h. 

 

Then, aldehyde 2.23 was used in a pyrrole condensation under Lindsey conditions 

to yield octabromoporphyrin 2.25 in 39% yield (Scheme 2.6). This synthetic 

procedure was adapted from literature.248 

 

 

Scheme 2.6: Lindsey condensation reaction to yield porphyrin 2.25. a) 1. BF3·Et2O 

(cat.), DCM, rt, 3 h, 2. DDQ (0.75 eq.), rt, 1 h, 3. TEA (cat.). 

 



 

 
78 

 

Treatment of 2.25 with excess 2-hydroxypyridine or 3-methyl-2-hydroxypyridine in 

the presence of NaH yielded the target octapyridone-substituted systems 2.15 and 

2.16 in 58% and 65% yields, respectively (Scheme 2.7). 

 

 

Scheme 2.7: Nucleophilic substitution reaction to yield target octa-substituted 

pyridone porphyrins. a) NaH (30 eq.), THF, 66 °C, 5 h. 

 

The second approach required selective monooxidation of dibromide 2.23 (Scheme 

2.8). We attempted the optimisation of this step, which is described in Table 2.1, 

with the best result affording an 11% yield using 

bis(tetrabutylammonium)dichromate. The initial approach using Na2CO3 and NaOH 

resulted in over-oxidation (Table 2.1, Entries 1 and 2),249 therefore, a weaker 

oxidising agent MnO2 was chosen.250 Insufficient oxidation occurred with the 

resulting low yields unsuitable for continuing the synthetic route (Entries 3–6). 

Finally, by adapting a literature procedure using 

bis(tetrabutylammonium)dichromate the target compound 2.28 was obtained in a 

yield of 11%; moderate, considering the synthetic challenge.251 
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Scheme 2.8: Monooxidation of 2.23. a) (Bu4N)2Cr2O7 (0.66 eq.), CHCl3, 70 °C, 1 

h. 

 

Table 2.1: Attempted optimisation to yield compound 2.28.249–251 

Entry Reagent Solvent Eq. Temp. (°C), 

Cond. 

Time 

(h) 

Result 

1 Na2CO3 and 

NaOH 

H2O 1.1 120, bench 5.5 Not 

isolated 

2 Na2CO3 and 

NaOH 

H2O 1.1 140, bench 24 Over Ox. 

of 2.23 

3 MnO2 CHCl3 4.6 70, bench 96 5% 

4 MnO2 THF 4.6 65, bench 48 1% 

5 MnO2 CHCl3 9.2 70, microwave 2.8 Not 

isolated 

6 MnO2 DCM 9.2 70, pressure 

tube 

19 6% 

7 (Bu4N)2Cr2O7 CHCl3 0.66 70, bench 1 Not 

isolated 

(impure) 

8 (Bu4N)2Cr2O7 CHCl3 0.66 70, bench 1 9% 

9 (Bu4N)2Cr2O7 CHCl3 0.66 70, bench 1 11% 

 

Aldehyde 2.28 and pyrrole were then used to access the tetra brominated porphyrin 

fashioned with esters, compound 2.29; a 42% yield was obtained (Scheme 2.9).  
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Scheme 2.9: Synthesis of tetrabrominated porphyrin with ester functionalities. a) 

1. BF3·Et2O (cat.), DCM, rt, 2 h. 2. DDQ (0.75 eq.), rt, 30 min. 3.TEA (cat.). 

 

Following a nucleophilic substitution reaction with the corresponding pyridones (15-

fold excess), compounds 2.30 and 2.31 were obtained, in 77% and 57% yields, 

respectively. Finally, conversion to the carboxylic acid was achieved using excess 

KOH to yield target compounds 2.13 and 2.14. All of the pyridone-substituted 

porphyrins were purified by recrystallisation as degradation during silica column 

chromatography was observed (Scheme 2.10).239 
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Scheme 2.10: Synthesis of tetrasubstituted pyridone porphyrins with carboxylic 

acid functionalities. a) NaH (15 eq.), THF, 70 °C, 5 h; b) KOH (30 eq.), THF, 66 °C, 

24 h. 

 

2.3.3 In vitro studies on pyridone-substituted A4-porphyrins 

Compounds 2.13–2.16 displayed increased water-solubility and, in collaboration 

with the group of Prof. Ross Boyle at the University of Hull, were tested for in vitro 

cytotoxicity. Human adenocarcinoma cells (HT-29) were treated with various 

concentrations of compounds 2.13–2.16 (in duplicate) and incubated in the dark for 

1 h at 37 °C in an atmosphere of 5% CO2. For each experimental point, one plate 

was irradiated with 20 J/cm2 of broadband visible light (400–700 nm), while the 

second plate served as a “dark toxicity” control. Following 24 h of incubation, cell 
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viability was determined using MTT assays. Upon the reduction of MTT by 

NAD(P)H-dependent oxidoreductase enzymes to formazan, a colour change from 

yellow to purple is observed and this can be used to monitor metabolic activity and 

thus cell viability. The formazan is dissolved in solution and absorption spectroscopy 

is then used to quantify cell viability.252 

 

 

Figure 2.6: HT-29 cell viabilities after 1 h of incubation with porphyrins 2.13–2.16 

with (blue) and without (black) light irradiation (400–700 nm, 20 J/cm2). 

 

From the data presented in Fig. 2.6 it can be seen that compounds 2.13 and 2.14, 

bearing carboxylic acid moieties, showed significant toxicity under light conditions 

and minimal toxicity in the dark. Most promisingly, compound 2.14 displayed 

efficient cytotoxicity (less than 20% viability) at a concentration of 51 µM. For these 

compounds, the presence of the methyl group had little effect on endoperoxide 

stability in vitro. In contrast, compound 2.16 bearing eight methylated pyridone units 

gave a better response than the non-methylated 2.15. At the highest concentration 
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of 200 µM, 80% cell inactivation was observed for compound 2.16 in comparison to 

23% for compound 2.15 (Fig. 2.6). It can be concluded that the methyl group 

stabilises the endoperoxide and thus the slow-release effect is more pronounced, 

resulting in a stronger therapeutic response.239 

 

2.3.4 Synthesis of pyridone-substituted A3B-porphyrins 

In an extension of this project, unsymmetric analogues were synthesised with the 

aim of incorporating an anchor group for conjugation to nanoplatforms such as 

hydrogels. To achieve this synthetically, mixed condensations were employed.  

 

First, a synthetic route towards pyridone hexasubstituted porphyrins was 

investigated. Compound 2.23 was synthesised as previously described (Scheme 

2.5) and condensed with aldehyde 2.32 and pyrrole. The mixed condensation, which 

yielded compound 2.33, was then optimised. It was found that the logical 3:1 ratio 

gave a lower yield (10%) compared to a 2:1 ratio (12%), possibly due to the relative 

reactivities of the aldehydes (Scheme 2.11). As expected, the A4 porphyrin was the 

major product. A nucleophilic substitution reaction was attempted with 2-

hydroxypyridine but the target compound was not isolated as recrystallisation 

proved difficult.  

 

 

Scheme 2.11: Synthesis of hexabrominated A3B-porphyrin. a) 1. BF3·Et2O (0.1 

eq.), DCM, rt, 2 h. 2. DDQ (0.75 eq.), rt, 24 h. 3. TEA (cat.). 
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In the first synthetic step on the route to the tri-substituted porphyrin, a cyanide 

reduction, adopted from literature,253 yielded aldehyde 2.35 in a 90% yield (Scheme 

2.12).  

 

 

Scheme 2.12: Reduction to yield aldehyde 2.35. a) 1. DIBAL (1.2 eq.), toluene, 0 

°C. 1 h, 2. CHCl3. 3. HCl (aq.). 

 

Aldehyde 2.35 was then condensed in a ratio of 2:1 with aldehyde 2.32 and pyrrole. 

The condensation resulted in the target A3B porphyrin, 2.36, in a yield of 14% and 

a yield of 18% for the A4 porphyrin as a second product. 

 

 

Scheme 2.13: Synthesis of pyridone-substituted AB3-porphyrin a) 1. BF3·Et2O (0.1 

eq.), DCM, rt, 1.5 h. 2. DDQ (0.75 eq.), rt, 2 h. 3. TEA (cat.). 

 

The A3B porphyrin, 2.36 was substituted with 2-hydroxypyridine or 3-methyl-2-

hydroxypyridine to afford porphyrins 2.37 and 2.38 in yields of 23% and 19%, 

respectively (Scheme 2.14). Again, these compounds were purified using 

recrystallisation techniques.  
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Scheme 2.14: Synthesis of pyridone-substituted AB3-porphyrin. a) NaH (15 eq.), 

THF, 66 °C, 5 h. 
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2.4 CONCLUSION AND FUTURE WORK 

In summary, we have successfully synthesised water-soluble pyridone-substituted 

porphyrins and evaluated their applicability to PDT. Upon interaction with light, the 

porphyrin core generates singlet oxygen, a fraction of which undergoes [4+2] 

cycloaddition reactions across the pyridone subunits, leading to singlet oxygen 

storage. We were able to show that singlet oxygen was released from the 

endoperoxide of compound 2.18 at 20 °C over 5 h. In contrast, the endoperoxide of 

compound 2.19 released singlet oxygen at 40 °C over 7 h, indicating that the 

endoperoxide substitution pattern affects the endoperoxide stability and thus its 

thermal decay. Of note for biological applications, a methyl substitution pattern 

(compounds 2.13 and 2.16) results in endoperoxide decay at clinically relevant 

temperatures. In vitro studies show that the water-soluble compounds were uptaken 

into cells. Additionally, photodynamic action and singlet oxygen slow-release effects 

resulted in cytotoxicity. Compound 2.14, with methyl-substituted endoperoxides, 

displayed the strongest response with less than 20% cell viability at a concentration 

of 51 µM under light irradiation. This work is among the first examples of 

endoperpeoxides being applied to PDT.   

 

This was a proof-of-concept study but looking forward, these systems can be 

optimised further to provide an alternative to conventional PDT regimes, especially 

via improvements of the irradiation protocols. Additionally, PDT in the dark can be 

envisioned. One possibility is to incorporate these trapping units as part of larger 

multifunctional constructs or further increase the number of traps using carrier 

systems, for example a hydrogel system. It is expected that a hydrogel framework 

would increase the water-solubility of the porphyrin and allow for increased 

payloads. We have made steps towards the synthesis of compounds for 

incorporation in carrier systems. For example, the methyl ester anchoring group can 

easily be converted to a carboxylic acid moiety for conjugation to the amino groups 

of chitosan hydrogels (Scheme 2.15). 



 

 
87 

 

 

Scheme 2.15: Schematic illustration of possible pyridone-substituted porphyrin 

hydrogels. 1-Ethyl-3-methylimidazolium acetate ([C2mim][OAc]), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS). 
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Chapter 3: Heavy-atom Free Singlet 
Oxygen Generating BODIPY Dyads 

 “Life … is a relationship among molecules and not a property of any molecule” 

         Linus Carl Pauling 

quoted in Force of Nature: The Life of Linus Pauling, 1997 

3.1 INTRODUCTION 

As mentioned in Chapter 1 porphyrins and their derivatives are the cornerstone of 

PDT photosensitisers. However, in recent decades BODIPY-based systems have 

established themselves as feasible agents for both phototherapy and diagnostics  

because of their tuneable photophysical properties.86 Inherently, BODIPYs are 

chromophores and therefore populate excited singlet states upon the absorption of 

light;98 however, by exploiting photophysical phenomena such as the heavy atom 

effect and PeT, triplet state population can be increased. In many cases, this results 

in the generation of singlet oxygen and thus facilitates the possibility of PDT 

applications. By employing rational design principles and chemical modification to 

tune the photophysical properties, we can modulate the properties of BODIPYs to 

make them efficient photosensitisers. 

 

3.1.1 Examples of singlet oxygen-generating BODIPYs 

In the section, we aim to highlight strategies used to generate singlet oxygen and 

examples will be given, although many more may be found in the literature.86,254 

Some examples were also reviewed by us in the context of this thesis.134 The first 

strategy to be discussed, and arguably the most widely used, is halogenation. This 

is a synthetically accessible method to initiate the heavy atom effect. The heavy 

atom effect was first described by McClure in 1949.255 He studied a library of 

substituted aromatic compounds and noticed a reduction in phosphorescence with 

increasing atomic number of the substituents.255 The heavy atom effect results in an 

increased rate of spin-forbidden process, in this case, singlet to triplet transitions. 
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Singlet to triplet transitions are forbidden by selection rules because the singlet and 

triplet states have different multiplicity. The transition is mediated by spin-orbit 

coupling or the quantum mixing of states. Spin-orbit coupling is the interaction 

between the spin magnetic moment of an electron and the magnetic field resulting 

from the apparent nuclear motion. The magnitude of the nuclear magnetic field is 

directly proportional to nuclear charge and thus is dependent on the atomic number 

of the substituent. Therefore, compounds substituted with atoms of large atomic 

numbers can often result in spin-orbit mixing. Subequently, intersystem crossing 

(ISC) from the singlet excited state to the triplet is observed. This results in an 

increased excited triplet state population from which singlet oxygen is generated 

(Fig 3.1).256  

 

 

Figure 3.1: Jablonski diagrams describing the heavy atom effect. Intersystem 

crossing (ISC), electron transfer (ET), halogen (X). 

 

Yogo et al. investigated the singlet oxygen-generating abilities of 3.1 using the 

singlet oxygen trap, DPBF. Compound 3.1 displayed singlet oxygen-generating 

abilities in a range of solvents and a low fluorescent quantum yield (Φf  = 0.02 in 

MeOH) as the two processes compete. They also showed that 3.1 was more 

resistant to photobleaching compared to Rose Bengal (RB) by measuring the 
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absorption spectra after repeated laser illumination. They used 3.1 to demonstrate 

the photodynamic effect in HeLa cells and observed cytotoxicity (Fig. 3.2).207  

 

 

Figure 3.2: Structure of an iodinated BODIPY photosensitiser capable of singlet 

oxygen generation. 

 

In another interesting example of how halogenation can modulate photophysical 

properties, compounds 3.2–3.4, with increasing number of iodine atoms, were 

shown to generate singlet oxygen to a similar degree (1O2 Φ = 0.83±0.07–0.87±0.06) 

using RB as a reference. Notably, the introduction of iodine at the 3- and 5-positions 

resulted in an increase in fluorescence (Fig. 3.3). 

 

 

Figure 3.3: Structure of iodinated BODIPY photosensitisers with increasing 

fluorescence quantum yields. Rose Bengal (RB). 

 

Halogenated aza-BODIPYs have also been studied for application in PDT due to 

their red-shifted absorption spectra. Using direct methods, compound 3.5 was 

shown to have a singlet oxygen quantum yield of 0.74 and a maximum absorption 

at 680 nm.257 The photodynamic effect was shown using compound 3.5 both in vitro 

and in vivo, with a reported 71% ablation of mammary tumours in a mouse model 

(Fig. 3.4).258 
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Figure 3.4: Structure of singlet oxygen-generating aza-BODIPY. 

 

In 2005, O’Shea and co-workers incorporated a singlet oxygen-generating 

halogenated BODIPY into a pH-responsive PDT system. In this proof-of-concept 

study, pH-dependence was exploited to selectively activate singlet oxygen 

generation by modulating a PeT process. They designed aza-BODIPY (compounds 

3.6) with pH-responsive amine units covalently attached at the 2- and 6-positions 

(Fig. 3.5). Their compounds displayed increased singlet oxygen production under 

acidic conditions (compounds 3.7) due to the deactivation of the PeT mechanism 

and subsequent singlet oxygen generation from the aza-BODIPY unit. This was 

shown to be reversible upon the introduction of neutralising equivalents of base. In 

vitro studies in a transformed fibroblast cell line demonstrated cytoplasmic 

localisation and cytotoxicity; however, a clear correlation between cellular pH and 

cytotoxicity was not shown.259 

 

 

Figure 3.5: Structure of pH-responsive aza-BODIPY. 

 

Another strategy to promote ISC is dimerisation as exemplified by compounds 3.8 

and 3.9, which give high singlet oxygen yields and low fluorescence compared to 

their monomers. Using DPBF as a singlet oxygen trap and MB as a reference, the 
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singlet oxygen quantum yields of 3.8 and 3.9 were determined to be 0.51 and 0.46, 

respectively. The singlet oxygen-generating ability is thought to arise from two 

excited singlet states when the chromophore units are connected orthogonally as 

they are isolated, computation studies have provided evidence for this. Compound 

3.8 was shown to induce cytotoxicity against human erythroleukemia cells with an 

EC50 value of 50 nM.260 

 

 

Figure 3.6: Structure of singlet oxygen-generating orthogonal dimers. Methylene 

Blue (MB). 

 

Conjugation to a spin converter such as C60 can also give access to the triplet state, 

such as in the case of 3.10 and 3.11. Fluorescence is quenched via intermolecular 

transfer to the C60 unit. Compound 3.10 was used for triplet-triplet annihilation 

applications and, using transient absorption spectroscopy, was shown to have a 

triplet state lifetime of 33.3 μs. Compound 3.11 has a triplet state lifetime of 123.2 

μs and a singlet oxygen quantum yield of 0.009 in toluene using a BODIPY as the 

standard. Additionally, the extended conjugation resulting from the styryl groups 

results in a red-shifted absorption spectrum (absorption maximum of 3.11 at 657 nm 

in toluene). Although interesting organic photosensitisers, the application of these 

compounds in PDT is limited by solubility and biocompatibility issues (Fig. 3.7).261,262   
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Figure 3.7: Structure of C60-conjugated triplet state generators. 

 

The final strategy to be discussed to access the triplet state involves reducing the 

energy gap between the singlet and triplet excited states. Nguyen et al. achieved 

this by making dyads with strongly donating groups at the 8-position of the BODIPY. 

In one recent example, compound 3.12, a BODIPY core was fashioned with a 

phenoxazine group. BODIPY 3.12 had a reported 68% singlet oxygen quantum yield 

in toluene with respect to an iodinated BODIPY. The energy gap between the singlet 

and triplet states was reduced by 0.44 eV compared to a BODIPY without a donating 

group. The BODIPY was then incorporated into a micellar system for in vitro and in 

vivo studies. Dose-dependent phototoxicity was shown in HeLa cells and 70% 

tumour inhibition after three weeks, as well as imaging properties, were 

demonstrated in vivo.263 The same group also reported a MeOPh-substituted 

thiophene-fused BODIPY, compound 3.13, which has a singlet oxygen quantum 
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yield of 85% in acetonitrile and a fluorescence quantum yield of 17.11% in 

acetonitrile. It was concluded from an in vitro study that the IC50 value was 95 nM.264   

 

 

Figure 3.8: Structure of singlet oxygen-generating BODIPYs with electron-

donating groups. 

 

3.1.2 BODIPY-anthracene dyads and photoinduced electron transfer 

In 2017, our group published another class of heavy atom free singlet oxygen-

generating BODIPYs. BODIPY-anthracene dyads (BADs), e.g., compounds 3.15 

and 3.14 were shown to have singlet oxygen quantum yields of 0.67 and 0.38, 

respectively. Upon light absorption, the singlet excited state is accessed.265 As 

opposed to ISC being promoted by the heavy atom effect, in these compounds the 

triplet state is populated via a PeT process. Systems containing donor and acceptor 

units can undergo this process, in which an electron is transferred from the excited 

state of the donor (anthracene) to an acceptor (BODIPY), resulting in a highly dipolar 

excited state known as a charge-separated or charge transfer state. These charge-

separated states can undergo radical-pair ISC or recombine to form local triplet 

excited states by spin-orbit charge-transfer ISC. The triplet and charge-separated 

states were identified by transient absorption spectroscopy (Fig. 3.9). Recently, 

Wang et.al. studied the electron spin dynamics of these compounds with time-

resolved electron paramagnetic resonance spectroscopy and concluded that, in 

these systems, the triplet state is accessed by spin-orbit charge-transfer ISC.266 



 

 
95 

 

 

Scheme 3.1: BADs (3.14 and 3.15) and their photoproducts.  

 

 

Figure 3.9: Jablonski diagram representing singlet oxygen generation in BADs. 

Inset: Schematic representation of photoinduced electron transfer. Charge-

separated state (CSS), photosensitiser (PS), photoinduced electron transfer (PeT), 

electron transfer (ET), intersystem crossing (ISC). 

 

In addition to photosensitisation, the aromatic unit in these systems is capable of 

endoperoxide formation via a [4+2] cycloaddition reaction between singlet oxygen 

and the anthracene unit. Homolysis of the oxygen-oxygen endoperoxide bond then 

occurs, which leads to rearrangement reactions, generating fluorogenic 

photoproducts (compounds 3.16–3.18). These photoproducts complement the 

photodynamic effect by introducing the ability to visualise oxidative stress. The 
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photodynamic effect and fluorescence properties were demonstrated using human 

breast cancer cells (MDA-MB-468) following the synthesis of water-soluble BAD 

derivatives. Blebbing, characteristic of cell death, was observed and toxicity studies 

indicated LD50 values of 4 mΜ (Fig. 3.10).265   

 

 

Figure 3.10: Example of water-soluble BAD and confocal microscopy image of 

MDA-MB-468 cells incubated with BODIPY-anthracene dyad, 3.19, after 5 min; 

reproduced from ref. 265.265   

 

3.1.3 Other photoinduced electron transfer-reliant photosensitisers  

In 2007, Harriman et al. designed a photosensitiser with a BODIPY core and an N‐

methylpyridinium unit at the 8-position (3.20). Prior to methylation, the BODIPY is 

highly fluorescent but the methylation product (3.20) is a singlet oxygen generator 

via the formation of charge-separated states. This was facilitated by PeT from the 

BODIPY to the N‐methylpyridinium unit, which was thermodynamically 

favourable because of the positive charge. Ultimately, a triplet state yield of 75% 

was obtained in acetonitrile.267   
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Figure 3.11: Examples of photosensitisers that generate triplet states via 

photoinduced electron transfer. 

 

In recent years, there have been many other examples of photosensitisers that rely 

on PeT and charge-recombination. Firstly, Chen et al. described a BODIPY-

phenothiazine dyad, 3.21. The dyad has an orthogonal geometry with respect to the 

core in addition to a low fluorescence yield. A triplet state quantum yield of 97.5% 

was observed.268 In 2019, Dong et al. reported BOPIPY-phenoxazine 

photosensitisers with similar properties.269 In 2018, the Akkaya group reported a 

switchable system that was specifically applied to PDT. The system comprised of a 

BODIPY core fashioned with a Zn(II)-terpyridyl fragment (3.22), which acts as the 

electron acceptor, allowing PeT to occur. The subsequent generation of singlet 

oxygen was shown to induce apoptosis in K562 cells when exposed to light. Then, 

the Zn(II) ion interacted with phosphatidylserine, a lipid, which became exposed 

during apoptosis. In the resulting system, 3.23, fluorescence is dominant to allow 

for imaging and the singlet oxygen-generating mechanism is quenched.270 
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3.2  OBJECTIVES 

 

The development of effective strategies for modulating the photophysical properties 

of BODIPYs via chemical modification is key to their application as photosensitisers  

for PDT. BADs, first described by the Senge group, are a new class of 

photosensitisers, in which fluorescence is switched on by interaction with singlet 

oxygen.265 Although interesting for applications in PDT, these novel 

photosensitisers are in their infancy with only two examples. We aimed to expand 

and optimise the library of BODIPY dyads capable of PeT mediated singlet oxygen 

generation and design compounds capable of both singlet oxygen and fluorescence 

generation for imaging purposes and to extensively investigate their applicability to 

PDT. We also aimed to gain an understanding of the compounds fundamental 

photophysical properties through the study of their absorption, fluorescence, and 

singlet oxygen-generating properties. 

 

BODIPYs have been chosen as the central scaffold because of their chemically 

tuneable photophysical properties. 8-Substitutions with similar highest occupied 

molecular orbital (HOMO) energies to the previously reported anthracene systems, 

namely other anthracene derivatives, trimethoxyphenyl, perylene, and pyrene units 

(Fig. 3.12), are expected to generate singlet oxygen effectively. They were 

synthesised using two-step one-pot condensation and boron insertion reactions. We 

aimed to assess their applicability to PDT by synthesising water-soluble derivatives 

for in vitro studies. From our library, we hoped to identify and develop a lead 

compound that is suited to application in PDT.  
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Figure 3.12: Schematic representation of target BODIPY dyads under 

investigation. 
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3.3 RESULTS AND DISSCUSSION† 

 

3.3.1 Expanding the BODIPY dyad library 

 

Following the initial success of the first two BADs, it was pertinent these 

photosensitisers were further investigated to assess their applicability to PDT. To 

realise this, the synthesis of an expanded library of dyads was performed. The 

library was designed to investigate the effect of varying the HOMO energies, by 

substituent variation, on PeT efficiency. In the PeT process, an electron is 

transferred from the HOMO of the anthracene unit to the BODIPY unit forming a 

charge-separated state (Fig 3.13a). Thus, 8-substituted BODIPYs with similar 

HOMO energies are expected to demonstrate effective PeT. It has been reported 

that pyrrole alkyl substitution can have a significant effect on the HOMO and lowest 

unoccupied molecular orbital (LUMO) energies.271 The molecular energy of 

alkylated BODIPY cores, anthracene derivatives, pyrene, and perylene were 

calculated using density functional theory and they were shown to have comparable 

HOMO and LUMO energies (Figure 3.13b) and it can be seen that alkyl substituents 

reduce the electron-accepting ability of the BODIPY subunit. A series with a 

phenylene unit between the BODIPY core and aromatic unit was also included in 

the compound library to assess the effect of a spacer on the PeT process (Figure 

3.13).272,273 

 

                                                             
† Contributions to the results presented in this chapter were made by Dr. M. A. Filatov, T. Wiesner, 
P. Gierlich, and Dr. K. J. Flanagan as well as our collaborators in the Boyle Group, University of Hull, 
the Arnaut Group, University of Coimbra, and Dr. P. Polestshuk, Moscow State University. Data for 
this chapter was collected during a research trip to NTNU in the group of Prof. O. A. Gederaas. 
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Figure 3.13: a) Diagram of emission vs. photoinduced electron transfer (PeT) 

mechanisms. b) Molecular orbital energies of the BODIPY cores and 8-substitution 

units of the dyads. 

 

To that end, aldehydes of anthracene and pyrene derivatives were synthesised 

(compounds 3.30, 3.31, and 3.33). Compound 3.28 was brominated to yield 3.29 in 

an 80% yield and then converted to aldehyde 3.30 using PhLi in a 50% yield, in 

accordance with literature procedures (Scheme 3.2).274,275 A Suzuki coupling 

between compound 3.29 and formylphenylboronic acid afforded compound 3.31 in 

a 23% yield (Scheme 3.2). The procedure was adapted from literature.274  
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Scheme 3.2: Synthesis of anthracene aldehydes and Suzuki reaction mechanism. 

a) Br2 (1 eq.), CH3COOH, 80 °C, 20 min; b) 1. PhLi (1 eq.), THF, -78 °C, 1.5 h. 2. 

DMF, rt, 1 h; c) Pd(PPh3)4, (0.05 eq.), formylphenylboronic acid (1.2 eq.), K2CO3 (3 

eq.), 100 °C, 48 h. 

 

Similarly, a Suzuki reaction between compound 3.32 and formylphenylboronic acid 

afforded compound 3.33 in an 80% yield (Scheme 3.3).  
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Scheme 3.3: Synthesis of pyrene aldehyde. a) Pd(PPh3)4 (0.05 eq.), 

formylphenylboronic acid (1.2 eq.), K2CO3 (3 eq.), benzene, H2O, EtOH, 100 °C, 

48 h. 

 

Pyrroles, 2,4-dimethylpyrrole, and 3-ethyl-2,4-dimethylpyrrole were commercially 

sourced but 2-methyl-1H-pyrrole, compound 3.35 was synthesised by following an 

adapted literature reduction of compound 3.34, yielding 51% (Scheme 3.4).276 

 

 

 

Scheme 3.4: Synthesis of 2-methyl-1H-pyrrole, compound 3.25. a) 1. LiAlH4 (3 

eq.), THF, 0 °C, 30 min. 2. 66 °C, 36 h. 

 

Compounds 3.30, 3.31, and 3.33 and commercial aldehydes 10-methylanthracene-

9-carboxaldehyde, 9-carboxaldehyde, and 1-pyrenecarboxaldehyde, together with 

the corresponding pyrroles, were used in the general synthesis described in 

(Scheme 3.5). 
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Scheme 3.5: General condensation reaction between an aromatic aldehyde and 

pyrrole/pyrrole derivative to yield BADs/BAD derivatives. a) 1. TFA (cat.), DCM (for 

substituted pyrroles), rt, 16 h. 2. DDQ (1 eq.), rt, 20 min. 3. DIPEA (10 eq.), 

BF3·Et2O (10 eq.), rt, 1.5 h. 

 

The BODIPY synthesis consisted of two steps in a one-pot reaction. Specifically, an 

acid-catalysed condensation between the aldehyde and pyrrole or a pyrrole 

derivative was followed by oxidation using DDQ to yield the dipyrromethene. Then, 

a boron insertion using BF3·Et2O and base afforded the 8-substituted BODIPY. In 

the condensations between unsubstituted pyrrole and an aldehyde, pyrrole was 

used as the solvent as acid-catalysed polymerisation was a major side reaction. For 

condensations with substituted pyrroles, the pyrrole (2 eq.) was dissolved in DCM. 

The library of anthracene, pyrene, and perylene 8-substituted BODIPYs, 

compounds 3.14, 3.15, and 3.38–3.57 (Fig. 3.14 and Fig 3.15), was successfully 

synthesised using this method. The yields obtained (12–76%) were within expected 

ranges;98 however, purification of the compounds was tedious, especially for 

compounds using unsubstituted pyrrole, a considerable degree of pyrrolic 

polymerisation was observed, which may have contributed to the lower yields. 

Column chromatography and recrystallisation techniques were used to purify the 

BODIPYs. To combat this, the pyrrole was freshly filtered through a silica plug 

before each condensation. 
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Figure 3.14: Expanded library of BODIPY-anthracene dyads with corresponding 

yields. 
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Figure 3.15: Expanded library of BODIPY-pyrene or -perylene dyads with 

corresponding yields. 

 

Singlet oxygen and fluorescence quantum yield studies were carried out on the 

synthesised dyad series. As discussed, the decay of the BODIPY excited state can 

proceed by either fluorescence or a PeT mechanism via charge-separated states 

and these two pathways are in competition. If PeT is effective and yields the charge-

separated state, ISC to the triplet state can occur (Fig. 3.9).  

 

The next step was to investigate the photophysical properties of the dyad library. 

DPBF was used to trap singlet oxygen and the decrease in absorption with respect 

to time in hexane and EtOH was used to ascertain the singlet oxygen quantum 

yields.265 Hexane and EtOH were chosen to compare the yields under different 

polarities. We found that in polar solvents the energy of the charge-separated state 

is stabilised, allowing for efficient PeT, whereas in non-polar solvents the charge 

transfer energy level is usually higher than the dyads first excited state, thus allowing 

control over ISC and triplet state formation. It must be noted that this indirect method 

of quantifying singlet oxygen quantum yields has limitations and it is reported that 

yields can be overestimated, especially in chlorinated solvents. Therefore, such 

solvents, including DCM, were not used in these experiments to minimise this 
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effect.277 Fluorescence quantum yields were also obtained in both EtOH and hexane 

using fluorescein disodium salt as a standard. It is clear from the results in Table 

3.1 that both solvent polarity and subunit structure have an effect on the singlet 

oxygen and fluorescence quantum yields of the compounds, indicating that it is 

possible to modulate the photophysical properties of the photosensitiser using 

chemical modification and environmental polarity. 
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Table 3.1. Quantum yields of singlet oxygen photosensitisation and fluorescence by 

dyads in EtOH and hexane.  

Compound ΦΔ EtOH ΦΔ Hexane Φem EtOH Φem Hexane 

3.38 0.11 0.39 <0.001 0.135 

3.39 0.05 0.38 0.002 0.041 

3.40 0.12 0.43 0.002 <0.001 

3.41 0.01 0.01 0.003 0.014 

3.42 0.47 0.07 0.005 0.95 

3.14 0.38 0.17 0.001 0.37 

3.43 0.46 0.18 0.006 0.773 

3.44 0.01 0.01 0.037 0.204 

3.45 0.53 0.01 0.038 0.99 

3.15 0.67 0.04 0.005 0.91 

3.46 0.59 0.04 0.02 0.90 

3.47 0.01 0.01 0.37 0.70 

3.48 0.11 0.02 0.778 0.871 

3.49 0.32 0.03 0.314 0.883 

3.50 0.15 0.03 0.804 0.903 

3.51 0.01 0.01 0.841 0.756 

3.52 0.75 0.02 0.003 0.161 

3.53 0.25 0.01 0.063 0.747 

3.54 0.34 0.01 0.651 0.967 

3.55 0.04 0.01 0.695 0.755 

3.56 0.01 0.01 0.136 0.226 

3.57 0.13 0.01 0.073 0.924 

 Singlet oxygen quantum yields were measured using DPBF as a singlet oxygen trap and 

RB as a reference photosensitiser. Fluorescein in 0.1 M NaOH (Φf  = 0.95) was used as a 

reference for the fluorescent quantum yield measurements.278 

 

Compound 3.15 displayed the second-highest singlet oxygen quantum yield of 0.67 

in EtOH. In fact, the series of BODIPY dyads with tetramethyl-BODIPY substitution 

patterns, compounds 3.15, 3.45, 3.46, and 3.54, displayed efficient singlet oxygen 

generation in EtOH (1O2Φ = 0.34–0.67) when compared to the other pyrrole grouped 
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sub-series. This is in agreement with the low fluorescence quantum yields observed 

in the polar solvent (Φf  >0.04). Corollary, in non-polar hexane, compounds 3.15, 

3.45, 3.46, and 3.54, have low singlet oxygen quantum yields (1O2Φ = 0.01–0.04) 

and high fluorescence quantum yields (Φf  >0.9), indicating that ISC is inefficient. 

This pattern of higher singlet oxygen quantum yield was also evident for dyads with 

a 3,5-dimethyl-BODIPY substitution pattern, compounds 3.14, 3.42, 3.43, and 3.53, 

and highly substituted BODIPY cores, compounds 3.48–3.50, 3.55, and 3.57.  

 

Overall compounds 3.14, 3.42, 3.43, and 3.53 based on 1,7-dimethyl-substituted 

BODIPY scaffolds, showed lower singlet oxygen values in EtOH (1O2Φ = 0.25–0.47) 

when compared with the tetramethyl-BODIPY series but increased singlet oxygen 

production in hexane (1O2Φ = 0.01–0.18). The results show that increasing alkyl 

substituents reduce singlet oxygen quantum yields in polar solvent and this can be 

attributed to a reduction in the electron-accepting ability of the BODIPY subunit and 

thus the resultant PeT charge-separated state is of higher energy, which results in 

decreased triplet state population. In non-polar solvents the charge-separated state 

is less efficiently stabilised by dipole-dipole effects when compared to polar solvents 

and thus, overall, lower singlet oxygen quantum yields are obtained in non-polar 

solvents. 

 

The exception to this is observed in the series of BODIPYs synthesised using 

unsubstituted pyrrole and anthracene aldehydes, compounds 3.38–3.40. In EtOH, 

their singlet oxygen quantum yields are between 0.05–0.12 and in hexane between 

0.38–0.43. This is a surprising result and, as of yet, not fully understood. However, 

it is thought to be a result of the stabilisation of the charge-separated state, possibly 

due to viscosity effects.273 Compound 3.52, the pyrene-substituted BODIPY, did not 

show this pattern and in fact, has the greatest singlet oxygen quantum yield of 0.75 

in EtOH and again had a low fluorescence quantum yield. This is rationalised by the 

stronger dipole moment in the charge-separated state of this pyrene dyad (∼23 D) 

in comparison to the anthracene derivative 3.38 (∼18 D), resulting in increased 

stabilisation in polar solvents. The dipole moments were obtained using 

computational studies.272    
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In another noteworthy observation, compounds 3.41, 3.44, 3.47, 3.51, and 3.56 with 

phenyl spacers between the two dyad components, displayed negligible singlet 

oxygen quantum yields in both polar and non-polar solvents, which can be attributed 

to free rotation about the bond between the BODIPY and 8-substitution unit, 

resulting in the interruption of ISC. An orthogonal orientation has been shown to 

promote efficient ISC and thus the generation of charge-separated states.279,280 

According to computational studies, it is thought to be driven by a reduced singlet 

to triplet energy gap and may take place via hyperfine coupling. M06-2X functional 

studies completed on our compounds showed that, in fact, they were in an 

orthogonal conformation. This is in agreement with the higher singlet oxygen 

quantum yields observed for BODIPY cores with 1,7-dimethyl substitution patterns, 

compounds 3.14, 3.42, 3.43, and 3.53, which have relatively high singlet oxygen 

quantum yields as steric effects result in the orthogonal conformation. Moreover, the 

low rate of PeT is known to depend on the separation between the donor and 

acceptor units (Table 3.1).281 

 
3.3.2 Water-soluble BODIPY dyad derivatives 

 

To assess the applicability of these systems to PDT a library of water-soluble 

derivatives of the BODIPY dyads were synthesised for further in vitro studies. Firstly, 

we selected the parent BODIPYs (compounds 3.14, 3.15, 3.42, 3.45, 3.43, 3.46, 

and 3.53) with promising singlet oxygen quantum yields in polar solvents (1O2Φ = 

0.25–0.67 in EtOH). We also synthesised compound 3.58 using the general 

procedure described in Scheme 3.5, bearing a phenyl group that cannot undergo 

the PeT process to produce singlet oxygen. The singlet oxygen quantum yield was 

found to be <0.1 in both hexane and EtOH using DPBF as a singlet oxygen trap.  

 

 

Figure 3.16: Structure of control BODIPY compound that does not generate 

singlet oxygen. 
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We then introduced water-solubility using a two-step approach. Fluorine substitution 

with N,N-dimethylaminopropyne-1 units was followed by quaternization of the 

dimethylamino group with 1,3-propanesultone. The products precipitated from the 

non-polar solvent to afford compounds 3.19 and 3.61–3.66 and control 3.67, 

containing zwitterionic fragments that introduced water-solubility (Scheme 3.6 and 

Fig. 3.17).282 The series of water-soluble dyads were synthesised with substitution 

yields between 50–77% and quaternisation yields between 45–94% (Fig. 3.17). 

 

 

Scheme 3.6: General synthesis of water-soluble dyads. a) 1. 3-Dimethylamino-1-

propyne (4.5 eq.), THF, rt, 30 min. 2. n-BuLi (4 eq.), THF, rt, 2 h; b) 1,3-

propanesultone (6 eq.), EtOAc, 80 °C, 2 h.  
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Figure 3.17: Library of synthesised water-soluble dyads, 3.19 and 3.61–3.67. 
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The normalised absorption spectra of compounds 3.19 and 3.61–3.67 in water and 

EtOH are shown in Fig. 3.18. Two distinct units are evident with the anthracene or 

pyrene absorption maxima between 326 and 400 nm and the BODIPY unit 

absorbing between 501 and 527 nm (Table 3.2). The absorbance of anthracene is 

red-shifted compared to that of pyrene due to it having a smaller HOMO-LUMO gap 

(Fig. 3.18). The compounds do not display significant changes in the absorption 

maxima between the solvents; however, larger full width at half maxima are seen in 

water compared to EtOH due to the relative solvent polarity (Fig. 3.18).  
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Figure 3.18: Normalised absorption spectra for compounds 3.19 and 3.61–3.67 in 

(a) water and (b) EtOH. 
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The fluorescence maximum and quantum yields are shown in Table 3.2. The 

quantum yields of the compounds were measured relative to the fluorescence of 

fluorescein in 0.1 M NaOH (Φf = 0.95) at a concentration of 1 × 10-5 M.278 

Compounds 3.19 and 3.61–3.66 display low fluorescence in both EtOH and water 

(Φf <5%). This is expected, as the PeT mechanism is in competition with 

fluorescence (Fig. 3.9). In contrast, compound 3.67 displays relatively high 

fluorescence in both water and EtOH, 20% and 22%, respectively, indicating that 

the triplet state is not readily populated. We also observed lower fluorescence 

quantum yields in water compared to EtOH due to the greater stabalisation of the 

charge-separated states in polar solvent. The same trend is not observed in 3.67, 

which does not generate a charge-separated state (Table 3.2). 
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Table 3.2: Absorbance maxima, emission maxima, and fluorescence quantum 

yields of 3.19 and 3.61–3.67 in water and EtOH*  

 Absorption 

λmax 

 (H2O) 

Absorption 

λmax 

 (EtOH) 

Emission 

λmax (H2O) 

Emission  

λmax 

(EtOH) 

Φf 

(H2O) 

Φf 

(EtOH) 

3.19 359, 376, 397, 

512 nm 

356, 375, 

396, 514 nm 

532 nm 530 nm 0.001 0.001 

3.61 360, 378, 399, 

502 nm 

362, 379, 

400, 505 nm 

512 nm 514 nm >0.001 0.002 

3.62 350, 367, 386, 

511 nm 

349, 366, 

386, 514 nm 

525 nm 523 nm >0.001 0.008 

3.63 351, 368, 388, 

501 nm 

350, 368, 

387, 504 nm 

505 nm 510 nm 0.022 0.030 

3.64 360, 377, 398, 

527 nm 

355, 373, 

394, 514 nm 

522 nm 525 nm 0.002 0.002 

3.65 360, 378, 398, 

506 nm 

357, 374, 

395, 504 nm 

505 nm 511 nm 0.004 0.011 

3.66 329, 342, 511 

nm 

326, 342, 

512 nm 

511 nm 524 nm >0.001 0.042 

3.67 496 nm 500 nm 505 nm 508 nm 0.219 0.196 
*Fluorescein in 0.1 M NaOH (Φf  = 0.95) was used as a reference for the fluorescent quantum 

yield measurements.278 

 

Singlet oxygen quantum yield studies were undertaken on the water-soluble 

derivatives, 3.19 and 3.61–3.66 and control (3.67) in EtOH (Table 3.3). Overall, they 

show comparable singlet oxygen quantum yields to that of the parent BODIPYs 

(3.14, 3.15, 3.42, 3.45, 3.43, 3.46, 3.53, and 3.58). Notably, control 3.67 displays 

negligible singlet oxygen-generating abilities, as expected. 
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Table 3.3: Singlet oxygen quantum yields of the water-soluble dyads in EtOH and, 

for comparison, the singlet oxygen quantum yields of the parent dyads.* 

Compound ΦΔ EtOH Compound ΦΔ EtOH 

3.14 0.38 3.19 0.38 

3.15 0.67 3.61 0.52 

3.42 0.47 3.62 0.64 

3.45 0.53 3.63 0.39 

3.43 0.46 3.64 0.48 

3.46 0.59 3.65 0.66 

3.53 0.25 3.66 0.03 

3.58 <0.1 3.67 0.02 

*Singlet oxygen quantum yields were measured using DPBF as a singlet oxygen trap and 

RB as a reference photosensitiser. 

 

In collaboration with the Boyle Group, University of Hull, cytotoxicity studies were 

carried out on the water-soluble derivatives to determine if they had the potential to 

be used as PDT agents (Fig. 3.19). Human breast cancer (MDA-MB-468) cells were 

incubated with compounds 3.19 and 3.61–3.67 at various concentrations (8 × 10-4 

– 5 × 10-8 M) for 1 h. Following this, they were irradiated with broad-band visible 

light (400−700 nm, 23.8 mW/cm2). The cells were then returned to the incubator for 

24 h and an MTT assay was performed to determine cell viability (Fig. 3.19).252 LC50 

values were then calculated (Table 3.4). 

 

 



 

 
118 

 

0

10

20

30

40

50

60

70

80

90

100

110

C
e

ll 
V

ia
b

ili
ty

 (
%

)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110
C

el
l V

ia
b

ili
ty

 (
%

)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

0

10

20

30

40

50

60

70

80

90

100

110

120

C
el

l V
ia

b
ili

ty
 (

%
)

Concentration (M)

IRR

NI

 

Figure 3.19: MDA-MB-468 cell viabilities after 1 h of incubation with 3.19 and 

3.61–3.67 with and without light irradiation (400–700 nm, 20 J/cm2) at various 

concentrations (8 × 10-4 –5 × 10-8 M). Standard deviations are indicated by the 

black bars (n=3). 
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Table 3.4: LD50 values of 3.19 and 3.61–3.67. 

 
Compound LD50 

Values (M) 

Compound LD50 

Values (M) 

3.19 8.7 × 10-6 3.64 2.8 × 10-7 

3.61 6.1 × 10-6 3.65 4.2 × 10-6 

3.62 1.3 × 10-6 3.66 5.3 × 10-6 

3.63 1.7 × 10-5 3.67 8.2 × 10-4 

 

Compounds 3.19 and 3.61 have previously been investigated265 and are included 

as standards in this study. Compound 3.15 has a higher singlet oxygen quantum 

yield in EtOH (67%) when compared with 3.14 (38%). Similarly, compound 3.61 has 

a higher singlet oxygen quantum yield in EtOH (52%) when compared to compound 

3.19 (38%) and this pattern is reflected in the in vitro studies. Although both 

compounds 3.19 and 3.61 induced some degree of photocytotoxicity at micromolar 

concentrations, at the same concentration of 5 × 10-6 M cell viability was reduced 

from 96% under dark conditions to 47% following illumination for compound 3.61 

but there was a negligible reduction for compound 3.19 (Fig. 3.19). The LD50 values 

for compounds 3.19 and 3.61 are 8.7 × 10-6 M and 6.1 × 10-6 M, respectively (Table 

3.4). 

 

Compounds 3.62 and 3.63 contain anthracene at the 8-position of the BODIPY, 

which results in a decrease in the HOMO energy of the donor unit and thus a slower 

rate of PeT was observed, compared to compounds 3.19 and 3.61. The parent 

BODIPYs (3.42 and 3.45) are reported to have similar singlet oxygen quantum 

yields in EtOH, 47% and 53%, respectively.272,273 Compound 3.62 and compound 

3.63 displayed singlet oxygen quantum yields in EtOH of 64% and 39%, respectively 

(Table 3.3). Compound 3.62 performed best and showed a marked reduction in cell 

viability to 3% at a concentration of 2.5 × 10-6 M after light treatment (Fig. 3.19). 

When this is directly compared to compound 3.19 at a concentration of 1 × 10-6 M, 

we observe improved photocytotoxicity (60% viability vs. no reduction in cell 

viability). Additionally, compound 3.62 demonstrated a lower LD50 value (1.3 × 10-6 

M) than both compounds 3.19 and 3.61 (Table 3.4). 
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As we previously showed, 3.19 is able to undergo a cycloaddition reaction with self-

sensitised singlet oxygen on the 9-methylanthracene subunit,265 which, may in part, 

account for the reduced singlet oxygen quantum yield and lower cytotoxicity 

observed for this dyad. On the other hand, compounds 3.62 and 3.63 are based on 

unsubstituted anthracene, which is known to possess a relatively lower reactivity 

towards singlet oxygen, providing higher photostability and sensitisation efficiency 

for these dyads.283 

 

The phenylanthracene-based BODIPYs, compounds 3.64 and 3.65, again show 

micromolar and submicromolar activities under biological conditions and the parent 

BODIPYs (3.43 and 3.46) have similar singlet oxygen quantum yields of 46% and 

59% in EtOH. Compounds 3.64 and 3.65 have singlet oxygen quantum yields in 

EtOH of 48% and 66%, respectively (Table 3.3). Dyad 3.64 has been identified as 

the highest-performing dyad of the study (LD50 value of 2.8 × 10-7 M, Table 3.4) with 

phototoxicity (89% cell viability under dark conditions vs. 15% cell viability following 

irradiation) at 5 × 10-7 M (Fig. 3.19). In contrast, Fig. 3.19 shows that compound 

3.65 does not display any photocytotoxicity at this concentration. Moreover, at a 

concentration of 5 × 10-6 M, dyad 3.64 effects a more profound reduction in cell 

viability after light treatment (15%) when compared to the standard 3.61 (47% 

viability). 

 

In addition to the anthracene derivatives, we also tested a pyrene-BODIPY dyad, 

compound 3.66, which showed cell phototoxicity and a singlet oxygen quantum yield 

in EtOH of only 3%. The parent BODIPY was previously shown to have a singlet 

oxygen quantum yield of 25% in EtOH. At a concentration of 1 × 10-5 M, there was 

a reduction in cell viability from 95% to 9% post illumination. At a lower concentration 

of 5 × 10-6 M, significant photocytotoxicity (43% viability) was also observed (Fig. 

3.19). The efficiency of this photosensitiser is similar to that of compound 3.61, 

which at a dyad concentration of 5 × 10-6 M showed a reduction in cell viability to 

46% following light activation (Fig. 3.19).  

 

The final compound tested was the control, 3.67, which did not display significant 

sensitisation in EtOH. As seen in Fig. 3.19, there is nominal photocytotoxicity at 

appreciable concentrations with an LD50 value of 8.2 × 10-4 M. However, there was 
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a moderate decrease in cell viability (85% vs. 52%) at the highest concentration of 

8 × 10-4 M when light was introduced. This would indicate that photosensitisation 

does take place at high concentrations but overall, there is minimal phototoxicity and 

thus PDT is, in fact, the predominant mechanism for cell toxicity observed in the 

active compounds. Importantly, this experiment also shows that the water-soluble 

aryl-BODIPYs are not inherently toxic at the concentrations under investigation.  

 

Although the singlet oxygen quantum yields of the water-soluble BODIPYs in EtOH 

cannot fully account for the in vitro activities as factors including cell uptake have 

not been considered, we see similar toxicity patterns that are consistent with the 

synthetic tunability of this family of compounds. The control experiment, as well as 

the light-to-dark ratios, have consolidated that the water-soluble aryl-BODIPYs do 

not have inherent toxicity and that singlet oxygen generation is the predominant 

mechanism of action. 

 

3.3.3 Further characterisation of the lead BODIPY 

Compound 3.64 has been identified as the lead photosensitiser for application in 

PDT in a MDA-MB-468 cell viability study. Further characterisation of this compound 

is underway to fully elucidate its properties. 

With the aim of transitioning compound 3.64 to an in vivo study, we performed 

another in vitro study using rat bladder cancer cells. The rat bladder cancer cells 

(AY27) were incubated with compounds 3.64, 3.63, and 3.61 at a concentration of 

10 µM. Following this, they were irradiated with monochromatic blue light (435 nm, 

12.9 mW/cm2) at various time intervals, before further incubation for 24 h at 37 °C. 

The control dishes were treated with the same light conditions but did not contain 

the photosensitiser. In section 3.3.2, the in vitro experiments investigated the effect 

of concentration on cell viability. In this study, the concentration was kept constant 

and illumination periods were varied. Additionally, a monochromatic light source was 

used. An MTT assay was performed 24 h after PDT treatment, as previously 

described, to determine cell viability (Fig. 3.20). 

Fig. 3.20 shows that 3.64 has, marginally, the strongest therapeutic response 

against AY27 cells with a reduction to <5% cell viability after 120 s of illumination, 
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which is consistent with the previous study on MDA-MB-468 cells. Compound 3.61 

has a similar response with significant cell death after 120 s but 3.63 has only 

moderate cytotoxicity after 240 s (approximately 80% viability). Two controls were 

performed in this study. Firstly, the light only control demonstrated no toxicity over 

the period of the experiment, indicating that this cell line is not susceptible to light. 

Interestingly, at approximately 20 s the viability decreases but it quickly recovered, 

which may be due to the initiation of cell repair mechanisms. We also performed a 

dark toxicity experiment with the AY27 cells in the presence of 3.64 and the dark 

toxicity was measured to be 102±4.9% (n=3), indicating that BODIPY 3.64 is itself 

non-toxic at this concentration (10 µM). This study demonstrates that compound 

3.64 is the best candidate for an in vivo study in a AY27 cancer model. 

 

 

Figure 3.20: Cell survival curves of AY27 cells treated with 10 µM of 3.64, 3.61, 

and 3.61. Viable cells were detected after varying exposure to light (0-240 s, 435 

nm, 12.9 mW/cm2). Control cells (light only) were exposed to light but not 

incubated with an active photosensitiser. Standard deviations are indicated by the 

black bars (n=4). 

 

We then investigated a second cell line, the F98 cell line, with 3.64. The F98 cell 

line originated from a rat brain tumour. Again, significant cytotoxicity (<5% cell 

viability) occurred following illumination for 120 s, indicating that the F98 cell line 
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could also be considered for in vivo studies. However, it is notable that the F98 cell 

line is more susceptible to light with the cell viability reducing to 60% after light 

treatment for 30 s; recovery does seem to be somewhat initiated with time (Fig. 

3.21). The dark toxicity of compound 3.64 in the F98 cell line was calculated to be 

92.49±21.9% (n=3). Considering the sensitivity of this cell to both compound 3.64 

and the light dose, the AY27 cell line is recommended for further studies.  

 

Figure 3.21: Cell survival curves of F98 cells treated with 10 µM of 3.34. Viable 

cells were detected after varying exposure to light (0-240 s, 435 nm, 12.9 

mW/cm2). Control cells (light only) were exposed to light but not incubated with an 

active photosensitiser. Standard deviations are indicated by the black bars (n=4).  

 

Next, a single-crystal X-ray structure was obtained showing a planar BODIPY core, 

the anthracene unit, and a zwitterionic fragment.‡ The normal plane angle between 

the anthracene unit and BODIPY core is 82.4(3)°, which is in agreement with 

previously reported BODIPY anthracene structures.273 In this structure both 

nonpolar hexane and polar water molecules are incorporated into the unit cell, 

indicating a hydrophobic and hydrophilic end, which may have consequences for 

cellular localisation (Fig. 3.22). A general head-to-head crystal packing is observed 

                                                             
‡ The crystallographic data was collected by Dr. K. J. Flanagan. 
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with hydrogen bonding between the sulfonate moieties. Moreover, overlapping of 

the phenyl anthracene units is evident (Fig. 3.23). 

 

Figure 3.22: Molecular structure of 3.64 in the crystal showing water (red) and 

hexane (blue) solvents. Thermal ellipsoids give 50% probability. 

 

 

Figure 3.23: Moiety packing of 3.64. 
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3.3.4 Methoxyphenyl-BODIPY dyads 

 

In a publication by Nagano and co-workers, the HOMO energies of the 

trimethoxyphenyl/phenylanthracene units of a trimethoxyphenyl 8-substituted 

BODIPY and a phenylanthracene 8-substituted BODIPY were both reported as -

0.1901 eV.284 Thus, a trimethoxyphenyl-BODIPY series was synthesised, as they 

are also expected to display triplet state formation via the PeT process, compounds 

3.70–3.77 (Fig. 3.24). The synthesis was performed using a condensation reaction 

between commercial aldehyde 3,4,5-trimethoxybenzaldehyde or 2,4,5-

trimethoxybenzaldehyde and the corresponding pyrrole, followed by a boron 

insertion, in line with the other dyads (Scheme 3.7). 2,4,5-Trimethoxyphenyl bearing 

BODIPYs were chosen as it was envisioned that steric hindrance will induce 

orthogonality, which will result in higher singlet oxygen quantum yields in 

comparison to the 3,4,5-trimethoxyphenyl BODIPYs, as earlier discussed. The 

compounds were obtained in yields between 4–35%. 

 

 
 

Scheme 3.7: Synthesis of trimethoxyphenyl-BODIPYs (a) 1. TFA (cat.), DCM 

(substituted pyrroles), rt, 16 h. 2. DDQ (1 eq.), rt, 20 min. 3. DIPEA (10 eq.), 

BF3·Et2O (10 eq.), rt, 1.5 h. 
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Figure 3.24: Structures of the synthesised methoxyphenyl-BODIPYs. 

 

The trimethoxyphenyl 8-substitution induced approximately a 10 nm blue-shift in the 

absorption spectra when compared to the anthracene derivatives, rendering our 

current singlet oxygen yield measurement set-up, which employs a 532 nm laser, 

unusable. Instead, three of these compounds were converted to water-soluble 

derivatives (compound 3.80–3.82, Fig. 3.25) and tested for application in PDT by 

our collaborators in the Arnaut group, University of Coimbra. The fluorescence 

quantum yields in EtOH were found to be 92%, 17%, and 4.5% for compounds 3.80–

3.82, respectively and cytotoxicity was not observed in any of the three compounds. 

For compounds 3.81 and 3.82 with low fluorescence quantum yields, a secondary 

process, probably quenching, may be at play. This warrants further study; however, 

at this time they are not being considered as suitable PDT agents.  
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Scheme 3.8: General synthesis of water-soluble methoxyphenyl-BODIPY dyads. 

a) 1. 3-Dimethylamino-1-propyne (4.5 eq.), THF, rt, 30 min. 2. n-BuLi (4 eq.), THF, 

rt, 2 h; b) 1,3-propanesultone (6 eq.), EtOAc, 80 °C, 2 h. 

 

 

Figure 3.25: Structures of synthesised water-soluble methoxyphenyl-BODIPYs. 
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3.4 CONCLUSION AND FUTURE WORK 

 

This chapter covered our work on singlet oxygen-generating heavy-atom free 

BODIPYs. A series of BODIPY dyads were synthesised using one-pot condensation 

reactions and their photophysical properties were determined. We demonstrated 

that singlet oxygen can be generated in these heavy-atom free dyads across a 

library of compounds including BODIPY-anthracene, pyrene, and perylene dyads. 

Therefore, it can be concluded that class of photosensitisers is chemically tuneable 

and diverse. We gained an understanding of the PeT mechanism that leads to the 

excited triplet state and its dependence on environmental polarity. 

 

From here, we identified the BODIPYs with high singlet oxygen quantum yields and 

a library of eight water-soluble derivatives was synthesised to assess their 

applicability to PDT. Extensive in vitro analysis was performed and showed varying 

photocytotoxicity efficiencies. The cytotoxicity studies showed that all of the active 

compounds caused a reduction in cell viability after illumination in addition to 

minimal dark toxicity Fig. 3.19. These light-to-dark ratios are an important property 

for the development of successful photosensitisers as they contribute to tackling 

generalised photosensitivity, which plagues current PDT regimes. 

 

We showed that three BADs (3.62, 3.64, and 3.65) were significantly more toxic 

than the standard, 3.61 (LD50 value = 6.1 × 10-6 M). In particular, the submicromolar 

activity of 3.64 (LD50 value = 2.8 × 10-7 M) is significantly more potent than that of 

3.61. This enhancement has considerable consequences for photosensitiser 

dosage. Coupled with the compounds low light-to-dark toxicity ratio and long-lived 

triplet state, the scope for the synthetic modification of 3.64 makes it suitable for 

future exploration. We obtained a single X-ray crystal structure of our lead BODIPY, 

which indicates hydrophobic and hydrophilic ends. We then demonstrated 

photocytoxicity of the lead in both the AY27 and F98 cell lines and studied the effect 

of varying illumination duration parameters. We intend to continue the development 

of this class of photosensitisers with cell uptake and localisation studies to fully 

understand their mechanism of action and to investigate if the polarity of 3.64 plays 

a role in its mode of action and strong therapeutic effect. We intend to conduct in 
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vivo studies to further assess the feasibility of 3.64 for biomedical applications. 

Finally, we intend to explore options for optimising the absorption profile of 3.64 to 

aid tissue penetration. This is expected to involve the development of fluorine 

substitution chemistry.  

 

Finally, we investigated another class of dyads, namely methoxyphenyl-BODIPYs. 

A library of eight compounds was synthesised and three were converted to water-

soluble derivatives. Negligible cytotoxicity was observed but low fluorescence 

quantum yields open the door to a new field of study to understand the secondary 

processes taking place. In the future, an understanding of the underlying 

photophysical mechanisms is needed before potential applications can be 

considered. The first step will be transient absorption spectroscopy to provide an 

insight into the excited state properties of this compound and a study in a variety of 

solvents to confirm or rule out the existence of charge-separated states in these 

compounds. 
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Chapter 4: Short-chained 
Anthracene-strapped Porphyrins 

and their Endoperoxides 

“Always the stairs, never the escalator.” 

Casey Neistat, 2016 

 

4.1 INTRODUCTION 

 

In previous chapters, we outlined systems that generate singlet oxygen and have 

aromatic trapping units for biomedical applications. With the same trapping 

mechanism, it is possible to conceive singlet oxygen storage devices. Here, we will 

revive strapped porphyrin synthetic chemistry, which had its hay day in the 1980s 

by designing and synthesising anthracene-containing strapped porphyrin systems 

to investigate [4+2] cycloaddition reactions as a possible mechanism for oxygen 

storage devices.  

 

4.1.1 Capped and strapped porphyrin systems 

There is a range of porphyrin structures containing straps and caps reported in the 

literature. Firstly, single-strapped systems are connected from meso- to meso-

carbons, either in a ‘cis’285 or ‘trans’286 orientation (4.2), or from β- to β-carbons 

(4.3).287 Doubly-strapped porphyrins are connected by two straps at the 5,15- and 

10,20- positions. These can be further classified into ‘cis’ α (4.6, where the straps 

are connected at the 5,10 and 15,20 meso positions and are across the same face 

of the porphyrin), ‘cis’ β (4.7, where the straps are connected at the 5, 10 and 15,20 

meso positions and are across the opposite faces of the porphyrin), and ‘trans’ (4.5, 

where the straps are connected at the 5,15- and 10,20-meso-positions and are 

across the opposite faces of the porphyrin) atropisomers.288 Straps, both double and 

single, that connect across the 10,20-positions or 5,15-positions (across the 

porphyrin core) are also known as ‘basket handle’ porphyrins. In capped systems, 

all four meso-carbons are connected to a central group or ‘cap’ above the porphyrin 

plane (4.8).289 Finally, there are a few examples of other strapped systems including 
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gyroscope (4.9)288,290 and cross-strapped (4.10)291 porphyrins but these systems are 

not directly related to the current discussion (Fig. 4.1). 

 

Figure 4.1: Schematic representation of strapped and capped porphyrin systems. 

 

These compounds have been used in a variety of applications over the years. 

Capped, along with picket fence porphyrins, have helped us gain an understanding 

of the underlying structure and reactivity of biologically active sites such as 

hemoglobin and myoglobin292 and strapped porphyrins have been used as chiral 

catalysts in synthetic chemistry.293,294 Strapped systems are also capable of ion 

recognition, for fluoride, acetate, and dihydrogen phosphate.295,296 The preparation 

and purification of strapped porphyrin systems in workable yields remain major 

roadblocks in the development of further applications. Thus, this discussion will 

centre around their synthesis and unique structural and chemical properties, many 

of which arise from their 3D structure. 
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4.1.2 Synthetic strategies towards capped and strapped porphyrin systems 

The common synthetic strategies used to obtain strapped systems are variations on 

traditional condensation methods (see 1.3.1). Arguably, the most widely used 

synthetic route to single-strapped basket handle porphyrins linked via two meso-

positions (4.2) is a condensation reaction between a DPM and bisaldehyde, 

Scheme 4.1 route A. This approach was used by Wytko et at. in 1992 to synthesise 

a phenanthroline-containing porphyrin. The condensation was performed under 

dilute conditions in DCM with DPM and a dialdehyde in a 2:1 ratio. Trifluoroacetic 

acid (TFA) was used as a catalyst and the porphyrin was isolated in a 42% yield , 

following oxidation with DDQ.297 In a more recent study by Gehrold et at., this 

approach was also used to synthesis a library of chiral and achiral single-strapped 

porphyrins on multigram scales, with the exception of using 2,3,5,6-tetrachloro-1,2-

benzoquinone (p-chlorinal) as the oxidant.286 

 

Alternatively, the bisaldehyde can be converted to the corresponding bis-DPM in a 

condensation reaction using excess pyrrole and then further condensed to yield the 

porphyrin, Scheme 4.1 route B. The simplest method is to condense the bis-DPM 

with an aromatic aldehyde such as in the case of Lee and Galoppini in their 

synthesis of meso single-strapped systems. They performed a one-pot 

condensation and metallation in the presence of excess benzaldehyde and zinc 

acetate dehydrate, using propionic acid and DCM as the solvent. This was followed 

by oxidation with DDQ to yield the strapped Zn(II)porphyrin in a 27% yield and the 

free base porphyrin as a side product in >10% yield.298 This approach not only 

provides access to meso-linked basket handle porphyrins but also β-linked systems 

(4.1). In 1983, the Dolphin group synthesised a β-strapped porphyrin. First, the bis-

DPM of the strap was synthesised and then cyclised using toluenesulfonic acid. This 

was followed by oxidation and the porphyrin was obtained in a 40% yield.299 In a 

second example of a β-strapped system, Traylor used the bis-DPM method but also 

took advantage of copper(II) ion chelation to orientate the DPMs into position for 

bond formation.300 

 

Approach C, Scheme 4.1, is to introduce the strap after the condensation reaction. 

Battersby et al. provided an example of this during the synthesis of their strapped 
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Fe(ll)porphyrin that contained a thiolate residue. The aim of the study was to 

synthesise a mimic of the carbon monoxide complex of cytochrome P450. The 

meso-substituted porphyrin was prepared and converted to its soluble acid chloride 

using oxalyl chloride. This porphyrin was  then  reacted with the diol containing strap 

at rt to yield the target porphyrin with ester linkages.301 

 

Finally, the bisaldehyde can also be condensed directly with pyrrole, approach D, 

Scheme 4.1, as exemplified by Lee and Lee. The issue with this approach is poor 

control over product formation. A condensation between pyrrole, 2,4,6-

trimethylbenzaldehyde, and the bisaldehyde strap gave the A4 unstrapped porphyrin 

in a 0.4% yield, the ‘trans’ isomer in a 0.2%, and the ‘cis’ isomer in 1.5% yield.285 

 

Scheme 4.1: Synthetic strategies towards single-strapped porphyrins. 

There are two major strategies towards the synthesis of double-strapped systems 

(4.4), as exemplified by Momenteau and the chosen route can have a major effect 
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on the isomers obtained.302 Firstly, they can be synthesised by direct condensation 

reactions between a bisaldehyde and pyrrole, approach A, Scheme 4.2. This 

approach was used by Reddy and Chandrashekar in 1992 to synthesise double -

strapped porphyrins with an aromatic-containing strap and all three isomers were 

isolated with yields of less than 3%. In 1998, the Lindsey group investigated 18 

dialdehydes by condensing them in equimolar concentrations with pyrrole using 

both BF3·OEt2 and TFA as the acid catalysts and DDQ or 3,4,5,6-tetrachloro-1,2-

benzoquinone (o-chloranil), neutralised with triethylamine (TEA), for the oxidation 

step. Yields of up to 25% were reported.303 More recently in 2014, Urbani and Torres 

used this approach in the synthesis of five porphyrins using an acid-catalysed 

condensation of a bisaldehyde and pyrrole in chloroform, followed by oxidation with 

DDQ. They studied the atropisomers and tautomers of these meso-strapped 

porphyrins.288  

 

The second approach, B, Scheme 4.2 involves the synthesis of a meso-substituted 

porphyrin and introduction of the strap at a later point. In 1983, Bisagni and 

coworkers contrasted methods A and B. They used the Adler-Longo method91 for a 

direct condensation and obtained a mixture of all three isomers, although they 

required extensive purification. In the second approach, they condensed pyrrole with 

o-methoxybenzaldehyde in the presence of excess zinc acetate and isolated the 

porphyrin. Following purification with chromatography and demetallation, the free 

base porphyrin was obtained in a 10% yield. Demethylation in boiling pyridine 

hydrochloride (93% yield) was followed by the introduction of the strap. The 

brominated straps were reacted with the porphyrin in DMF at 100 ºC in the presence 

of excess anhydrous potassium carbonate. Although approach A required more 

synthetic steps, the ‘trans’ isomer was the major product for all of the porphyrins in 

this library.304 Approach B was also used in 1992 and 2004 as a method to introduce 

a 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP)-containing strap in the 

synthesis of a catalyst for enantioselective epoxidation of terminal olefins.305,306 In 

the most recent publication, a reaction between the diacid chloride of a BINAP-

based compound and ααββ‐5,10,15,20-tetrakis(o‐aminophenyl)porphyrin in the 

presence of N,N-diethylaniline afforded the BINAP-strapped porphyrin in a 31% 

yield. Metallation using FeBr2 gave the target catalyst.  
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At least conceptually, there is a third option for the synthesis of double-strapped 

porphyrins, approach C, Scheme 4.2. This is a reaction between the DPM of the 

bisaldehyde and the bisaldehyde; however, to the best of our knowledge it has not 

been successfully reported.  

 

Scheme 4.2: Synthetic strategies towards double-strapped porphyrins. 

 

The first approach (Scheme 4.3, A) for synthesising capped porphyrins (4.8) was 

exemplified by Peters and coworkers when they condensed pyrrole with the cap 

containing four aldehydes for 1.5 h in refluxing propionic acid and filtered the mixture 

through silica. Then, the product was oxidised with DDQ and the capped porphyrin 

was obtained in a 2% yield.307 In 1996, Ibers and co-workers used this approach to 

make a capped porphyrin heme mimic308 and more recently in 2010 capped 

porphyrins, for use in semiconductor systems, were prepared in this manner.309 

 

In the second approach (Scheme 4.3, B), a porphyrin with appropriate functional 

groups is synthesised and then used to introduce the cap. This approach has the 

advantage of providing higher yields as the condensation step does not involve the 

strap; however, longer synthetic routes are necessary. Caps containing rigid 1,2,3-

triazole groups have been introduced using click chemistry (yields 14% and 19%),310 

and Michael additions were employed to achieve aza-crown capped porphyrins (up 

to 91% yields).311,312 The Peters group also used this approach to prepare a capped 
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porphyrin but found the direct method more useful. They reacted an atropisomer 

mixture of the starting meso-substituted porphyrin with the cap to obtain the desired 

porphyrin in a 15% yield; however, they noted that isolation involved extensive 

purification steps.289  

 

 

Scheme 4.3: Synthetic strategies towards capped porphyrins. 

 

4.1.3 Short straps and macrocycle distortion  

Porphyrin macrocycles can adopt non-planar confirmations given the correct 

conditions. A common method to introduce macrocyclic distortion is substitution of 

the periphery or core with bulky groups.313 These distortion properties are also 

endowed by short strapped systems and the type of distortion induced can affect 

the nature of the cavity.314 These systems have been extensively studied, especially 

as possible heme mimics, as the porphyrin cores in these active sites are distorted 

from planarity due to surrounding proteins.315 In addition, macrocyclic distortion can 

lead to interesting chemical properties including catalytic activity.316  

 

Early systems that achieved significant distortion using short alkyl chains were 

prepared in the 1980s. The Dolphin group synthesised a β-β-strapped system and 

reported the crystal structure of compound 4.22, which displayed macrocyclic 

distortion. Using absorption spectroscopy, they showed that the degree of 

macrocyclic distortion is greater in 4.22 (n=9) when compared to systems with 

longer straps (n=10 or n=11) compounds  4.23 and 4.24.299 In 1986, Simons and co-

workers synthesised double-strapped systems again with varying strap lengths of 

n=4, 5, and, 6 carbons (Fig. 4.2, compounds 4.25–4.27). They were able to isolate 
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all the isomers of compounds 4.26 and 4.27 but for compound 4.25, with the shortest 

strap, the ‘trans’ isomer was not isolated. They also attempted zinc(II) insertions and 

found that the ‘trans’ isomer could not be metallated. They showed, using absorption 

spectroscopy, that the ‘trans’ isomer has a higher degree of distortion when 

compared with the ’cis’ isomers for each compound. However, for compound 4.25 

distortion was also evident in the ‘cis’ isomers (Fig. 4.2, compounds 4.25–4.27).287  

  

Figure 4.2: Early examples of short-chained strapped porphyrins displaying 

macrocycle distortion. 

 

As previously mentioned, Reddy and Chandrashekar synthesised double-strapped 

phenylene-containing porphyrins (Fig. 4.3, compounds 4.28 and 4.29) as well as 

their cobalt and zinc metal derivatives. The three isomers were identified and 

distortion was confirmed by NMR and absorption spectroscopy.317 In follow up 

studies, they investigated their excited state properties and showed that distorted 

porphyrins have lower fluorescence intensities that their planar analogues and that 

small conformational changes can affect the energies of the HOMOs and LUMOs, 

thus affecting their light-absorbing properties and redox potentials in the singlet 

excited state.318 Notably, triplet decay was not significantly affected.319 They also 

synthesised basket handle porphyrins with pyrrole-brominated short-chains and 

their Cu(lI) derivatives and showed that bromination enhanced distortion.320  
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Figure 4.3: Distorted strapped porphyrins synthesised by Reddy and 

Chandrashekar. 

 

Like many porphyrins, metallated distorted porphyrins are capable of coordinating 

ligands in the axial position and macrocyclic distortion is often evident in these 

systems. In the first of two recent examples, Zhou et al. reported three saddle-

shaped nonplanar zinc porphyrins with two short alkyl straps of varying lengths and 

two X-ray crystal structures. The most deformed compound, 4.30, was able to 

coordinate oxygen by activating free oxygen to form a superoxide ligand.321  

 

 

Figure 4.4: Distorted strapped Zn(II)porphyrins synthesised by Zhou et al.321 

 

In 2017, an impressive synthetic effort by the Anderson group investigated the role 

of strap length on supramolecular assemblies. They synthesised thioester-linked 

alkyl strapped porphyrins metallated with zinc(II). These porphyrins were then used 

in a templated synthesis with pyridyl ligands to form conjugated cyclic porphyrin 

hexamers. The strap was expected to be located on the outside of the nano ring 

with the less hindered side of the porphyrin interacting with the ligand; however, it 

was found that interactions between the strap and the ligand directed axial 

coordination to the strapped face of the porphyrin, except when the strap was too 

short.322 
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4.1.4 Strapped anthracene-containing systems 

Anthracene-containing strapped porphyrins are the foundation of this chapter and 

synthetically related compounds can be found in the literature (Fig. 4.5–4.7). In the 

late 1970s and 1980, Traylor and coworkers synthesised compounds 4.33 and 4.34 

as part of a wider study related to ligand binding in natural hemeproteins.323,324 It 

was previously established that the active sites of heme proteins are sterically 

hindered due to the presence of protein side chains, which block the path of 

incoming ligands.325 Thus, they designed the strapped systems in Fig. 4.5 to mimic 

this hindered active centre and studied oxygen and carbon dioxide binding with the 

iron centre. The anthracene unit was introduced in a double amide bond-forming 

reaction between an anthracene-containing acid chloride unit and amine-containing 

porphyrin. To further restrict the binding pocket, they performed a cycloaddition 

reaction with 1-phenyl-1H-pyrrole-2,5-dione in acetone to yield compound 4.35. This 

is the only example, to the best of our knowledge, of a cycloaddition reaction being 

performed on such systems.326 

 

Figure 4.5: Early examples of anthracene-strapped porphyrin synthesised by 

Traylor and co-workers. 
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In 1980, the Battersby group synthesised and presented the X-ray crystal structure 

of an anthracene-containing porphyrin, 4.36. The crystal structure showed that the 

anthracene unit was off-set to the mean plane of the porphyrin macrocycle and the 

macrocycle was not distorted.327 

 

 

Figure 4.6: Anthracene-strapped porphyrin synthesised by the Battersby group. 

 

In a final example, compound 4.37 was one of a series of strapped and dimeric 

porphyrins synthesised by Osuka et al. in 1990. In this synthetic study, the authors 

used direct condensation reactions and were able to confirm that strap length is 

inversely related to distortion using NMR and absorption spectroscopy.328 

 

 

Figure 4.7: An anthracene-strapped porphyrin synthesised by Osuka et al. 
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4.2 OBJECTIVES 

In this study, we aimed to synthesise short-chained anthracene-strapped porphyrins 

to investigate [4+2] cycloaddition reactions between the anthracene strap and 

singlet oxygen generated from the excited state of the porphyrin (Scheme 4.4). We 

envisioned that the 3D structure of these systems and the close proximity of the 

anthracene trapping unit would have a significant effect on the resulting 

endoperoxide, possibly making steps towards a regioselective photochemical 

reaction by blocking one face of the anthracene. Alternatively, these systems were 

also expected to show potential as switchable oxygen storage devices, controlled 

by temperature. The key synthetic step in the preparation of the single-strapped 

system, 4.38, was chosen to be a condensation reaction between DPM and an 

anthracene-containing bisaldehyde. For the double-strapped system, 4.39, we 

aimed to use a direct condensation between the same anthracene-containing 

bisaldehyde and unsubstituted pyrrole; however, other methods were also 

considered. We then aimed to move on to the next stage of the study in which we 

focused on the preparation of the corresponding porphyrin endoperoxides (4.40 and 

4.41) using broad-spectrum light.  

 

We aimed to characterise these compounds using NMR spectroscopy, UV-vis 

spectroscopy, and most importantly, single-crystal X-ray crystallography to 

investigate if macrocycle distortion was induced by our short strap and/or more 

pronounced after the photochemical reaction between singlet oxygen and the 

aromatic unit. We also planed to investigate endoperoxide decay using NMR 

spectroscopy to assess if these compounds have switchable properties. 
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Scheme 4.4: Target short-chained anthracene-strapped porphyrins and their 

corresponding endoperoxides. 
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4.3 RESULTS DISSCUSSION§ 

4.3.1 Synthesis of anthracene-containing single-strapped porphyrins 

As discussed, there are many synthetic approaches at hand to achieve strapped 

porphyrin systems. For our single-strapped system, we chose to condense an 

anthracene-containing bisaldehyde with DPM. This approach was chosen to ensure 

that the trans isomer would be the major product as we aimed to position the 

anthracene moiety on top of the porphyrin core.  

 

Thus, we first introduced bromine to unsubstituted anthracene, 4.42 using 

paraformaldehyde, 33% HBr in acetic acid and AlCl3. A substitution reaction with 

salicylaldehyde in the presence of base and KI in DMF yielded the bisaldehyde. This 

procedure was adapted from literature.328 Both reactions produced high yields, up 

to 97% for a) and 60% for b), and were suitable for multigram scale syntheses 

(Tables 4.1 and 4.2). 

 

Scheme 4.5: Synthesis of bisaldehyde. a) Paraformaldehyde, 33% HBr in 

acetic acid, AlCl3, 50 °C, 3 h; b) salicylaldehyde, K2CO3, DMF, KI, 60 °C, 24 h. 

 

 

 

 

                                                             
§ Contributions to the results presented in this chapter were made by Dr. K. J. Flanagan. 
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Table 4.1: Example scales and yields for step a) of the bisaldehyde (4.44) 

synthesis.  

Entry Scale Yield 

1 1.9 g 46% 

2 12 g 97% 

3 7.6 g 88% 

4 7.6 g 76% 

 

Table 4.2: Example scales and yields for step b) of the bisaldehyde (4.44) 

synthesis.  

Entry Scale Yield 

1 1 g 50% 

2 25.6 g 60% 

3 2.5 g 43% 

 

We then synthesised DPM (4.48) using a literature adapted procedure and also 

prepared DPM derivatives (4.49 and 4.50) to expand the porphyrin library (Scheme 

4.6).329–331 Either paraformaldyehdye, benzaldehyde, or bromobenzaldehyde was 

condensed with excess pyrrole using TFA as the catalyst. The reactions were 

monitored using a bromine chamber. Yields between 28% and 79% were obtained 

and these condensation reactions were performed on gram scales.  

 

 

Scheme 4.6: Synthesis of DPMs. a) TFA (cat.), rt, 30 min. 

 

Each DPM (4.48–4.50) was then condensed with the bisaldehye, 4.44 using DCM 

and TFA as an acid catalyst. After 3.5 h at rt, TEA was added to neutralise the TFA 

(Scheme 4.7). An oxidation step using p-chloranil followed. This step is key to 

inducing macrocyclic distortion, which will be discussed in detail. The porphyrinogen 



 

 
145 

 

is nonplanar and not rigid because of the lack of conjugation. Upon oxidation, the 

macrocycle is flattened and a ‘bow string effect’ induces distortion. The porphyrins 

were purified using column chromatography and recrystallisation and yields 

between 14% and 19% were obtained. The same synthetic strategy was employed 

by Osuka et al. for the synthesis of 4.37, Fig. 4.7 and they obtained a 25% yield, 

which is consistent with our moderate yields.  

 

 

Scheme 4.7: Synthesis of single-strapped porphyrins. a) 1. DCM 2. TFA (cat.), 

3.5 h, rt. 3. TEA, p-chloranil, 80 °C, 1 h. 

 

We also synthesised the Zn(II) metallated derivatives of compounds 4.38, 4.51, and 

4.52. This was achieved using Zn(II)acetate, MeOH, and DCM and yields between 

47% and 98% were obtained (Scheme 4.8). It was found that heating to 80 °C 

compared to initial attempts at rt, decreased the reaction time. The products were 

purified using silica chromatography and recrystallisation. 
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Scheme 4.8: Synthesis of Zn(II) single-strapped porphyrins. a) Zn(II)acetate, 

MeOH, DCM, 80 °C, 12 h. 

 

4.3.2 Endoperoxide formation and macrocyclic distortion 

The next stage of this project was the synthesis of endoperoxides from the parent 

strapped porphyrins (4.38, 4.51, and 4.52). The parent porphyrins were dissolved in 

chloroform-d and irradiated with a polychromatic light source in an NMR tube. The 

reactions were monitored by 1H NMR and yields were quantitative in all cases.  

 

 

Scheme 4.9: Endoperoxide synthesis. a) Chloroform-d, h, 15 mins. 

 

We then used endoperoxide 4.40 to study thermal decay. After endoperoxide 

formation, the chloroform-d was removed and replaced with DMSO-d6. The sample 

was heated to 85 °C in accordance with other anthracene derivatives to the induce 

thermal decay of the endoperoxide.283 At t = 0, the NH proton signal of endoperoxide 

4.40  is observed at –3.34 ppm. In the aromatic region, we observed the CH protons 

of the anthracene endoperoxide as two multiplets at 5.91 and 4.81 ppm. It is 
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noteworthy that the CH protons of the anthracene endoperoxide have a lower 

chemical shift than unsubstituted anthracene, which is attributed to ring current 

effects. Following heating over 2 h, the signals of the CH protons of the anthracene 

endoperoxide at 5.91 and 4.81 ppm slowly decay with the appearance of aromatic 

signals at 5.74 and 4.97 ppm that correspond to the CH protons of anthracene. Only 

minor changes in the chemical shifts of the CH protons of the anthracene and 

endoperoxide units are noted as we expect they are under the influence of similar 

ring current effects. The NH protons also undergo changes. The endoperoxide 

signal at –3.34 ppm decays and the parent NH signal appears at –3.50 ppm. The 

endoperoxide NH signal is deshielded in comparison to the parent because of the 

electronegative oxygen atoms of the endoperoxide. Over the course of the 2 h, we 

also see an emergence of other signals, which are especially evident in the NH 

region. These signals may indicate the formation of rearranged endoperoxide 

porphyrin products; thus, it can be concluded that the thermal decay of 4.40 in 

DMSO-d6 is not quantitative (Fig. 4.8).  

 

 

Figure 4.8: Formation of endoperoxide 4.40 and thermal decay to parent 4.38 

in chloroform-d.   
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To further investigate changes in the macrocycle core upon endoperoxide formation 

and the introduction of a short strap we studied the absorption spectra of the 

strapped systems and compared them to 5,15-diphenylporphyrin, which acted as a 

non-strapped analogue. A marked red-shift in absorption is a hallmark of 

macrocyclic distortion due to the destabilisation of the porphyrin HOMO.332,333 In 

Fig. 4.9 the normalised absorption spectra of 5,15-diphenylporphyrin (blue), parent 

porphyrin, 4.38 (black) and endoperoxide, 4.40 (grey) recorded in DCM are 

presented to exemplify this phenomenon. We can see that 5,15-diphenylporphyrin 

has a maximum at 408 nm and upon the introduction of the strap, there is a red-shift 

of 10 nm to 418 nm in 4.38. The formation of the endoperoxide induces a slight 

increase in macrocyclic distortion with a bathochromic shift of 2 nm from the parent 

porphyrin 4.40. Also, of note are the signals between 330-400 nm in 4.38 that 

represent the anthracene moiety, which are not present in the endoperoxide 

absorption spectrum. The bathochromic shift is also repeated for compounds 4.51, 

4.56, 4.52, and 4.57, which show a significant red-shift when compared to 5,15-

diphenylporphyrin and a minor shift upon endoperoxide formation (Table 4.3).  
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Figure 4.9: Normalised absorption spectra of porphyrins 5,15-

diphenylporphyrin (blue), 4.80 (black), and endoperoxide, 4.40 (grey) recorded 

in DCM as an example to show how the strap induces distortion. *Absorption 

wavelength range for the anthracene moiety.  
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Table 4.3: Absorption maxima (λmax) of the strapped porphyrins, endoperoxides, 

and 5,15-diphenylporphyrin recorded in DCM. 

Porphyrin λmax (nm) 

5,15-diphenylporphyrin 408, 504, 538, 577, 632  

4.38 359, 378, 418, 511, 543, 584, 632 

4.40 420, 515, 545, 587, 632  

4.51 360, 384, 431, 526, 564, 600, 658  

4.56 433, 528, 567, 601, 657 

4.52 361, 382, 432, 527, 565, 601, 658 

4.57 434, 529, 566, 604, 660 

 

We obtained X-ray crystal structures of compounds 4.38 and 4.40, which further 

confirm macrocyclic distortion (Fig. 4.10).** Again, we compared the structures to 

5,15-diphenylporphyrin to study the effect of the strap and endoperoxide formation 

on macrocyclic distortion. There are two 5,15-diphenylporphyrin structures in the 

literature, one with DCM as a solvated counterpart and one without.334 

 

Figure 4.10: Molecular structure of 5,15-diphenylporphyrin, 4.38 and 4.40 (left to 

right) viewed at a tilted angle (top) and the side view (bottom). Thermal ellipsoids 

give 50% probability for 4.38 and 4.40. The structure of 5,15-diphenylporphyrin is 

drawn isotropically. 

                                                             
** The crystallographic data was collected by Dr. K. J. Flanagan. 
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We represented this distortion in skeletal deviation plots, which show that the 

introduction of the strap (compounds 4.38 and 4.40) drastically increases ring 

distortion, especially at the meso-carbons when compared to the two 5,15-

diphenylporphyrin structures (Fig. 4.11).  

 

Figure 4.11: Top: Porphyrin core carbon numbering. Bottom: Skeletal deviation 

plots (C20 to C20) from the crystal structure of 5,15-diphenylporphyrin, 5,15-

diphenylporphyrin with DCM, compound 4.38, and compound 4.40 based on the 

atom displacement from the 24-atom mean plane.  

 

We then used normal-coordinate structural decomposition (NSD) plots to identify 

the distortion modes present in the core of these structures.335,336 Compounds 4.38 

and 4.40 display contributions to the out of plane (oop) B1u mode with a second 

smaller contribution to the domed (A2u) mode, while both 5,15-diphenylporphyrin 

structures display a ruffled (B1u) mode. The structure of compound 4.40 shows a 

slightly larger contribution to the B1u mode than 4.38, which is also reflected in the 

Δoop, indicating that the formation of the endoperoxide increases distortion 

compared to the parent. For the in plane (ip) distortion modes, both 5,15-
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diphenylporphyrin structures have major contributions to the meso-stretching (B2g) 

mode with a secondary contribution to the breathing (A1g) mode. The structure of 

compound 4.38 has a contribution to the B2g mode, which is lower than that of 5,15-

diphenylporphyrin, and makes minor contributions to the other modes. The structure 

of compound 4.40 has roughly equal contributions to the N-stretching (B1g) and the 

A1g modes. Overall, we can see an inverse relationship between the oop and in-

plane ip distortion modes in the strapped systems (compounds 4.38 and 4.40) and 

out of plane distortions are more significant for the strapped systems (Fig. 4.12).  

 

 

Figure 4.12: Left: Out-of-plane (top) and in-plane (bottom) distortion modes from 

the crystal structures of 5,15-diphenylporphyrin, 5,15-diphenylporphyrin with DCM, 

compound 4.38, and compound 4.40 based on NSD. Right: Schematic illustration 

of relevant porphyrin oop distortion modes. 
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The bond lengths and angles of the porphyrin macrocycle are presented in Table 

4.4 and Table 4.5. Generally, there are no significant differences between the bond 

lengths of the 5,15-diphenylporphyrin structures and the structures of strapped 

systems, 4.38 and 4.40.  

 

In contrast, the bond angles do display notable changes. In anthracene strapped 

porphyrin 4.38, the N─Cα(1,9,11,19)─Cm(10,20), Cα(4,14)─Cm(5,15)─Cα(6,16), and 

Cm(10,20)─Cα(1,9,11,19)─Cβ(2,8,12,18) angles are increased by 2°, 2.5°, and 1.8°, 

respectively, when compared to 5,15-diphenylporphyrin. Conversely, the 

Cα(1,11)─Cm(10,20)─Cα(9,19) angle is reduced by 3°. A small change of 0.9° is observed 

in the Cm(5,15)─Cα(4,6,14,16)─Cβ(3,7,13,17) and N─Cα(4,6,14,16)─Cm(5,15) angles. Similar 

changes are noted in the structure of 4.40, and notably, the Cα(4,14)─Cm(5,15)─Cα(6,16) 

angle shows a 1.3° reduction compared to 4.38. The majority of the bond angles 

only deviate by less than 0.5° between 4.38 and 4.40, suggesting that the 

cycloaddition to form the endoperoxide induced minor porphyrin core perturbation, 

which is in agreement with the absorption spectra, NSD plots, and skeletal deviation 

plots 

 

Table 4.4: Averaged geometrical parameters for the bond lengths of 5,15-

diphenylporphyrin, 5,15-diphenylporphyrin with DCM, compound 4.38, and 

compound 4.40. 

Bond 

lengths (Å) 

5,15-

diphenyl 

porphyrin334 

5,15-diphenyl 

porphyrin -DCM334 

4.38 4.40 

N─Cα 1.368(15) 1.367(16) 1.371(4) 1.368(11) 

Cα─Cβ 1.440(17) 1.442(16) 1.440(4) 1.438(11) 

Cα─Cm(5,15) 1.408(17) 1.401(18) 1.401(4) 1.403(10) 

Cα─Cm(10,20) 1.388(16) 1.389(14) 1.390(4) 1.390(12) 

Cβ─Cβ 1.357(17) 1.355(14) 1.354(5) 1.353(11) 
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Table 4.5: Averaged geometrical parameters for the bond angles of 5,15-

diphenylporphyrin, 5,15-diphenylporphyrin with DCM, compound 4.38, and 

compound 4.40. 

Bond angles (°) 5,15-

diphenyl 

porphyrin334 

5,15-diphenyl 

porphyrin-

DCM334 

4.38 4.40 

N─Cα(4,6,14,16)─Cm(5,15) 124.5(11) 124.8(11) 125.4(13) 124.9(4) 

N─Cα(1,9,11,19)─Cm(10,20) 127.1(11) 126.9(12) 125.1(9) 125.4(4) 

N─Cα(4,6,14,16)─Cβ(3,7,13,17) 108.7(10) 108.8(11) 108.8(8) 108.8(5) 

N─Cα(1,9,11,19)─Cβ(2,8,12,18) 109.1(10) 108.9(11) 108.9(8) 108.7(7) 

Cα─N─Ca 107.7(10) 107.8(11) 107.6(3) 107.7(5) 

Cα(4,14)─Cm(5,15)─Ca(6,16) 122.7(10) 123.3(12) 125.2(12) 123.9(4) 

Cα(1,11)─Cm(10,20)─Ca(9,19) 129.1(12) 128.4(12) 126.1(11) 126.4(5) 

Cα(4,6,14,16)─Cβ(3,7,13,17)─Cβ

(2,8,12,18) 

107.3(10) 107.1(12) 107.4(13) 107.2(6) 

Cα(1,9,11,19)─Cβ(2,8,12,18)─Cβ

(3,7,13,17) 

107.2(11) 107.4(12) 107.3(13) 107.4(5) 

Cm(5,15)─Cα(4,6,14,16)─Cβ(3,7

,13,17) 

126.7(10) 126.4(12) 125.8(11) 126.3(5) 

Cm(10,20)─Cα(1,9,11,19)─Cβ(2,

8,12,18) 

123.8(12) 124.1(12) 125.6(11) 125.2(5) 

 

The pyrrole tilt angles of the of N21, N22, and N23 pyrrole rings (Table 4.6) provide 

a clear trend with the 5,15-diphenylporphyrin structures displaying the smallest tilt 

followed by 4.38 and then 4.40, with an average 9° increase from 5,15-

diphenylporphyrin-DCM to 4.38, and a 2.4–3.2° increase from 4.38 to 4.40. The 

atom deviations paint a similar picture for the Δ24, ΔN, ΔCm, ΔCα, and ΔCβ 

deviations from the 24-atom least squares plane. Again, this is in agreement with 

the NSD results where there is a significant increase in the oop distortion modes 

following the introduction of the strap, as demonstrated by the increase in Δoop.  
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Table 4.6: Averaged geometrical parameters of the pyrrole tilt and atom deviations 

for 5,15-diphenylporphyrin, 5,15-diphenylporphyrin with DCM, compound 4.38, and 

compound 4.40. 

Pyrrole tilt (°) 5,15-diphenyl 

porphyrin334 

5,15-diphenyl 

porphyrin-DCM334 

4.38 4.40 

N21 3.6(4) 5.2(4) 14.5(5) 16.9(14) 

N22 4.5(4) 5.1(4) 15.0(4) 17.3(2) 

N23 5.3(4) 5.7(4) 14.8(7) 18.1(17) 

N24 5.9(4) 4.8(4) 13.8(6) 16.0(17) 

Δ24e 0.091 0.095 0.258 0.306 

ΔNf 0.024 0.025 0.159 0.159 

ΔCm(5,15)
g 0.142 0.162 0.425 0.505 

ΔCm(10,20)
g 0.136 0.153 0.395 0.482 

ΔCα
h 0.082 0.092 0.238 0.286 

ΔCβ
i 0.064 0.065 0.157 0.201 

Δip
b 0.450 0.383 0.114 0.105 

Δoop
c 0.429 0.462 1.261 1.496 

 

Finally, we studied changes in the core size (Nx···Nx) following the introduction of 

the strap and the length of the strap. We see that the 5,15-axis is longer than the 

10,20-axis, giving a rectangular shape to the core of the 5,15-diphenylporphyrin 

structures but when the strap is introduced we get a ‘square’ shape resulting from 

the 5,15- and 10,20-axis being approximately the same length (structure of 

compounds 4.38 and 4.40). We then quantified the strap length to be the distance 

between Cortho···Cortho of the 5,15-phenyl substituents. When no strap is included, 

the average distance between these two atoms is between 11.506–11.580 Å; 

however, upon the introduction of the strap, this distance is significantly shorted to 

8.967(2) Å (4.38) and is 8.928(9) Å following endoperoxide formation (4.40).  
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Table 4.7: Core structural parameters of 5,15-diphenylporphyrin, 5,15-

diphenylporphyrin with DCM, compound 4.38, and compound 4.40. 

Structural 

parameters 

(Å) 

5,15-diphenyl 

porphyrin334 

5,15-diphenyl 

porphyrin-DCM334 

4.38 4.40 

Cortho···Cortho

a 

11.580(17) 11.506(2) 8.967(2) 8.928(9) 

N21···N22d 2.757(15) 2.772(15) 2.882(2) 2.823(3) 

N22···N23d 3.065(13) 3.238(15) 2.892(3) 2.912(3) 

N23···N24d 2.750(15) 2.775(15) 2.886(2) 2.817(3) 

N24···N21d 3.055(13) 3.031(15) 2.853(3) 2.893(3) 

aCalculated distance between the Cortho carbon atoms to simulate the length of the 

strap between the 5,15-substituted phenyl ring. bSimulated total in-plane distortion. 

cSimulated total out-of-plane distortion. dCalculated distance between the pyrrole 

nitrogen atoms.  eAverage deviation from the least-squares plane of the 24-

macrocycle atoms. fSimulated displacement of the four internal nitrogen atoms from 

the 24-atom mean plane. gAverage deviation of the meso-carbon atoms from the 

24-atom mean plane. hAverage deviation of the α-carbon atoms from the 24-atom 

mean plane. iAverage deviation of the β-carbon atoms from the 24-atom mean 

plane. 

 

4.3.3 Attempted synthesis of double-strapped porphyrins 

We then turned our attention to the synthesis of the trans isomer of the double-

strapped short-chained anthracene-containing porphyrin (compound 4.39). We 

focused on the trans isomer because it is expected to induce the highest degree of 

macrocyclic distortion and the expected orientation of the anthracene unit across 

the porphyrin provides an analogous structure to that of our single-strapped system 

for investigating [4+2] cycloaddition reactions between the anthracene and singlet 

oxygen. 

 

We adopted the direct synthesis approach by condensing pyrrole with the previously 

synthesised bisaldehyde (4.44) in a 2:1 ratio (Scheme 4.2, Approach A). This 

approach was used by Reddy and Chandrashekar in the synthesis of similar 
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compounds that had a phenyl moiety in the strap.317 As the expected yields are 

lower than 1%, the condensations were performed on multigram scales. We first 

adapted their procedure and boiled the reactants in propionic acid for 1.5 h, followed 

by stirring at rt for 24 h to oxidise to porphyrinogen; however, this did not yield any 

compound. We then shortened the reaction time to 45 min to prevent decomposition 

under the harsh reaction conditions (Table 4.8, Entry 1–3). Mass spectrometry Q-

TOF provided a signal at m/z = 1082.3865 but the product was not isolated. We then 

increased the scale to aid isolation and increased the reaction time to 1 h but the 

same result was obtained. In the next attempt, propanoic acid was replaced with 

acetic acid but this reaction did not yield porphyrin product (Table 4.8, Entry 4). In 

a final attempt, we used Lindsey conditions (Table 4.8, Entry 4–5) and reaction 

times of either 1 h or 2 h. We were able to detect porphyrin NH signals by 1H NMR 

spectroscopy but purification and identification of the isomer were not achieved.  

 

 

Scheme 4.10: Attempted synthesis of double-strapped porphyrin 4.39. 
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Table 4.8: Condensation conditions and outcomes for the synthesis of compound 

4.39 using the direct condensation approach. 

Entry Scale Conditions Outcome 

1 10 g 1. Propionic acid (excess), 120 º C, 1.5 h  

2. rt, 24 h 

Failed 

2 3 g 1. Propionic acid (excess), 120 º C, 45 min  

2. rt, 24 h 

MS found 

3 15.2 g 1. Propionic acid (excess), 120 º C, 1 h  

2. rt, 24 h 

MS found 

4 6.69 g 1. Acetic acid (excess), 100 º C, 1 h 

2. rt, 24 h 

Failed 

2 2 g 1. DCM, BF3·Et2O (cat.), rt, 1 h  

2. DDQ (2 eq.) 

Not isolated 

3 3 g 1. DCM, BF3·Et2O (cat.), rt, 2 h 

2. DDQ (2 eq.) 

Not isolated 

 

In a second approach, we used bisaldehyde 4.44 to synthesise the bis-DPM (4.58) 

and then condensed this in a 1:1 ratio with the bisaldehyde. The bis-DPM was 

synthesised on a multigram scale using excess pyrrole. First, the reaction was 

initiated with TFA and stirred for 1 h at rt, resulting in a yield of 9% (Table 4.9, Entry 

1). We then attempted to increase the yield by using 6 eq. of pyrrole in DCM to aid 

the dissolution of the bisaldehyde. Additionally, the reaction time was increased to 

14 h and the temperature was maintained at rt. The reaction was monitored using a 

bromine chamber and a yield of 7% (Table 4.9, Entry 2) was obtained (Scheme 

4.11).  
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Scheme 4.11: Condensation to yield DPM 4.58. a) TFA (cat.). 

 

Table 4.9: Condensation to yield DPM 4.58. 

Entry Scale  Cond. Yield 

1 1.5 g Pyrrole (excess), 1 h, rt 9% 

2 2 g Pyrrole (6 eq.), DCM, 14 h, rt 7% 

 

DPM 4.58 was found to degrade within one week. Therefore, it was condensed with 

the bisaldehyde directly after synthesis. The reaction was performed under Lindsey 

conditions using DCM. Following the addition of TFA, the reaction was stirred for 3 

h at rt. p-Chloranil was used as an oxidant (Scheme 4.12). The product was 

identified by mass spectrometry (HRMS (MALDI-TOF) m/z calcd. for C70H51N4O4 

[M+H]+: 1083.3910, 1083.3909 found) but pure isolation was not achieved possibly 

due to π-stacking of the anthracene moieties. 
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Scheme 4.12: Condensation to yield double-strapped system a) 1. DCM, TFA 

(cat.), rt, 3 h. 2. p-chloranil (6 eq.), 80 °C, 1 h. 

 

A final attempt at this synthesis involved preparing DPM 4.60. The procedure was 

adapted from literature329–331and the reaction was repeated several times with yields 

between 11-15%. (Scheme 4.13). 

 

 

Scheme 4.13: Condensation to yield DPM 4.60 a) DCM, TFA (cat.), 

rt, 16 h. 

 

Compound 4.60 was then used in the synthesis of porphyrin 4.40.  A crude yield of 

11% was achieved on a 2 g scale. After several purification attempts using column 

chromatography (DCM and 0.5% MeOH) and recrystallisation. The crude product 

was used for the next step.  
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Scheme 4.14: [2+2] Condensation to yield porphyrin 4.61. a) 1. DCM, TFA (cat.), 

rt, 3.5 h. 2. p-chlorinal (6 eq.), 60 °C, 1 h. 

 

A nucleophilic substitution reaction between the alcohol moieties of porphyrin 4.61 

and anthracene derivative 4.43 was performed. Like previous attempts, a positive 

mass spectrometry signal was obtained but the porphyrin was not isolated (Scheme 

4.15).  

 

 

Scheme 4.15: Attempted substitution to yield porphyrin 4.39. a) DMF, K2CO3 (6 

eq.), 60 °C, 14 h. 
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4.4 CONCLUSION AND FUTURE WORK  

In this chapter, short-chained anthracene strapped porphyrins were synthesised 

and studied for singlet oxygen storage applications. The synthetic approach taken 

was a [2+2] condensation reaction between the appropriate DPM and an 

anthracene-containing bisaldehyde, followed by oxidation with p-chlorinal. Moderate 

yields were achieved in line with previous reports. Upon exposure to light, the 

anthracene-strapped systems were converted to the corresponding endoperoxides 

via a [4+2] cycloaddition reaction. This was studied using 1H NMR spectroscopy, 

absorption spectroscopy, and X-ray crystallography. We also used absorption 

spectroscopy and X-ray crystallography to confirm macrocyclic distortion due to the 

introduction of the strap. Additionally, a slight increase in distortion was evident upon 

endoperoxide formation and a minor bathochromic shift was observed in the 

absorption profiles. As seen in the X-ray structures, endoperoxide formation caused 

bending of the anthracene moiety to flank the core and formation of the 

endoperoxide occurred only on one face of the anthracene moiety. There was no 

evidence of the cycloaddition reaction occurring on the inside face of the anthracene 

strap in solution, as examined by NMR spectroscopy. Thus, it was concluded that, 

in these systems, this reaction is regioselective. This interesting structural effect has 

the potential for reversible on-off porphyrin core shielding and chemical modification 

of the strap may lead to a fully inaccessible core on one side. In the future, this 

approach may be utilised for selective oxygen sensing applications or switchable 

oxygen storage, controlled by temperature. 1H NMR spectroscopy was also used to 

investigate the decay properties of these systems. The endoperoxides were formed 

in chloroform-d using broad-spectrum light and shown to thermally decay at 85 ºC 

in DMSO-d6.   

 

We also attempted the synthesis of the double-strapped short-chained anthracene 

containing porphyrin, compound 4.39. We investigated direct synthesis, synthesis 

of the DPM followed by condensation with the bisaldehyde, and the synthesis of 

single-strapped porphyrin, 4.61 followed by a nucleophilic substitution reaction to 

introduce the second strap. Unfortunately, we were unable to isolate the target 

porphyrin. We did obtain positive mass spectrometry results, and this indicates that 

the compound was obtained but in extremely low yields, which hindered isolation. 

When we consider the macrocyclic distortion induced in the single-strapped system, 
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4.38 we would expect compound 4.39 to be highly distorted, which may contribute 

to the extremely low yields. Also, the notably low solubility of the bisaldehyde could 

prevent cyclisation and contribute to the low yield. When compared with other 

double-strapped systems such as those synthesised by Reddy and 

Chandrashekar,317 we would expect the anthracene moiety to be much less soluble 

than the phenyl moiety found in their systems. Additionally, these solubility issues 

hindered the purification of the compound.  

 

The future direction of this project will require restrategising and broadening the 

scope for the anthracene-strapped porphyrins to include capped porphyrin systems 

to completely block one face of the porphyrin macrocycle, in an attempt to develop 

regioselective light-induced cycloaddition reactions. To ease the synthesis of the 

double-strapped system we could extend the strap length by a few atoms, this 

however, would influence the expected distortion. In the future, these compounds 

could also be developed into switchable singlet oxygen storage devices, as 

demonstrated by this proof-of-concept study.  
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Chapter 5: Synthesis and 
Evaluation of Targeted 
Nanoconstructs for Medical 
Applications 

“An té a bhíónn siúlach, bíonn scéalach” 

Seanfhocal 

 

“I got one, Oops, it got away! I caught one, but it’s trying to bite me!  It was a comedy of 

errors.” 

quoted in The Circuitous Route by a Group of Novices to a New FDA Approved 

Cancer Therapy: How Did We Do This?: Thomas J. Doughterty, 2015 

 

5.1 INTRODUCTION  

5.1.1 Liposomes and photodynamic therapy  

Liposomes, which are widely used as drug delivery systems, are biodegradable 

nanostructures composed of a phospholipid bilayer. Liposomes form spontaneously 

when lipids are introduced to aqueous media, which is driven by hydrophilic  

repulsive interactions between the head groups of the lipids and water.337 

Commonly, cholesterol is incorporated into the bilayer to enhance stability under 

biological conditions and to reduce the permeability of encapsulated molecules. 

Polyethylene glycol (PEG) is also used in the design of biomedical liposomes to 

increase clearance rates and stability by preventing protein opsonisation.338 Due to 

their ability to entrap small molecules, liposomes are primarily used to carry 

hydrophobic photosensitisers and can be chemically modified to target specific 

tissue and/or have increased biocompatibility and payloads.339 As many 

photosensitisers, including porphyrins and their derivatives, are large conjugated 

systems that suffer from aggregation and quenching in polar solvents, formulation 

in liposomes provides a method to prevent photophysical deactivation by 

maintaining a distribution of the active photosensitiser monomers. 
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Liposomes have been applied to PDT for decades and there are many examples of 

liposomal photosensitiser formulations having enhanced therapeutic responses 

when compared directly to the corresponding free photosensitisers.338 In one 

example, Molinari et al. showed that mTHPC-loaded liposomes consisting of various 

amounts of dimyristoyl-sn-glycerophosphatidylcholine (DMPC) with a cationic 

surfactant were less toxic and gave a stronger therapeutic response in a human 

glioblastoma cell line when compared to the free chlorin. Additionally, they observed 

an increased encapsulation efficiency due to the incorporation of the surfactant.340 

In 1998, Jiang et al. formulated Photofrin in dipalmitoylphosphatidylcholine (DPPC) 

liposomes and treated U87 human glioma-bearing mice with PDT using the 

construct. When compared to PDT treatment with Photofrin in dextrose, a marked 

increase in therapeutic response was observed as well as increased tumour uptake 

of the liposomal formulation.341 However, it should be noted that there is not always 

a direct correlation between liposome loading and therapeutic response. Venosa et 

al. reported that an undecanoyl ester of ALA had a higher loading efficiency into 

liposomes consisting of phosphatidylcholine and phosphatidylglycerol or 

phosphatidylcholine and phosphatidic acid when compared to free ALA. However, 

porphyrin production did not improve. This was attributed to poor cytoplasmic 

release and interaction between the derivatised ALA and the cell membrane. Thus, 

cellular mechanisms must also be considered when designing constructs.342  

 

The first clinically approved liposomal photosensitiser formulation was Visudyne,  

which was developed by Novartis Ophthalmics (Switzerland) and QLT (Canada).343 

In 2000, it was approved by the FDA for the treatment of classic subfoveal choroidal 

neovascularisation due to age-related macular degeneration and this was soon 

followed by approval from the European Medicines Agency (EMA). The lipid bilayer 

consists of egg phosphatidylglycerol and dimyristoylphosphatidylcholine in the 

presence of antioxidants, butylated hydroxytoluene and ascorbyl palmitate. The 

active photosensitiser is BPD, which is also known commercially as Verteporfin. The 

lipid formulation increases cell specificity and tumour uptake by interacting with low-

density lipoprotein receptors. The active photosensitiser, BPD, produces reactive 

oxygen species when exposed to 689 nm light and the resulting photodamage 

causes neovascular damage.344 
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5.1.2 Targeted liposomes for photodynamic therapy 

Active targeting is a central theme in drug delivery research but certain common 

tumour characteristics make them more susceptible to the preferential accumulation 

of therapeutic agents when compared to normal tissue: These are (i) poor lymphatic 

drainage and (ii) vascular permeability in the nanometer range. These properties 

form the basis of the enhanced permeability and retention (EPR) effect. In the case 

of liposomes, where circulation times are increased by using dopants such as PEG 

or glycolipids, the EPR effect results in the passive preferential accumulation of 

drugs in tumours.345  

 

In addition to this, active targeting can be achieved by including moieties that can 

specifically interact with cellular membrane components and this strategy becomes 

especially relevant when dealing with liposomes with long circulation times. 

Antibody targeting is widely used in clinical liposomal nanomedicine;346,347 however, 

although specific they can be expensive to produce. A particularly important target 

for antibodies is EGFR, with EGFR expression found in up to 85% of patients with 

pancreatic ductal adenocarcinoma cancer.348 An EGFR targeted liposomal 

doxorubicin formulation is currently in Phase II trials for EGFR-positive triple-

negative breast cancer349 and anti-EGFR antibodies are being used in the clinic for 

image-guided surgical resection of pancreatic ductal adenocarcinoma.350 

 

There is much debate in the literature over the role of receptor-targeted delivery 

systems and the EPR effect in tumour targeting.351 The EPR effect has been shown 

to play a crucial role in the accumulation of nanomedicines, as modelled by Schmidt 

and Wittrup.352 They showed that as the nanoparticle size increases above 50 nm 

the effect of targeting becomes less important. However, a plethora of studies have 

concluded that the introduction of targeting ligands results in an increase in the 

therapeutic outcome, even without enhanced delivery or selectively, when 

compared with untargeted constructs. In one example, Han and Davis formulated a 

nanoconstruct containing a mucic acid polymer conjugate of Camptothecin-targeted 

with Herceptin. HER2 overexpressing BT-474 human breast cancer-bearing nude 

mice treated with the targeted construct showed complete tumour regression 

without increased selectivity compared to no tumour inhibition for the untargeted 

control.353 HER2 was also conjugated to Doxorubicin-containing liposomes by 
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Kirpotin et al. and they showed that intracellular uptake increased by 6-fold in BT-

474 breast tumours and improved treatment responses; however, the overall tumour 

accumulation did not differ greatly between the untargeted control and the targeted 

construct.354 Similar results were obtained for other targeting antibodies. EGFR-

targeted liposomes355 and Transferrin-targeted polymeric nanoparticles356 showed 

a greater therapeutic response against tumours compared to their untargeted 

counterparts but again without evidence of increased delivery or selectivity. 

Untangling the effects of the EPR effect and molecular targeting is the key challenge 

in the development of precision medicine and molecular targeted therapies and can 

only be achieved by defining the nuances between cellular uptake and tumour 

localisation. 

 

5.1.3 Radiosensitisers 

Radiation therapy is a conventional treatment for some cancers. The underlying 

principle is that ionising radiation interacts with water to induce radiolysis and the 

production of reactive oxygen species including hydroxyl radicals, hydrogen peroxide, 

and superoxide radicals. A major drawback of classic PDT is limited tissue 

penetration, as discussed in Chapter 1. One possible approach to overcoming this 

is the use of X-rays to activate the therapeutic response. Additionally, the combined 

effect of reactive oxygen species and radiation therapy, at least in theory, leads to lower 

required doses; thus, reducing damage to healthy tissue.  

 

X-rays are capable of activating molecules known as radiosensitisers. Among other 

molecules,357 some classic free base porphyrin photosensitisers are active 

radiosensitisers. In 1957, Mack et al. studied a group of 25 patients (twenty-four patients 

with squamous-cell carcinoma of the cervix and one patient with adenocarcinoma of the 

cervix) receiving radium or Röntgen-ray treatment with an additional injection of Hp prior 

to therapy. Overall, he noted increased tolerance and faster response time but not an 

extension of life.358 In 1966, Cohen and Schwartz investigated HpD, copper HpD, and 

a copper HpD nitrate as potential radiosensitisers. They injected rhabdomyosarcoma-

bearing mice with 0.01, 0.05, 0.25, or 1.25 mg/kg of the porphyrin before X-ray radiation 

(2.30 × 10−2 Gy/s, 24.12 Gy). At 0.05 mg, complete regression occurred for the period 

of the study (84–86 days) with HpD or copper HpD.359 In a series of more recent 

publications, the Schaffer group showed that Photofrin is a promising radiosensitiser. In 
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2001, human bladder cancer cell line RT4-bearing mice were treated with 10 mg/kg of 

Photofrin and irradiated with X-rays (5 Gy). Photofrin treated mice responded following 

X-ray radiation with a tumour volume doubling time of 6.2 days compared to 10.9 days 

for the control group.360 This was followed by a case study involving two patients. The 

first had unresectable bladder cancer and the second had recurrent inoperable bladder 

cancer.  24 h before radiation therapy (44.8 Gy + 14 Gy) they were administered 1 mg/kg 

of Photofrin. The results showed a 40% and 35% reduction in tumour volume for patients 

one and two, respectively.361 In another example, Kulka et al. used colony-forming 

assays to test human bladder cancer (RT4), colon adenocarcinoma (HT-29), and 

glioblastoma (U-373 MG) cell lines for radiosensitivity. The cells were incubated with 

Photofrin prior to X-ray radiation (0.9 Gy/min, 0 to 8 Gy). The RT4 and U-373 MG cell 

lines under this treatment showed lower cell survival when compared to cells irradiated 

with X-ray alone. However, significant differences were not noted in the case of HT-29 

cells under the same conditions.362 Promising as this sounds, it should also be noted 

that radioprotective responses, under some conditions, are also reported in the 

literature. In one example, while investigating whether Hp could modify the sensitivity of 

NHIK 3025 cells to X-ray radiation under aerobic and hypoxic conditions, Moan et al. 

found that Hp (0.5 or 0.7 mM) had no effect on X-ray-irradiated (2.1 Gy/min, 0 to 50 Gy) 

aerobic cells and even had a radioprotective effect on X-ray irradiated hypoxic cells.363 

 

Protoporphyrin IX has also proved itself capable of effecting the radiosensitivity of some 

cell lines and tissues. Takahashi and co-workers have worked extensively in this 

field.364,365 In one study, they found that rat glioma cells (9L) incubated with 5-ALA (1 

mM) and then treated with X-ray (0.8 Gy/min, 8 Gy) showed a reduced capacity for 

colony-forming when a single-dose was used. Both 9L and C6 rat glioma cells displayed 

radiosensitivity after multiple radiation doses. Confocal laser scanning microscopy was 

also used to confirm reactive oxygen specie production following X-ray treatment in the 

9L cells.366 In another study, they investigated clonogenic survival in HeLa cells 

incubated with 5-ALA and treated with X-ray irradiation (1 Gy/min, 3 Gy). They found 

that HeLa cells were sensitised to the treatment and, interestingly, that the expression 

of genes related to cell-cycle arrest and inhibition of DNA replication were altered. X-ray 

treatment alone and X-ray treatment with protoporphyrin IX displayed different gene 

expression profiles but the same overall qualitative gene expression. The increase in 

cellular reactive oxygen species was used to account for the difference in survival 
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outcomes. In a related study, they showed that 24 h later, HeLa cells treated with 1 

μg/mL of protoporphyrin IX prior to radiation exposure (3 Gy) demonstrated a 70% loss 

of their clonogenic ability, with X-ray alone the number was only 50%.364,365 A similar 

positive therapeutic response was reported for B16-BL6 melanoma cells and the study 

was then transitioned into an in vivo model. B16-BL6 tumour-bearing mice were found 

to be resistant to radiation and 5-ALA alone but when injected with 50 mg/kg of ALA 24 

h prior to fractional irradiation (3 Gy × 10, 30 Gy), tumour suppression improved.367,368 

 

The mechanism of action for radiosensitisers is not completely understood but does 

involve the generation of reactive oxygen species.369 In 2000, Bistolfi proposed a dual 

mechanism for HpD radiosensitisation that involved the lipid peroxidation of 

biomembranes due to the formation of reactive oxygen species. He posed that the 

underlying mechanism relied on the emission of red light and water radiolysis.370 For 

Photofrin, it was proposed that hydroxyl radicals were involved, resulting in the failure 

of repair mechanisms following ionising radiation damage that was insufficient to 

cause cell death.371  
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5.2 OBJECTIVES 

Liposomes are biocompatible nanoconstructs capable of chemical modification to 

optimise the delivery of drugs. In this project, we aimed to synthesise multifunctional 

targeted liposomes for medical applications. We aimed to achieve this by lipid film 

synthesis, hydration, and extrusion techniques to formulate the liposomes and the 

incorporation of clinically approved Vertoporphyrin (BPD) and/or its lipidated 

derivative, benzoporphyrin derivative 20:0 lyso phosphocholine (BPD-PC), into the 

lipid bilayer. It was envisioned that the lipids would then be modified by employing 

click chemistry to introduce the EGFR inhibitor, Cet, to actively target 

overexpressing cells. In some cases, we aimed to also use active loading to 

incorporate the chemotherapeutic drug, Irinotecan (sold as Onivyde in a liposomal 

formulation). 

 

We aimed to investigate our targeted systems for biomedical applications by 

evaluating the Irinotecan and BPD-PC-containing construct in vivo using an 

orthotopic pancreatic cancer model and ultrasound imaging to monitor tumour size 

and follow survival. We aimed to compare our constructs to the clinically relevant 

Visudyne and Onivyde regimes and to investigate the effect of multi-dose vs. single-

dose treatments. Finally, we planned to employ histology to evaluate the potential 

therapeutic advantages of the targeted constructs over Visudyne.  

 

In another subproject, we aimed to investigate the used of X-ray radiation to excite 

BPD and BPD-PC molecules in our targeted constructs and to investigate how this 

affects therapeutic efficiency, with the ultimate goal of designing a PDT-radiation 

therapy. We also aimed to image BPD-PC fluorescence using confocal microscopy 

to evaluate the targeting effect of our constructs. We aimed to use singlet oxygen, 

hydroxyl radicals, and pernitrate probes to identify the active species and then 

evaluate these systems in vitro using spheroids of head and neck cancer cell lines, 

Fadu, TR147, and SCC14.  
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5.3 RESULTS AND DISCUSSION†† 

5.3.1 Near-infrared light-active targeted liposomes 

Near-infrared light-active targeted liposomes were synthesised as part of a wider 

study employing targeted nanoconstructs to distinguish between target-specific 

interactions and general uptake mechanisms, including the EPR effect, by 

quantifying specific interactions in vivo.372  

 

To this end, we prepared liposomes consisting of DPPC (58.2 mol%), 1,2-dioleoyl-

sn-glycero-3-phospho-rac-(1-glycerol) (DOPG, 7.9 mol%), cholesterol (28.9 mol%), 

DSPE-N-polyethyleneglycol-2000 (DSPE-mPEG2000, 4.3 mol%), DSPE-

mPEG2000-DIBO (DIBO = dibenzocyclooctyne, 0.5 mol%), and DSPE-mPEG2000-

NH2 (0.2 mol%), which were extruded through a 100 nm polycarbonate membrane. 

This was followed by amide bond formation between IRdye-N-Hydroxysuccinimide 

(680 or 800 nm) and DSPE-mPEG2000-NH2. The mol% of IRdye with respect to 

lipid content was found to be 0.013 ± 0.02% and 0.018 ± 0.003% for IRdye680 and 

IRdye800 nm, respectively. The final synthetic step employed copper-free azide 

chemistry between DSPE-mPEG2000-DIBO and an antibody conjugated to a 

fluorescent dye (IgG-AF488-PEG-N3 or Cet-AF488-PEG-N3, 50 eq., AF488= 

Alexafluor488), with efficiencies of 47.3% for Cet and 47.5% for IgG (constructs 5.1 

and 5.2). This was calculated by measuring the IR dye concentration using UV-vis, 

antibody concentration using Alexafluor488 fluorescence emission, and the mean 

liposome hydromantic size (Fig. 5.1–5.3). As a result, 23.8 Cet molecules per 

liposome and 23.6 IgG molecules per liposome were obtained. This degree of 

antibody conjugation has previously been reported as optimal for physiological 

conditions.373,374 The Cet-functionalised liposomes were used as the active 

construct with targeting mediated by specific EGRF interactions.375 In contrast, the 

IgG-containing liposomes were used as a comparison for non-specific interactions. 

                                                             
†† Contributions to the results in this chapter were made by Prof. G. Obaid, Dr. Ding, Dr. S. Bano, 
and J. Swain. The research was undertaken in the laboratory of Prof. Tayyaba Hasan. 
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Figure 5.1: Schematic illustration of near-infrared light-active targeted liposomes, 

5.1 (IRDye 680 and Cet), 5.2 (IRDye 800 and IgG), (IR = Irinotecan, Cet = 

Cetuximab, IgG = immunoglobulin G). 

 

 

Figure 5.2: Fluorescence emission spectra (ex. 480 nm) of 5.1– 5.4 at IR dye 

concentration of 10 nM in phosphate-buffered saline (PBS). 
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Figure 5.3: Absorption spectra of 5.1–5.4 at IR dye concentration of 10 µM in 

PBS. 

 

For the current work, two parameters were studied. Firstly, the stability of the 

constructs post-synthesis was followed for a period of 40 d using dynamic light 

scattering. We monitored the mean polydispersion index to record changes in 

liposome size or aggregation and to assess the stability of the constructs. As 

presented in Fig. 5.4, the constructs remained stable for this duration. Additionally, 

the intensity weighted mean hydrodynamic size remained constant over the same 

period (Fig. 5.4), further indicating the stability of the constructs. 

 

 

Figure 5.4: Near-infrared light-active targeted liposome stability. Changes in mean 

polydispersion index (PDI, right) and intensity weighted mean hydrodynamic 

size/Z-average (left) up to 40 d after synthesis. 
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The second parameter, the degree of opsonisation, was investigated because this 

property has potential implications on the biological activity of the constructs. 

Opsonisation can lead to a protein corona forming around the constructs, which may 

inhibit their activity. Particularly relevant to this study is that IgG is a reported 

dysopison376 while Cet is not, which may affect the interactions of our specific and 

non-specific constructs. 

 

Thus, to investigate whether opsonisation occurs with our constructs in vivo, we 

mixed untargeted constructs, 5.3 and 5.4, Fig. 5.5, with IgG-AlexaFlour488-PEG-

N3 or Cet-AlexaFlour488-PEG-N3 for 24 h at the same concentration (1 mg/mL)377 

as is found for IgG in in vivo serum. Following purification (sepharose CL-4B column 

using phosphate-buffered saline (PBS) as eluent), the fluorescence intensity of 

Alexafluor488 and absorbance of the IRDyes were used to determine the amount 

of antibody per liposome (Fig. 2 and Fig. 3). It was concluded that negligible 

opsonisation occurred in our system with 0.14% protein-to-lipid content or 1.19 IgG 

molecules per construct. For comparison, a value of 0.41 Cet molecules per 

nanoconstruct was also calculated. 

 

 

Figure 5.5: Schematic illustration of near-infrared light-active untargeted 

liposomes, 5.3 (IRDye 680) and 5.4 (IRDye 800). 
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5.3.2 Targeted photoactivatable multi inhibitory liposomes 

We designed targeted photoactivatable multi-inhibitory liposomes (TPMIL, Fig. 5.6, 

construct 5.5) that can facilitate the delivery of both PDT and chemotherapeutic 

drugs (approximately 600 BPD-PC molecules per liposome and 16,000 Irinotecan 

molecules per liposome). BPD-PC is a lipidated derivative of BPD and was chosen 

to maximise inclusion in the liposome bilayer. The increased inclusion efficiency is 

mediated by Van der Walls interactions between the lipid chain of BPD-PC and the 

hydrophobic tail of the bilayer phospholipids. The construct is anchored with Cet to 

target EGFR over-expressing378 pancreatic tumour cells and contains negatively 

charged DOPG molecules to maintain consistent uptake across varying EGFR-

expressing cells.379 We designed this construct to undergo photodynamic priming 

to increase drug delivery by changing the tumour microenviroment.380 

 

TPMIL were prepared over a multi-step formulation. First, 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC, 53.2 mol%) doped with DSPE-mPEG (0.3 mol%), 

cholesterol (45.9 mol%), and BPD-PC (0.6 mol%) were used to prepare a lipid film, 

which was hydrated using EtOH and ammonium sulfate solution, followed by 5 

freeze-thaw cycles. Then, the solution was extruded through two 100 nm 

polycarbonate membranes to obtain a standard liposome size. The liposomes were 

purified to remove free BPD-PC using size exclusion chromatography. Irinotecan in 

chloroform (20 mg/mL) was actively loaded into the core of the liposomes using 

heating at 65 ˚C for 30 min. In parallel, liposomes with 4.2% PEG surface coverage 

were prepared from DSPE-mPEG and DOPG and post inserted into the Irinotecan-

containing liposomes at 65 ˚C for 60 min, followed by dialysis against HEPES saline 

for 24 h. In the final step of the formulation, Cet was introduced for targeting. DSPC-

PEG2000-DIBO micelles were formulated in HEPES-saline and AF488-Cet-PEG-

N3 was conjugated using click chemistry. These micelles were post-inserted into the 

Irinotecan-containing liposomes at 37 ˚C for 12 h. The final Irinotecan percentage 

encapsulation was calculated to be 70% (using Irinotecan absorbance at 384 nm) 

and a value of 30 Cet per liposome was calculated using the fluorescence signal of 

Alexaflour488 (Fig. 5.7) and the polydispersion index. The nanoparticle size varied 

between 120-130 nm and was measured using dynamic light scattering. 
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Figure 5.6: Schematic illustration of targeted photoactivatable multi-inhibitory 

liposomes (TPMIL), 5.5. (IRI = Irinotecan, BPD-PC = benzoporphyrin derivative 

20:0 lyso phosphocholine). 

 

 

Figure 5.7: Absorption (left) and fluorescence (right) spectra of TPMIL, 5.5 and 

BPD-PC in PBS at a concentration of 5 µM. Fluorescence spectra were taken at 

an excitation wavelength of 435 nm. 

 

The absorption and fluorescence profiles of TPMIL, 5.5 and BPD-PC confirm that 

BPD-PC molecules are more photoactive in the liposomal formulation compared to 

the free photosensitiser with approximately 40% quenching of BPD-PC absorbance 

in the free porphyrin compared to the liposomal formulation in aqueous PBS. Fig. 

5.8 shows that free BPC-PC is active in DMSO but not in PBS.The fluorescence 
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spectra in Fig. 5.7 show that the fluorescence of BPD-PC at an excitation 

wavelength of 435 nm is completely quenched in PBS but a 1200 AU increase in 

fluorescence signal is observed in the TPMIL construct. This is attributed to the lipid 

bilayer preventing aggregation of the π-systems in aqueous media and is expected 

to contribute to successful photoactivation of the construct.  

 

 

Figure 5.8: Right: Absorption Left: Fluorescence emission (ex. 435 nm) of BPD-

PC in DMSO and PBS at a concentration of 5 µM. 

 

An in vivo evaluation of the TPMIL construct was then undertaken. On day zero 6-

week-old male Swiss nude mice were sedated with 100 mg/kg of ketamine and 10 

mg/kg of xylazine. A small left abdominal flank incision was made to exteriorize the 

pancreas. The pancreas was implanted (orthotropic injection) with a 70 μL solution 

of 50% matrigel and culture media, 25% MIAPACA-2 (1×106), and 25% PCAF 

(1×106) cells. The incision was sutured and 10% povidone/iodine was applied to 

prevent infection.  

 

On day 9, when the tumour volumes had reached 25 mm3, the mice were 

randomised into treatment groups: low-dose TPMIL, high-dose TPMIL, Visudyne 

and Onivyde (low-dose TPMIL eq.), Visudyne and Onivyde (clinical eq.),381,382  and 

high-dose Visudyne. Visudyne and Onivyde are clinical liposomal formulations of 

BPD and Irinotecan, respectively, and were included for comparison. Additionally, 

an untreated control group was included in the study. 
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The experimental mice were injected intravenously (tail vein) with 200 μL of sterile 

PBS and active agent. For PDT, the tumour was exposed with a small left flank 

incision. The mice treated with Visudyne were irradiated with the appropriate light 

dose 1 h after injection and the mice treated with TPMIL were irradiated 24 h after 

injection, both using NIR light (690 nm diode laser). Ultrasound imaging was used 

to determine the dimensions of the tumours following implantation (Fig. 5.9). The 

dimensions of the tumour were noted and volume was determined using the 

ellipsoid formula: 

volume = (π × L × W × H)/6 

, where L, W, and H, are the tumour length, width, and height (Fig. 10 and Fig. 11). 

 

Figure 5.9: Experimental timeline for a) single-dose TPMIL and b) Visudyne 

experiments. 

 

Fig. 5.10 shows tumour volumes vs. days following implantation. The experimental 

groups treated with low-dose TPMIL, Visudyne and Onivyde (low-dose TPMIL eq.), 

and Visudyne and Onivyde (clinical eq.) all showed inhibited tumour growth when 

compared with the untreated control group. Low-dose TPMIL displayed tumour 

inhibition for 80 days compared with observed regrowth after 30 days for Visudyne 

and Onivyde (both clinical and TPMIL eq.). A p-value of 0.0354 was calculated 

between the untreated and low-dose TPMIL groups. The difference in therapeutic 

response between Visudyne and Onivyde and TPMIL is attributed to both Cet 

targeting and the synergetic effect between Irinotecan and the photosensitiser.   
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Figure 5.10: Tumour volume vs. days after implantation of treatment groups: low-

dose TPMIL (0.25 mg/kg BPD + 50 J/cm2 (4mg/kg Irinotecan)), Visudyne and 

Onivyde (low-dose TPMIL eq., 0.25 mg/kg + 50 J/cm2 + 4 mg/kg Onivyde), 

Visudyne and Onivyde (clinical eq., 0.25 mg/kg + 50 J/cm2 + 20 mg/kg Onivyde), 

and untreated. p-value * = 0.0354. 

 

Moreover, low-dose TPMIL has a similar effect to high-dose Visudyne with both 

showing regrowth after day 80 (Fig. 5.11). Significantly, low-dose TPMIL has one 

third less BPD and a lower light dose than high-dose Visudyne. When the high-dose 

TPMIL and high-dose Visudyne treatments were compared, 50% more survival was 

observed 72 h following treatment with TPMIL compared to Visudyne (Fig. 5.12). 

This provides evidence for the benefits of cellular targeting in the TPMIL construct 

as the treatment is less toxic to healthy tissue, resulting in less organ damage and 

ultimately higher survival even at high-doses.  
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Figure 5.11: Tumour volume vs. days after implantation of treatment groups: 

Untreated, low-dose TPMIL (0.25 mg/kg BPD + 50 J/cm2 (4 mg/kg Irinotecan), and 

high-dose Visudyne (0.75 mg/kg + 150 J/cm2, n=6). p-value ** = 0.0067. 
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Figure 5.12: Animal survival 72 h after high-dose TPMIL (0.75 mg/kg + 150 J/cm2 

and 12 mg/kg Irinotecan, n=3) or high-dose Visudyne (0.75 mg/kg + 150 J/cm2, 

n=6). 

 

The observed lower toxicity in TPMIL vs. Visudyne at the same high BPD and light 

dose was further confirmed by histology studies. Mice treated with high-dose TPMIL 

and high-dose Visudyne were sacrificed after 72 h to visualise photodamage in the 

pancreas. The sections were stained with hematoxylin and eosin‡‡ staining and 

images were obtained on a Hamamatsu NanoZoomer. Fig. 5.13 (left) displays an 

                                                             
‡‡ Hematoxylin and eosin stains were performed by the photopathology core at the Wellman Center 
for Photomedicine, Massachusetts General Hospital. 
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image of a pancreas section from an animal treated with high-dose TPMIL and 

localised tumour cell death is observed, while on the right, an image of a pancreas 

section from an animal treated with high-dose Visudyne is displayed. In this image, 

cell death is observed across a larger section, including significant areas of the 

pancreas. This is consistent with the 72 h survival study (Fig. 12) and provides 

evidence for the advantages of Cet targeting. Clearly, less damage to surrounding 

tumour tissue is observed for targeted TPMIL construct treatment compared to 

Visudyne treatment. The lower survival can be attributed to increased organ 

damage as a result of the high-dose Visudyne regime.  

 

 

Figure 5.13: Hematoxylin and eosin staining of pancreatic histology sections. 

Scale bar = 2.5 mm, Left: TPMIL 0.75 mg/kg + 150 J/cm2 (12 mg/kg Irinotecan), 

Right: Visudyne 0.75 mg/kg + 150 J/cm2. 

 

To summarise, the efficiency of the TPMIL construct was evaluated by comparing 

the tumour volumes of several treatment groups at day 78 after implantation. We 

can see that there is significant (p-value = 0.0445) tumour growth inhibition when 

low-dose TPMIL was used compared to the untreated group. Additionally, animals 

treated with low-dose TPMIL present lower tumour volumes than those treated with 

high-dose Visudyne, Visudyne and Onivide (TPMIL eq.), or Visudyne and Onivide 

(clinical eq.), indicating that the targeted delivery system can reduce the required 

drug doses as well as reducing the overall toxicity (Fig. 5.14). 
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Figure 5.14: Tumour volumes at day 78 after no treatment, low-dose TPMIL: 0.25 

mg/kg BPD + 50 J/cm2 (4 mg/kg Irinotecan), high-dose Visudyne: 0.75 mg/kg + 

150 J/cm2, Visudyne + Onivyde (low-dose TPMIL eq.): 0.25 mg/kg + 50 J/cm2 (4 

mg/kg Onivyde), and Visudyne + Onivyde (clinical eq.): 0.25 mg/kg + 50 J/cm2 (20 

mg/kg Onivyde). p-value * = 0.0445. 

 

Finally, to investigate whether photodynamic priming can influence drug delivery 

and the therapeutic response of the TPMIL system, we compared the outcome of 

single-dose treatments to three-cycle treatments. MIAPACA-2 and PCAF cells were 

cultured, as before, and the mice were implanted, three were administered single 

cycle low-dose TPMIL and a further six mice we treated with TPMIL three times at 

either 72 h or 7 d intervals. The tumour volumes were monitored using ultrasound 

imaging, as before. The experimental timeline is shown in Fig. 5.15. All treatment 

arms show tumour inhibition up to 80 days’ post-implantation. The 72 h arm does 

show a slightly better response when compared to the 7 d arm and this may be due 

to priming of the tumour environment by the initial PDT treatment; however, there is 

no significant difference between the single and multiple-dose arms up to 80 days 

(Fig. 5.16). As the multiple treatment arms have only three mice per group, the next 

step will be to repeat this experiment with more animals to clearly define the 

advantages, if any, of multiple-dose TPMIL regimes.  
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Figure 5.15: Schematic illustration of the experimental timeline for the single-dose 

TPMIL and multiple-dose TPMIL experiments. 
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Figure 5.16: Tumour volume vs. days after implantation of treatment groups: 

Untreated, single low-dose TPMIL (0.25 mg/kg BPD + 50 J/cm2 (4 mg/kg 

Irinotecan), 3 cycle low-dose TPMIL (0.25 mg/kg BPD + 50 J/cm2 (4 mg/kg 

Irinotecan) treatments at 72 h intervals, and 3 cycle low-dose TPMIL (0.25 mg/kg 

BPD + 50 J/cm2 (4 mg/kg Irinotecan) treatments at 7 d intervals. 
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5.3.3 BPD-containing targeted liposomes  

In a related project, we also synthesised targeted liposomal formulations that 

contained BPD-PC. BPD-PC is known to redirect photodamage to the lysosomes 

and has been shown to be active against ovarian cancer when used in a liposomal 

formulation.383 Moreover, we aimed to investigate the activation of BPD-PC by X-

ray in vitro (Fadu, SCC14, and TR-146 spheroids) and compare the results to light 

activation. Again, we conjugated Cet to target EGFR and compared targeting effects 

against the untargeted control.  

 

The liposomes were formulated from DPPC (57.6 mol%) doped with DOPG (7.9 

mol%), cholesterol (28.9 mol%), DSPE-mPEG2000 (4.5 mol%), DSPE-mPEG2000-

DIBO (0.5 mol%), and BPD-PC (0.5 mol%). The mixture was dried in vacuo and 

then rehydrated with PBS. The solution was then extruded through two 100 nm 

polycarbonate membranes to yield the untargeted construct. The untargeted 

liposomes were reacted with a Cet-Alexa488-PEG-N3 solution at a concentration of 

4.2 mg/mL (100 eq.) and stirred at rt overnight on rotation to obtain the targeted 

analogues. The antibody to liposome ratio was calculated to be between 20-30 

using the fluorescence signal of Alexa488 and the polydispersion index. The 

constructs were purified using size exclusion chromatography. Fig. 5.17 and Fig. 

5.18 show schematic illustrations of the targeted and untargeted systems. In later 

experiments, we altered the mol% of BPD-PC (0.6 mol% and 2 mol%) but the 

formulation approach remained the same. The nanoparticle size varied between 

116–143 nm for constructs 5.6–5.11 and was measured using dynamic light 

scattering. 
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Figure 5.17: Components of untargeted BPD-PC containing liposomes, 5.6 (0.5 

mol% BPD-PC), 5.7 (0.6 mol% BPD-PC), and 5.8 (2 mol% BPD-PC).  (BPD-PC = 

benzoporphyrin derivative 20:0 lyso phosphocholine). 

 

 

Figure 5.18: Components of targeted BPD-PC containing liposomes, 5.9 (0.5 

mol% BPD-PC), 5.10 (0.6 mol% BPD-PC), and 5.11 (2 mol% BPD-PC). (BPD-PC 

= benzoporphyrin derivative 20:0 lyso phosphocholine).   

 

Similar to the TPMIL formulation, the absorption and fluorescence spectra of 

constructs 5.6–5.11 show that BPD-PC is photophysically active in the liposomal 

formulations but is quenched in its free form, when in PBS (Fig. 5.19 – Fig. 21).  
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Figure 5.19: Right: Absorption Left: Fluorescence emission (ex. 435 nm) of 5.6 

(untargeted 0.5 mol% BPD-PC), 5.9 (targeted 0.5 mol% BPD-PC), and free BPD-

PC in PBS at a concentration of 5 µM. (BPD-PC = benzoporphyrin derivative 20:0 

lyso phosphocholine, PBS = phosphate buffered saline).   

 

 

 

Figure 5.20: Right: Absorption Left: Fluorescence emission (ex. 435 nm) of free 

BPD-PC and BPD-PC in targeted and untargeted 0.6 mol% constructs, 5.7 and 

5.10. Spectra measured in PBS at a concentration of 5 µM. (BPD-PC = 

benzoporphyrin derivative 20:0 lyso phosphocholine, PBS = phosphate buffered 

saline).   
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Figure 5.21: Right: Absorption. Left: Fluorescence emission (ex. 435 nm) of 5.8 

(untargeted 2 mol% BPD-PC), 5.11 (targeted 2 mol% BPD-PC), and free BPD-PC 

in PBS at a concentration of 5 µM. (BPD-PC = benzoporphyrin derivative 20:0 lyso 

phosphocholine, PBS = phosphate buffered saline).   

 

We then introduced our BPD-PC liposome formulations into Fadu spheroids to 

monitor uptake. On day 0, the cells were cultured into spheroids in 96 wells plates 

(5000 cells per well). After 48 h, the constructs were added at a BPD-PC 

concentration of 5 µM. 24 h later BPD-PC fluorescence was imaged using confocal 

microscopy at an excitation wavelength of 405 nm, Fig. 5.22. 

 

Figure 5.22: Experimental timeline of Fadu spheroid imaging. 

 

Fig. 5.23 shows images of BPD-PC fluorescence taken after 24 h incubation in an 

untreated spheroid, a spheroid treated with the untargeted construct, and a spheroid 

treated with the targeted construct (0.5 mol% BPD-PC constructs). After analysis 

(Fig. 5.23), there is no significant difference between the targeted and untargeted 

constructs. Additionally, Cet (specific) and IgG (non-specific) antibodies were added 

prior to adding the constructs. Blocking with Cet and IgG resulted in a reduction in 

fluorescence, indicating that construct binding was preventing but this was not 
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statistically significant. Overall, we can conclude that the binding observed, in this 

case, is non-specific.  

 

Figure 5.23: Confocal images of BPD-PC fluorescence (405 nm) in Fadu 

spheroids a) untreated, b) treated with untargeted construct, and c) treated with 

targeted construct taken 24 h after construct addition (0.5 mol% constructs, BPD-

PC concentration of 5 µM).  
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Figure 5.24: Plot of BPD-PC fluorescence intensity of untreated Fadu spheroids, 

Fadu spheroids treated with untargeted construct, and Fadu spheroids treated with 

targeted constructs, as well as untargeted and targeted constructs with antibody 

blocking in Fadu spheroids, 24 h after construct addition (BPD-PC concentration of 

5 µM, 0.5 mol% constructs). 

 

We then reformulated the liposomes with 2 mol% BPD-PC, constructs 5.8 and 5.11, 

to increase the binding of the targeted construct. The mol% of BPD-PC is a trade-

off. If it is too low, as in constructs 5.6 and 5.9, we only see non-specific binging but 

if the mol% is too high we can quench the BPC-PC molecules and the liposomes 

become less stable. The formulated 2 mol% BPD-PC liposomes, constructs 5.8 and 

5.11, did show some BPD-PC when compared to the lower mol% constructs (for 

example, the fluorescence signal of 5.6 is approximately 1600 AU, while that of 

construct 5.8 is 800 AU). However, they are still photoactive in PBS and quenching 
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at these levels is not expected to prevent reactive oxygen species production (Fig. 

5.21). Thus, we could proceed with the in vitro experiments.   

 

When the BPD-PC payload was increased to 2 mol% a significant increase in BPD-

PC fluorescence, at 405 nm in the Fadu spheroids 24 h after construct addition, was 

observed (Fig. 5.25). This can be attributed to less non-specific binding in the 2 

mol% BPD-PC constructs due to the lower lipid concentration compared to the 0.5 

mol% BPD-PC constructs. In Fig. 5.26, we see significance between the targeted 

and untargeted constructs with a p-value of 0.0010. 

 

 

 

 

 

 

 

 

 

Figure 5.25: Confocal images of BPD-PC fluorescence (405 nm) in Fadu 

spheroids a) treated with untargeted construct and b) treated with targeted 

construct, 24 h after construct addition (2 mol% constructs, BPD-PC concentration 

of 5 µM). 
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Figure 5.26:  Plot of BPD-PC fluorescence intensity of untreated Fadu spheroids, 

Fadu spheroids treated with untargeted construct and Fadu spheroids treated with 

targeted constructs 24 h after construct addition (BPD-PC concentration of 5 µM, 2 

mol% constructs). ** = 0.0010. 

 

We then investigated whether these liposomes could be activated using X-rays (12 

Gy, 320 kV, 12.5 mA). As outlined in the introduction, some photosensitisers can be 

activated by ionising radiation; thus, we investigated these BPC-PC constructs as 

radiosensitisers. We conducted probe experiments using HPF (hydroxyphenyl 

fluorescein, hydroxyl radical and peroxynitrite sensor), SOSG, and MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, detects superoxide and superoxide dismutase). All the experiments 

were conducted at a BPD-PC concentration of 5 µM for the light irradiation 

experiments and 7.5 µM for the X-ray radiation experiments.  

 

The first experiment studied singlet oxygen generation (Fig. 5.27). Following light 

irradiation (5 J/cm2), the 2 mol% BPD-PC constructs (targeted 5.10 and untargeted 

5.11) displayed slightly less singlet oxygen generating ability compared to the 0.6 

mol% BPD-PC constructs (targeted 5.8 and untargeted 5.9), which may be 

explained by static quenching. As negligible differences in the fluorescence signal 

of SOSG were observed, it was concluded that X-ray radiation (12 Gy) did not 

induce significant singlet oxygen generation. 
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Figure 5.27: SOSG assay on constructs 5.7, 5.8, 5.10, and 5.11 at a BPD-PC 

concentration of 5 µM for light irradiation (5 J/cm2, 690 nm) and 7.5 µM for X-ray 

radiation (12 Gy), n=4. Excitation wavelength = 460 nm, emission wavelength = 

525 nm. (SOSG = Singlet oxygen sensor green, PBS = phosphate buffered saline) 

 

For the HPF assay, the 2 mol% BPD-PC (5.10 and 5.11) and 0.6 mol% BPD-PC 

(5.8 and 5.9) constructs provided a similar fluorescence response, following both 

light irradiation (10 J/cm2) and X-ray radiation (12 Gy). There is also evidence of the 

radiolysis of water in the PBS control. It can be concluded that both hydroxyl radicals 

and peroxynitrite molecules are generated following both light and X-ray irradiation 

(Fig. 5.28). 
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Figure 5.28: HPF assay on constructs 5.7, 5.8, 5.10, and 5.11 at a BPD-PC 

concentration of 5 µM for light irradiation (10 J/cm2, 690 nm, 150 mW/cm2) and 7.5 

µM for X-ray radiation (12 Gy), n=4. Excitation wavelength = 490 nm, emission 

wavelength = 515 nm. (HPF = hydroxyl radical and peroxynitrite sensor, PBS = 

phosphate buffered saline). 

 

The MTS assay did not show a major increase in any of the constructs, following 

light irradiation (40 J/cm2, 690 nm, 150 mW/cm2) but after X-ray radiation (12 Gy) 

there was a significant increase in absorbance; thus, superoxide and/or superoxide 

dismutase are generated during X-ray radiation but not during light irradiation. This 

confirms that any potential toxicity observed as a result of X-ray radiation may be 

caused by different mechanisms that are not open to PDT (Fig. 5.29).  
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Figure 5.29: MTS assay on constructs 5.7, 5.8, 5.10, and 5.11 at a BPD 

concentration of 5 µM for light irradiation (5 J/cm2, 690 nm, 150 mW/cm2) and 7.5 

µM for X-ray radiation (12 Gy), n=4. Absorption at 490 nm. (MTS = (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, PBS = phosphate buffered saline). 

 

We then tested these compounds in head and neck cancer cell lines (Fadu, SCC14, 

and TR-146). On day 0, the cells were cultured into spheroids in 96 wells plates 

(5000 cells per well). After 48 h, the 2 mol% constructs were added at a BPD-PC 

concentration of 7.5 µM. 24 h later, they were treated with radiation therapy at 

various doses (0 – 15 Gy). The spheroids were imaged using lived/dead assays 72 

h later, as represented in the schematic illustration in Fig. 5.30. The mean live 

intensity was analysed using CLYSPO.384  
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Figure 5.30: Schematic illustration of the experimental timeline for in vitro 

live/dead experiments. 

Across the three head and neck cancer cell lines, no significant toxicity was 

observed. In the Fadu and SCC14 cell lines, dark toxicity was observed when using 

the targeted constructs, this many indicate that Cet is causing toxicity. Also of note 

is that in the SCC14 and TR-146 cell lines a 5 Gy dose (low-dose) of radiation alone 

shows higher cell survival and may induce cell survival mechanisms, leading to a 

radiopositive response, Fig. 5.31–5.33.  
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Figure 5.31: Percentage viability of Fadu spheroids with increasing radiation dose. 

All experiments were at a BPD-PC concentration of 7.5 µM, using targeted and 

untargeted 2 mol% BPD-PC liposome constructs (n=4). 
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Figure 5.32: Percentage viability of SCC14 spheroids with increasing radiation 

dose. All experiments were at a BPD-PC concentration of 7.5 µM, using targeted 

and untargeted 2 mol% BPD-PC liposome constructs (n=4). 
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Figure 5.33: Percentage viability of TR-146 spheroids with increasing radiation 

dose. All experiments were at a BPD-PC concentration of 7.5 µM, using targeted 

and untargeted 2 mol% BPD-PC liposome constructs (n=4). 

 

Finally, we designed a targeted construct containing both BPD and BPD-PC, 

construct 5.12 (Fig. 5.34). BPD is known to localise in the mitochondria and BPD-

PC in the lysosomes; thus, we aim to increase toxicity by targeting both subcellular 

locations. The construct was synthesised using the same techniques as construct 

5.6 and consisted of BPD (1 mol%) and BPD-PC (2 mol%).  
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Figure 5.34: Schematic representation of BPD-PC and BPD containing construct, 

5.12. 

 

After purification, a ratio of 4:1 BPD-PC to BPD was calculated by determining the 

concentration of total BPD and BPD-PC using UV-vis spectroscopy and subtracting 

that from the BPD concentration calculated from a concentration curve (Fig. 5.26) 

formulated using an internal standard (N-(1-naphthyl)ethylenediamine) and liquid 

chromatography-mass spectrometry (LCMS) to determine the BPD-PC 

concentration. Construct 5.13, containing only BPD, was constructed to obtain the 

concentration curve. 
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Figure 5.35: Schematic representation of BPD containing construct, 5.13 (1 mol% 

BPD). 

 

 

Figure 5.36: Standard concentration curve of untargeted BPD containing construct 

in PBS using the area under the curve calculated using N-(1-

naphthyl)ethylenediamine as an internal standard for LCMS. 
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Both constructs 5.12 and 5.13 Have conjugated Cet to target the EGFR receptor. 

Fadu spheroids were seeded and treated with construct 5.12. Then, live/dead assay 

was performed and the spheroids were imaged and analysed with CLYSPO, as 

before. Most notably, major dark toxicity was again observed. Fig. 5.37 shows a 

steady decrease in cell viability with increasing construct concentration. Additionally, 

from the absorption and fluorescence spectra in Fig. 3.38, we observe significant 

BPD/BPD-PC quenching as a result of the high payload in construct 5.12. Therefore, 

the increased payload is expected to contribute to the dark toxicity.  
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Figure 5.37: Percentage viability of Fadu spheroids with increasing conc. of 

targeted mixed BPD/BPD-PC construct 5.12 with a 4:1 concentration ratio of BPD-

PC to BPD and a 12 Gy radiation dose (n=4). 
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Figure 5.38: Right: Absorption Left: Fluorescence emission (ex. 435 nm) of free 

BPD-PC, free BPD, and BPD-PC/BPD in targeted constructs, 5.12. Spectra 

measured in PBS at a concentration of 5 µM. 

 

  



 

 
200 

 

5.4 CONCLUSION AND FUTURE WORK 

A range of targeted liposomes were synthesised and evaluated for medical 

applications. We first synthesised IRdye liposomes with conjugated Cet for targeting 

and an IRDye to quantify targeting in vivo. We showed that these liposomes are 

stable over 40 days. Moreover, under physiological conditions, IgG in this system 

did not form coronas due to protein opsonization. These findings indicate that the 

shelf-life of the constructs are suitable for practical application and that the in vivo 

lifetimes of the constructs are unlikely to be shortened by opsonisation. 

 

In the next project, we synthesised the TPMIL construct, which can deliver both 

BPD-PC and Irinotecan to pancreatic tumour tissue. The combined effect of both 

the photosensitiser and chemotherapeutic drugs provided an enhanced therapeutic 

response. This construct contained Cet as a targeting antibody and we tested 

efficiency in vivo against an orthotopic pancreatic cancer model. Moreover, we 

compared its response to standard liposomal PDT and chemotherapeutic drug 

formulations (Visudyne and Onivyde). Overall, a low-dose of the TPMIL construct 

(0.25 mg/kg BPD + 50 J/cm2 (4 mg/kg Irinotecan)) demonstrated a significantly 

better response when compared to untreated and standard controls (tumour growth 

inhibitor up to 80 days). The next stage of this project will be to increase the size of 

the experimental groups with the aim of translating this construct into clinical 

application.   

 

We also studied the effect of 3-cycle 24 h or 72 h treatment regimes in an attempt 

to investigate the effet of photodynamic priming at the tumour site. However, 

significant therapeutic improvements were not observed in the time period of the 

experiment. We intend to increase the number of data points in each experimental 

group to further analyse photodynamic priming.  

 

In the final project, we successfully constructed a library of BPC-PC containing Cet 

targeted liposomes at 0.5, 0.6, and 2 mol% BPD-PC concentrations.  We 

demonstrated targeting at a higher BPD-PC payload of 2 mol%, however, minor 

killing in three head and neck cancer cell lines was observed. A future avenue for 

this work would be to introduce a rare earth metal or heavy atom into the core of the 

porphyrin to be excited by X-ray radiation, resulting in luminescence to subsequently 
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active the BPD-PC molecules. This concept was introduced by Chen and Zhang in 

2006.385 There is also the possibility of returning to PDT with these constructs to 

fully investigate the advantages of targeting for the therapeutic response. Initially, 

this would require optimisation of the payload and Cet conjugation efficiencies.  
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Chapter 6: Experimental Details 

“In God we trust, others must provide data.” 

         Edwin R. Fisher 1978 

6.1 GENERAL CONSIDERATIONS AND INSTRUMENTATION 

Unless otherwise specified, all chemicals were commercially sourced and used 

without further purification. All air and/or water-sensitive materials were handled 

using standard high vacuum techniques. Dry THF and DCM were obtained by 

passing through alumina under N2 in a solvent purification system and then further 

dried over activated molecular sieves. Dry DMF was purchased from Sigma-Aldrich. 

Analytical thin-layer chromatography was performed using silica gel 60 

(fluorescence indicator F254, pre-coated sheets, 0.2 mm thick, 20 cm × 20 cm; 

Merck) plates and visualized by UV irradiation (λ = 254 nm). Column 

chromatography was carried out using Fluka Silica Gel 60 (230–400 mesh; Merck). 

UV-vis spectra were recorded in solutions using a Specord 250 spectrophotometer 

from Analytic Jena (1 cm path length quartz cell). Emission, excitation spectra and 

lifetimes were measured using a Cary Eclipse G9800A fluorescence 

spectrophotometer and Horiba Jobin Yvon Fluorolog 4. Photo-irradiations were 

performed in quartz cuvettes (2 × 1 × 1 cm) using a polychromatic light source 

(Philips, 15V-150 W lamp), equipped with a 400 nm cut-off filter (Schott GG 400). 

The samples were temperature controlled using a Peltier element (Cary Peltier 1 × 

1 Cell Holder). NMR spectra were recorded on a Bruker AV 600, Bruker Advance III 

400 MH or a Bruker DPX400 400 MHz or an Agilent 400 spectrometer. Accurate 

mass measurements (HRMS) were carried out using a Bruker microTOF-Q™ ESI-

TOF mass spectrometer. Mass spectrometry was performed with a Q-Tof Premier 

Waters MALDI quadrupole time-of-flight (Q-TOF) mass spectrometer equipped with 

Z-spray electrospray ionization (ESI) and matrix assisted laser desorption ionization 

(MALDI) sources in positive mode with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile as the matrix. Melting points were measured using an 

automated melting point meter, SMP50 (Stuart).  
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Crystals were grown following the protocol developed by Hope by dissolving the 

compounds in either CH2Cl2 and layering with a second solvent (hexane) for liquid 

diffusion.386 Single-crystal X-ray diffraction data for all compounds were collected 

on a Bruker APEX 2 DUO CCD diffractometer by using graphite-monochromated 

Cu Kα (λ = 1.54178 Å) radiation. Crystals were mounted on a MiTeGen MicroMount 

and collected at 100(2) K by using an Oxford Cryosystems Cobra low-temperature 

device. Data were collected by using omega and phi scans and were corrected for 

Lorentz and polarization effects by using the APEX software suite.387–389 Using 

Olex2, the structure was solved with the XT structure solution program, using the 

intrinsic phasing solution method and refined against │F2│ with XL using least 

squares minimization.390,391  

 

6.2 CHAPTER 2: PYRIDONE-SUBSTITUTED PORPHYRINS FOR SLOW 

SINGLET OXYGEN RELEASE 

6.2.1 Singlet oxygen sensor green assay 

SOSG reagent was purchased from Thermo Fischer. Upon receipt, the reagent was 

stored at -20 °C until required for use. The stock solutions were prepared in MeOH: 

the content of one 100 µg vial was dissolved in 330 µL of MeOH to make a stock 

solution of 5 × 10-4 M concentration. The working solutions of the reagent were 

prepared immediately before use, and any excess diluted reagent was discarded at 

the end of the work session. A fluorescence cuvette containing 10-4 M solution of 

porphyrin 2.18 or 2.19 in THF was irradiated with broadband visible light for 1 h 

under stirring and cooling to 0 °C by a Peltier element. Subsequently, 31 µL of a 1 

mM NaOH solution in water (final NaOH concentration: 8.9 × 10-6 M) and 70 µL of 

a 5 × 10-4 M SOSG solution in MeOH (final SOSG concentration: 10-5 M) were 

added. After warming up to rt, the sample was placed into a fluorimeter and the 

fluorescence of SOSG in this solution was automatically recorded at variable 

periods of time (every 1-5 min) during 24 h. Fluorescence was excited at 505 nm. 

In the case of 2.19, fluorescence measurements were performed at 40 °C using a 

Peltier element. In the reference experiments, the fluorescence of the SOSG 

solution was monitored in the absence of the porphyrin under the same conditions. 

No increase of the sensor fluorescence was observed either at rt or at 40 °C. 
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6.2.2 Protocol for HT-29 cell cytotoxicity studies 

Each compound (2.13–2.16) was formulated in DMSO (anhydrous >99.9%) and 

diluted in appropriate medium (Dulbecco’s Modified Eagle’s Medium with 4.5 g/L 

Glucose + 2 mM L-glutamine, no FCS) to give a range of concentrations (2 × 10-4–

1 × 10-6 M). The HT-29 cells (human colon adenocarcinoma) were adjusted to a 

concentration of 1 × 106 cells/mL. 800 µL was added to 200 µL of the porphyrin 

solution at 5x the desired and incubated in the dark for 1 h at 37 °C in an atmosphere 

of 5% CO2, after which they were centrifuged and washed in a 3 × excess of medium 

to eliminate any unbound compound. Pellets of the cells and compound were 

resuspended in 1 mL of medium. 4 x 100 µL of the cells (8 × 104) and the porphyrin 

were transferred to two 96 wells plates. One plate was irradiated with broadband 

visible light (400–700 nm; 20 J/cm2 provided by an Oriel quartz tungsten halogen 

lamp housing model 66188 powered by an Oriel 1100 W radiometric power supply 

model 69935), while the second plate served as a “dark toxicity” control. After 

irradiation, 5 µL of Fetal Bovine Serum was added to each well and the plates are 

returned to the incubator overnight. After 24 h, an MTT cell viability assay was 

performed and the results were expressed as percentage of cell viability vs. 

compound concentration; an LD 90 (lethal dose where 90% of the cells are killed) 

was determined from the resulting curves. Each experiment was repeated in 

triplicate (minimum). 

 

6.2.3 Synthetic details and characterisation 

The synthetic procedures used to synthesize methyl-3,5-

bis(bromomethyl)benzoate, 2.21,245 methyl-3-(bromomethyl)-5-formylbenzoate, 

2.28,251 (3,5-bis(bromomethyl)phenyl)methanol, 2.22,246 3,5-

bis(bromomethyl)benzaldehyde, 2.23,247 5,10,15,20-tetrakis(3,5-

bis(bromomethyl)phenyl)porphyrin, 2.25,248 5,10,15,20-tetrakis(4-((2-oxopyridin-

1(2H)-yl)methyl)phenyl)porphyrin, 2.18,237 4-(bromomethyl)benzaldehyde, 2.35,253 

and 5,10,15-tris(4-bromomethylphenyl)-20-(4-methoxycarbonylphenyl)porphyr in, 

2.36,392 were adapted from literature. 
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5,10,15,20-Tetrakis(4-((3-methyl-2-oxopyridin-1(2H)-yl)methyl)phenyl) 

porphyrin, 2.19 

 

 

5,10,15,20-Tetrakis(4-(bromomethyl)phenyl)porphyrin, 2.17, (300 mg, 0.030 

mmol) and 2-hydroxy-3-methylpyridine, 2.27, (337 mg, 3.55 mmol) were 

dissolved in dry THF (150 mL) under anhydrous conditions. NaH (73 mg, 60% 

in mineral oil, 3.04 mmol) was washed with hexane, dissolved in dry THF (20 

mL) and added to the reaction vessel. The reaction was heated to reflux for 5 h. 

The reaction was allowed to cool to rt and the percipitate was removed. The 

product was extracted with DCM (30 mL), dried in vacuo, and recrystallised from 

MeOH and DCM to yield purple crystals (0.80 g, 7.28 × 10-4 mol, 63%). M.p. > 

300 °C; 1H NMR (400 MHz, CDCl3) = δ 8.62 (s, 8H, CHβ), 8.53 (d, J = 8.0 Hz, 

8H, CHAr), 7.92 (d, J = 8.0 Hz, 8H, CHAr), 7.66 (d, J = 6.8 Hz, 4H, CHAr), 7.56 (d, 

J = 6.9 Hz, 4H, CHAr), 6.59 (t, J = 6.9 Hz, 4H, CH Ar), 5.67 (s, 8H, CH2), 2.35 (s, 

12H, CH3), -0.70 ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) = δ 163.5, 145.8, 

139.4, 139.0, 138.8, 137.7, 135.2, 130.8, 128.4, 127.9, 122.3, 115.3, 112.4, 

107.1, 52.8, 17.6 ppm; UV-vis (DMSO): λmax (log ɛ) = 420 (5.69), 516 (4.29), 550 

(4.02), 591 (3.77), 648 nm (3.76); HRMS (ESI): m/z calcd. for C72H59N8O4  

[M+H]+: 1098.4581, 1098.4586 found. 
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5,10,15,20-Tetrakis(3,5-bis((pyridin-2(1H)-one)methyl)phenyl)porphyrin, 2.15 

 

Compound 2.25 (200 mg, 0.15 mmol) and 2-hydroxypyridine, 2.26, (419 mg, 

4.41 mmol) were dissolved in dry THF (100 mL) under anhydrous conditions. 

NaH (176 mg, 60% in mineral oil, 4.41 mmol) was washed with hexane, 

dissolved in dry THF (20 mL) and added to the reaction vessel. The reaction 

was heated to reflux for 5 h. The reaction was allowed to cool to rt and the 

precipitate was removed. The product was extracted with DCM (30 mL), dried in 

vacuo, and recrystallised from MeOH and DCM to yield purple crystals (126 mg,  

8.71 × 10-5 mol, 58%). M.p. > 300 °C; 1H NMR (400 MHz, CDCl3) δ = 8.75 (s, 8H, 

CHβ), 8.01 (s, 8H, CHAr), 7.66 (s, 4H, CHAr), 7.51 (d, J = 4.8 Hz, 8H, CHAr), 7.38 

– 7.32 (m, 8H, CHAr), 6.64 (d, J = 9.1 Hz, 8H, CHAr), 6.24 (t, J = 6.0 Hz, 8H, 

CHAr), 5.48 (s, 16H, CH2) -2.96 ppm (s, 2H, NH); UV-vis (DMSO): λmax (log ɛ) = 

422 (5.54), 518 (4.27), 553 (4.08), 592 (3.95), 647 nm (3.93); HRMS (MALD I-

TOF) m/z calcd. for C92H70N12O8 [M]+: 1470.5440, 1470.5432 found. 
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5,10,15,20-Tetrakis(3,5-bis((3-methylpyridin-2(1H)-one)methyl)phenyl) 

porphyrin, 2.16 

 

Compound 2.25 (200 mg, 0.15 mmol) and 2-hydroxy-3-methylpyridine, 2.27, 

(482 mg, 4.41 mmol) were dissolved in dry THF (100 mL) under anhydrous 

conditions. NaH (176 mg, 60% in mineral oil, 4.41 mmol) was washed with 

hexane, dissolved in dry THF (20 mL) and added to the reaction vessel. The 

reaction was heated to reflux for 5 h. The reaction was allowed to cool to rt and 

the precipitate was removed. The product was extracted with DCM (30 mL), 

dried in vacuo, and recrystallised from MeOH and DCM to yield purple crystals  

(152 mg, 9.69 × 10-5 mol, 65%). M.p. > 200 °C; 1H NMR (400 MHz, CDCl3) δ = 

8.73 (s, 8H, CHβ), 7.97 (s, 8H, CHAr), 7.62 (s, 4H, CHAr), 7.36 (d, J = 4.2 Hz, 8H, 

CHAr), 7.18 (d, J = 5.9 Hz, 8H, CHAr), 6.12 (t, J = 6.7 Hz, 8H, CHAr), 5.42 (s, 16H, 

CH2), 2.16 (d, J = 10.6 Hz, 24H, CH3), -2.96 ppm (s, 2H, NH ); 13C NMR (101 

MHz, CDCl3) δ = 163.2, 143.1, 138.8, 137.1, 136.2, 135.0, 133.4, 133.3, 130.4, 

126.9, 119.3, 106.5, 52.4, 17.6 ppm; UV-vis (DMSO): λmax (log ɛ) = 423 (5.79), 

518 (4.37), 553 (4.12), 592 (3.87), 647 nm (3.83); HRMS (MALDI-TOF): m/z 

calcd. for C100H86N12O8 [M]+: 1582.6692, 1582.6741 found. 
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5,10,15,20-Tetrakis(3-methoxycarbonyl-5-(bromomethyl)phenyl)porphyrin, 

2.29 

 

Pyrrole, 2.24, (50 mg, 0.747 mmol) and methyl 3-(bromomethyl)-5-

formylbenzoate, 2.28, (193 mg, 0.747 mmol) were dissolved in dry DCM (75 mL) 

under anhydrous conditions. Following the addition of BF3·Et2O (10.5 mg, 7.47 

× 10-5 mol), the reaction was stirred at rt for 2 h. DDQ (121 mg, 0.56 mmol) was 

added and the reaction was stirred at rt for 30 min. TEA (10 μL) was added to 

convert the product into free-base form. The crude product was purified by 

filtration through a plug of silica (DCM) to yield a purple solid (96 mg, 7.88 × 10 -

5 mol, 42%). M.p. >300 °C; Rf = 0.4 (DCM); 1H NMR (400 MHz, CDCl3) δ = 8.81 

(s, 12H, CHAr), 8.51 (s, 4H, CHAr), 8.43 (s, 4H, CHAr), 4.80 (s, 8H, CH2), 3.99 (s, 

12H, CH3), -2.83 ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) δ = 166.7, 142.8, 

138.9, 137.1, 134.8, 129.7, 129.6 118.7, 32.4 ppm; UV-vis (DCM): λmax (log ɛ) = 

421 (5.12), 516 (2.71), 550 (2.27), 590 (2.18), 645 nm (1.87); HRMS (MALD I-

TOF): m/z calcd. for C56H42Br4N4O8 [M]+: 1213.9736, 1213.9762 found. 

 

 

 

 

 

 

 



 

 
209 

 

5,10,15,20-Tetrakis(3-methoxycarbonyl-5-(pyridin-2(1H)-

one)phenyl)porphyrin, 2.30 

 

Compound 2.29 (250 mg, 0.21 mmol) and 2-hydroxypyridine, 2.26, (294 mg, 

3.09 mmol) were dissolved in dry THF (100 mL) under anhydrous conditions. 

NaH (123 mg, 60% in mineral oil, 3.09 mmol) was washed with hexane, 

dissolved in dry THF (20 mL), and added to the reaction vessel. The reaction 

was heated to reflux for 5 h. The reaction was allowed to cool to rt and the 

precipitate was removed. The product was extracted with DCM (30 mL), dried in 

vacuo, and recrystallised from MeOH and DCM to yield purple crystals (200 mg, 

1.57 × 10-4 mol, 77%). M.p. >300 °C; 1H NMR (400 MHz, CDCl3) δ = 8.80 (s, 

4H, CHAr), 8.74 (d, J = 3.8 Hz, 8H, CHAr), 8.39 (s, 4H, CHAr), 8.30 (s, 4H, CHAr), 

7.51 (d, J = 5.7 Hz, 4H, CHAr), 7.32 (t, J = 7.2 Hz, 4H, CHAr), 6.62 (d, J = 9.1 Hz, 

CHAr), 6.27 – 6.16 (m, 4H, CHAr), 5.47 (s, 8H, CH2), 3.97 (s, 12H, CH3), -2.91 

ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) δ =  166.9, 162.7, 142.8, 139.9, 

137.7, 137.4, 135.7, 134.6, 129.6, 129.2, 128.5, 121.6, 106.7, 52.5, 52.2, 1.0 

ppm; UV-vis (DMSO): λmax (log ɛ) = 421 (5.78), 515 (4.32), 552 (3.92), 591 

(3.82), 643 nm (3.54); HRMS (MALDI-TOF): m/z calcd. for C76H58N8O12 [M]+: 

1274.4174, 1274.4174 found. 
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5,10,15,20-Tetrakis(3-methoxycarbonyl-5-(methylpyridin-2(1H)-

one)phenyl)porphyrin, 2.31 

 

Compound 2.29 (250 mg, 0.206 mmol) and 2-hydroxy-3-methylpyridine, 2.27, 

(337 mg, 3.09 mmol) were dissolved in dry THF (100 mL) under anhydrous 

conditions. NaH (123 mg, 60% in mineral oil, 3.09 mmol) was washed with 

hexane, dissolved in dry THF (20 mL), and added to the reaction vessel. The 

reaction was heated to reflux for 5 h. The reaction was allowed to cool to rt and 

the precipitate was removed. The product was extracted with DCM (30 mL), 

dried in vacuo, and recrystallised from MeOH and DCM to yield purple crystals  

(149 mg, 5.72 × 10-4 mol, 57%). M.p. >300 °C; 1H NMR (400 MHz, CDCl3) δ = 

8.79 (s, 4H, CHAr), 8.74 (d, J = 5.6 Hz, 8H, CHβ), 8.38 (s, 4H, CHAr), 8.30 (s, 4H, 

CHAr), 7.38 (d, J = 5.4 Hz, 4H, CHAr), 7.19 (d, J = 6.8 Hz, 4H, CHAr), 6.21 – 6.06 

(m, 4H, CHAr), 5.57 – 5.40 (m, 8H, CH2), 3.97 (d, J = 3.4 Hz, 12H, CH3), 2.14 (s, 

12H, CH3), -2.91 ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) δ = 170.1, 166.8, 

163.1, 143.1, 137.7, 137.0, 135.2, 134.4, 133.8, 130.6, 129.6, 128.5, 106.4, 

84.2, 81.7, 52.6, 47.4, 17.4, 14.6 ppm; UV-vis (DMSO): λmax (log ɛ) = 421 (5.72), 

517 (4.34), 551 (3.96), 591 (3.85), 646 nm (3.64); HRMS (MALDI-TOF): m/z 

calcd. for C81H66N8O12 [M+H]+: 1331.4878, 1331.4871 found. 
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5,10,15,20-Tetrakis(3-carboxy-5-((2-oxopyridin-1(2H)-yl)methyl)phenyl) 

porphyrin, 2.13 

 

To a solution of compound 2.30 (100 mg, 0.08 mmol) dissolved in THF (110 mL) 

was added KOH (1 g, 0.02 mol) dissolved in MeOH (20 mL). The reaction was 

heated to reflux for 24 h. The reaction was allowed to cool to rt, the precipitate was 

removed, and the solvent was evaporated in vacuo. Water (10 mL) was added and 

the precipitated product was filtered. The product was recrystallised from a mixture 

of DCM, MeOH, and acetone to yield a green solid (69 mg, 5.66 × 10-5 mol, 72%). 

M.p. >300 °C; 1H NMR (400 MHz, DMSO-d6) δ = 8.81 (s, 8H, CHβ), 8.57 (s, 4H, 

CHAr), 8.19 (s, 8H, CHAr), 8.01 (d, J = 5.1 Hz, 4H, CHAr), 7.45 (t, J = 7.8 Hz, 4H, 

CHAr), 6.47 (d, J = 8.8 Hz, 4H, CHAr), 6.30 (s, 4H, CHAr), 5.43 (s, 8H, CH2), -2.93 

ppm (s, 2H, NH); UV-vis (DMSO): λmax (log ɛ) = 422 (5.48), 517 (4.65), 551 (3.39), 

593 (3.30), 646 nm (3.23); HRMS (MALDI-TOF): m/z calcd. for C73H50N8O12 [M+H]+: 

1219.3626, 1219.3621 found. 
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5,10,15,20-Tetrakis(3-carboxy-5-((2-oxomethylpyridin-2(1H)-yl)methyl)phenyl) 

porphyrin, 2.14 

 

To a solution of compound 2.31 (100 mg, 7.52 × 10-5 mol) dissolved in THF (80 

mL) was added KOH (1 g, 0.02 mol) dissolved in MeOH (20 mL). The reaction was 

heated to reflux for 24 h. The reaction was allowed to cool, the precipitate was 

removed, and the solvent was evaporated in vacuo. Water (10 mL) was added and 

the precipitated product was filtered. The product was recrystallised from a mixture 

of DCM, MeOH, and acetone to yield a green solid (83 mg, 6.52 × 10-5 mol, 87%). 

1H NMR (400 MHz, DMSO-d6) δ = 13.42 (s, br, 4H, CHAr), 8.84 (s, 8H, CHAr), 

8.69-8.57 (m, 4H, CHAr), 8.48-8.32 (m, 8H, CHAr), 7.92 (d, J = 4.7 Hz, 4H, CHAr), 

7.42-7.27 (m, 4H, CHAr), 6.29-6.15 (m, 4H, CHAr), 5.51 (s, 8H, CH2), 2.03 (s, 

12H, CH3), -2.97 ppm (s, 2H, NH) ppm; 13C NMR (101 MHz, DMSO-d6) δ = 

175.5, 167.3, 162.2, 141.4, 137.4, 136.7, 130.0, 128.6, 119.4, 119.1, 105.5, 

68.8, 51.5, 48.6, 46.3, 42.2, 29.1, 27.4, 17.1 ppm; UV-vis (DMSO): λmax (log ɛ) 

= 422 (5.68), 518 (4.27), 553 (3.94), 592 (3.76), 647 nm (3.65); HRMS (MALD I-

TOF): m/z calcd. for C76H58N8O12 [M]+: 1274.4174, 1274.4205 found. 
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5,10,15-Tris(3,5-bis(bromomethyl)phenyl)-20-(4-methoxycarbonylphenyl) 

porphyrin, 2.33 

 

3,5-Bis(bromomethyl)benzaldehyde, 2.23, (500 mg, 1.71 mmol) and methyl-4-

formylbenzoate, 2.32, (140 mg, 8.56 × 10-4 mol) were dissolved in dry DCM (200 

mL) under argon. Pyrrole, 2.24, (174 mg, 2.59 mmol) and BF3·Et2O (37 mg, 2.25 × 

10-4 mol) were added and the reaction was stirred at rt for 2 h. DDQ (588 mg, 2.59 

mmol) was added and the reaction was stirred at rt for 2 h. TEA (10 µL) was added. 

The reaction mixture was filtered through a plug of silica (DCM) and the product was 

purified by silica gel column chromatography (DCM) to yield a purple solid (99 mg, 

8.05 × 10-5 mol, 12%). M.p. = 170 °C; Rf  = 0.90 (DCM); 1H NMR (400 MHz, CDCl3) 

δ = 8.90 – 8.81 (m, 8H, CHβ), 8.44 (d, J = 8.2 Hz, 2H, CHAr), 8.29 (d, J = 8.0 Hz, 2H, 

CHAr), 8.24 – 8.12 (m, 6H, CHAr), 7.89 – 7.79 (m, 3H, CHAr), 4.76 (s, 12H, CH2), 4.11 

(s, 3H, CH3), -2.84 ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) δ = 167.2, 146.6, 

143.0, 137.1, 136.2, 135.0, 134.5, 131.4, 130.9, 129.8, 128.9, 128.0, 126.3, 118.9, 

52.5, 32.8 ppm; UV-vis (DCM): λmax (log ɛ) = 421 (5.90), 516 (4.30), 551 (3.92), 591 

(3.79), 646 nm (3.58); HRMS (MALDI-TOF) m/z calcd. for C52H38N4O2Br6 [M]+: 

1223.8095, 1223.8115 found. 

  



 

 
214 

 

5,10,15-Tris((4-pyridin-2(1H)-onemethyl)phenyl)-20-(4-

methoxycarbonylphenyl) 

porphyrin, 2.37 

 

5,10,15-Tris(4-bromomethylphenyl)-20-(4-methoxycarbonylphenyl)porphyrin, 2.36 

(300 mg, 3.16 × 10-4 mol) and 2-hydroxypyridine, 2.26, (361 mg, 3.79 mmol) were 

dissolved in dry THF (70 mL) under anhydrous conditions. NaH (151 mg, 60% in 

mineral oil, 3.79 mmol) was washed with hexane, dissolved in dry THF (20 mL), and 

added to the reaction vessel. The reaction was heated to reflux for 5 h. The reaction 

was allowed to cool to rt and the precipitate was removed. The product was 

extracted with DCM (30 mL), dried in vacuo, and recrystallised from MeOH and 

DCM to yield purple crystals (74 mg, 7.44 × 10-5 mol, 23%). M.p. = 277 °C; 1H NMR 

(400 MHz, CDCl3) δ =  8.86 – 8.69 (m, 8H, CHβ), 8.42 (d, J = 8.2 Hz, 2H, CHAr), 8.27 

(d, J = 8.2 Hz, 2H, CHAr), 8.17 (dd, J = 16.1, 8.0 Hz, 6H, CHAr), 7.64 (d, J = 8.0 Hz, 

6H, CHAr), 7.58 (dd, J = 6.8, 1.9 Hz, 3H, CHAr), 7.44 (ddd, J = 8.8, 6.6, 1.9 Hz, 3H, 

CHAr), 6.75 (d, J = 9.2 Hz, 3H, CHAr), 6.32 (t, J = 6.7 Hz, 3H, CHAr), 5.49 (s, 6H, 

CH2), 4.10 (s, 3H, CH3), -2.84 ppm (d, J = 7.8 Hz, 2H, NH); 13C NMR (101 MHz, 

CDCl3) δ = 167.3, 162.9, 146.9, 141.6, 139.7, 137.6, 136.0, 134.9, 134.5, 129.6, 

127.9, 126.2, 121.5, 119.7, 119.8, 118.7, 106.5, 52.4, 52.2, 52.1 ppm; UV-vis 

(DCM): λmax (log ɛ) = 420 (5.96), 516 (4.12), 551 (3.81), 591 (3.62), 646 nm (3.49); 

HRMS (ESI) m/z calcd. for C64H47N7O5 [M]+: 993.3639, 993.3638 found. 
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5,10,15-Tris((4-pyridin-3-methyl-2(1H)-onemethyl)phenyl)-20-(4-

methoxycarbonylphenyl)porphyrin, 2.38 

 

5,10,15-Tris(4-bromomethylphenyl)-20-(4-methoxycarbonylphenyl)porphyrin, 2.36 

(200 mg, 2.10 x 10-4 mol,) and 2-hydroxy-3-methylpyridine, 2.27, (345 mg, 3.15 

mmol) were dissolved in dry THF (60 mL) under anhydrous conditions. NaH (167 

mg, 60%, 4.20 mmol) was washed with hexane, dissolved in dry THF (10 mL), and 

added to the reaction vessel. The reaction was heated to reflux for 5 h. The reaction 

was allowed to cool to rt and the precipitate was removed. The product was 

extracted with DCM (30 mL), dried in vacuo, and recrystallised from MeOH and 

DCM to yield purple crystals (43 mg, 4.16 × 10-5 mol, 19% yield). M.p. >300 °C; 1H 

NMR (400 MHz, CDCl3): δ = 8.89 – 8.72 (m, 8H, CHβ), 8.43 (d, J = 8.3 Hz, 2H, CHAr), 

8.28 (d, J = 8.3 Hz, 2H, CHAr), 8.18 (d, J = 8.1 Hz, 6H, CHAr), 7.69 (d, J = 7.6 Hz, 

6H, CHAr), 7.50 (d, J = 7.1 Hz, 3H, CHAr), 7.30 (d, J = 6.8 Hz, 3H, CHAr), 6.26 (t, J = 

6.8 Hz, 3H, CHAr), 5.54 (s, 6H, CH2), 4.11 (s, 3H, COOCH3), 2.23 (s, 9H, CH3)  -

2.85 ppm (s, 2H, NH); 13C NMR (400 MHz, CDCl3): δ = 163.2, 136.9, 135.0 134.9, 

134.90, 134.5, 134.0, 127.9, 126.0, 106.2, 52.4  ppm; UV-vis (DCM): λmax (log ɛ) = 

422 (6.41), 517 (5.05), 552 (4.70), 592 (4.62), 647 nm (4.55). 
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6.3 CHAPTER 3: HEAVY-ATOM FREE SINGLET OXYGEN GENERATING 

BODIPY DYADS 

6.3.1 Protocol for singlet oxygen quantum yield measurements 

The procedure for the singlet oxygen quantum yield measurements was adapted 

from literature.256 Solutions of DPBF, with an optical density of 1.0 in air-saturated 

EtOH were formulated. The corresponding BAD was added to the cuvette and its 

absorbance was adjusted to approximately 0.01 at the wavelength of irradiation. 

The solution in the cuvette was irradiated with a 532 nm laser light at a power density 

of 10 mW/cm2. The absorption spectra of the solutions were measured every 10 s. 

The slope of plots of absorbance of DPBF at 414 nm vs. irradiation time for each 

photosensitizer was calculated. Singlet oxygen quantum yields were calculated 

according to the following equation: 

 

Φ∆ =  Φ△
𝑟𝑒𝑓

×  
𝑘

𝑘𝑟𝑒𝑓
×

𝐼𝑎𝑏𝑠
𝑟𝑒𝑓

𝐼𝑎𝑏𝑠
 

 

, where Φ△ is the singlet oxygen quantum yield, the superscript ref stands for the 

reference compound, 3.15 (0.67 in EtOH),265 k is the slope of the curves of DPBF 

absorption (414 nm) change vs. irradiation time, I represents the absorption 

correction factor which is given by I = 1–10−OD (OD is the optical density at 532 nm). 
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Figure 6.1: Change of DPBF absorption at 414 nm upon irradiation in air-

saturated EtOH. 
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Figure 6.2: Fluorescence emission spectrum of DPBF at an excitation wavelength 

of 410 nm. 

 

6.3.2 Protocol for fluorescence quantum yield measurements  

A solutions of fluorescein in 0.1 M NaOH with an absorption between 0.03-0.07 was 

formulated. The fluorescence quantum yield of fluorescein is reported as 0.95.278 

The maximum absorbance and area under the curves emission was noted. BAD 

solutions of concentration 1 × 10-5 M were formulated and the maximum optical 

density and area under the emission curve was noted. The quantum yields were 

calculated according to the following equation: 

 

Φ𝑓 =  Φf
𝑟𝑒𝑓

× 
𝑂𝐷

𝑂𝐷𝑟𝑒𝑓
×

𝐼𝑎𝑏𝑠
𝑟𝑒𝑓

𝐼𝑎𝑏𝑠
×

𝑛2

𝑛𝑟𝑒𝑓
2  

 

, where Φf is the fluorescence quantum yield, the superscript ref stands for 

fluorescein, OD is the optical density, I is the integrated intensity, n is the refractive 

index. 
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6.3.3 Protocol for MDA-MB-468 cell cytotoxicity studies 

For the photocytotoxicity studies the BADs were formulated in DMSO and diluted in 

appropriate medium (Dulbecco’s Modified Eagle’s Medium with 4.5 gL-1 glucose + 2 

mM L-glutamine; no FBS) to give a range of concentrations (1–50 μM). The 

concentration of DMSO never exceeded 5.2%. The cells (MDA-MB-468) were 

adjusted to a concentration of 1×106 cells/mL and 800 μl was added to 200 μl of 

BAD stock solution to achieve the desired concentrations. The cells were then 

incubated in the dark for an h at 37 °C and 5% CO2, after which they were washed 

with a three times excess of media and centrifuged to eliminate any unbound BAD. 

The final pellets of cells were re-suspended in 1 mL medium and 100 μL (8 × 104 

cells) was transferred into two 96 wells plates in quadruplicate for each 

concentration. One plate was subsequently irradiated with light (400–700 nm; 20 

J/cm2) from an Oriel quartz tungsten halogen lamp (model 66188 powered by an 

Oriel 1100W radiometric power supply (model 69935). The second plate was kept 

in the dark and served as a “no light” control. After irradiation, 5 μL of Fetal Bovine 

Serum was added to each well and the plates were returned to the incubator 

overnight. After 18 to 24 h, an MTT cell viability assay252 was performed and the 

results were expressed as percentage of cell viability vs. compound concentration; 

an LD50 (lethal dose where 50% of the cells are killed) was determined from the 

resulting curves. Each experiment was repeated in triplicate.393 

 

6.3.4 Protocol for AY27 and F98 cell cytotoxicity studies 

The cells were cultured and maintained in sterile 75 culture flasks cm2 at 37 ⁰C in a 

humidified atmosphere containing 5% CO2, in RPMI-1640 growth medium 

supplemented with 10% fetal bovine serum, 0.33% L-glutamine (200 mM,), and 1% 

penicillin/ streptomycin (10 U/mL/10 g/mL).  

On day one of the PDT experiments, the cells were seeded in Petri dishes (6 cm × 

1.5 cm), with 0.5 × 106 cells in 3 mL of media each, and incubated for 24 h at 37 °C. 

The BAD samples were formulated in DMSO and diluted in appropriate medium to 

give a concentration of 10 µM. On the second day, the culture medium was replaced 

with BAD-containing medium (10 µM) in the dishes marked for treatment. The 

control dishes and dishes only receiving light were refilled with the same amount of 

growth medium. From this point on, all of the cell dishes were maintained under dark 
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conditions using aluminum foil when not undergoing illumination. The cells were 

incubated for 24 h at 37 °C in the dark. On day three, the BAD-containing medium 

was removed from the dishes and the cells were washed twice with PBS to remove 

any extracellular traces of the photosensitiser. Then, a small amount of PBS was 

added to cover the cells during the illumination process. Immediately after the 

removal of the BAD-containing medium and the addition of PBS, the cells were 

placed on the LumiSource® lamp (435 nm, 12.9 mW/cm2) for the specified time. 

When removed from the lamp, the dishes were quickly covered to avoid any excess 

illumination. After irradiation, the PBS was removed from the dishes and the cells 

were resupplied with growth medium. Before the MTT assay,252 the cells were 

incubated overnight for 20 h. On the fourth day, the culture medium was removed 

and the cells were incubated with MTT solution (0.5 mg/mL) for 1 h at 37 °C. The 

MTT medium was replaced by isopropanol (2 mL) before being placed on a plate 

shaker for 30 min at 80 RPM. The cell suspensions were centrifuged for 5 min at 

1500 RPM. The supernatants were diluted with isopropanol before the absorbance 

at 595 nm (using a Shimadzu UV-1700 spectrophotometer, China) was measured. 

The data was processed and compared to that of the untreated cells.394 

 

6.3.5 X-ray crystallography details 

 

The X-ray crystallography details of 3.64 are described in Table 6.1. Hydrogen 

atoms were generally placed in geometrically calculated positions and refined using 

a riding model. All images of 3.64 shown in Chapter 3 were prepared using Olex2.391 

The C and N bound H atoms were placed in their expected calculated positions and  

refined as riding model: C–H = 0.95–0.98 Å, with 1.2Ueq (C) for all H atoms. Further 

refinement of the sulfonate moiety proved to be unsuccessful and modelling H7B 

(water molecule) hampered the overall data quality. 
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Table 6.1: Details of XRD data refinement. 

Compound 3.64 

Empirical formula C53H67BN4O7S2 

Formula weight 947.03 

Temperature/K 100(2) 

Crystal system triclinic 

Space group P1̅ 

a/Å 8.9627(4) 

b/Å 9.3838(4) 

c/Å 29.8177(11) 

α/° 94.521(3) 

β/° 96.534(3) 

γ/° 93.269(3) 

Volume/Å3 2478.23(18) 

Z 2 

Dcalc g/cm3 1.269 

μ/mm-1 1.421 

F(000) 1012.0 

Crystal size/mm3 0.07×0.05×0.01 

Radiation CuKα 

Wavelength/Å λ = 1.54178 

2θ/° 5.988–134.05 

Reflections collected 67748 

Independent reflections 8733 

Rint 0.1556 

Rsigma 0.1152 

Restraints 0 

Parameters 615 

GooF 1.037 

R1 [I> 2σ (I)] 0.0751, 



 

 
221 

 

wR2 [I> 2σ (I)] 0.1960 

R1 [all data] 0.1192 

wR2 [all data] 0.2304 

Largest peak/e Å-3 0.69 

Deepest hole/e Å-3 -0.53 

 

6.3.6 General synthetic procedures 

General Procedure A: BODIPY synthesis using unsubstituted pyrrole. 

The appropriate aldehyde (1 eq.) and pyrrole (2 eq.) were dissolved in dry DCM and 

the solution was degassed with argon for 10 min. TFA (cat.) was added and the 

reaction mixture was stirred for 12 h under argon. NaOH (1 M solution) was added 

and the reaction was stirred for 20 min. The reaction mixture was washed with H2O 

(2 × 50 mL), extracted with DCM, dried over Na2SO4 and evaporated in vacuo.  The 

product was dissolved in dry DCM under argon and DDQ (1 eq.) was added 

following stirring at rt for 20 min. Following the addition of H2O (75 mL), the organic 

layer was extracted with DCM (3 × 100 mL) and dried over Na2SO4. The product 

was dried in vacuo and the resulting solid was dissolved in DCM and stirred under 

an argon atmosphere. DIPEA (10 eq.) was added and the mixture was stirred for 

another 5 min. BF3·Et2O (10 eq.) was added, the reaction flask was shielded from 

light and the solution was stirred for 1.5 h. The reaction mixture was washed with 

H2O (2 × 50 mL), extracted with DCM (50 mL), dried over Na2SO4 and evaporated 

in vacuo. The crude products were purified by silica gel column chromatography 

(DCM/hexane, 1:1) or (DCM). 

 

General Procedure B: BODIPY synthesis using substituted pyrrole. 

The appropriate aldehyde (1 eq.) and pyrrole (2 eq.) were dissolved in dry DCM and 

the solution was degassed with argon for 10 min. TFA (cat.) was added and the 

reaction mixture was stirred for 12 h under argon. DDQ (1 eq.) was added and the  

mixture was stirred for another 20 min. The reaction mixture was washed with H2O 

(2 × 50 mL), extracted with DCM, dried over Na2SO4 and evaporated in vacuo. The 

resulting solid was dissolved in DCM and stirred under argon atmosphere. DIPEA 

(10 eq.) was added and the mixture was stirred for another 5 min. BF3·Et2O (10 eq.) 

was added, the reaction flask was shielded from light and the solution was stirred 
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for 1.5 h. The reaction mixture was washed with H2O (2 × 50 mL), extracted with 

DCM (50 mL), dried over Na2SO4 and evaporated in vacuo. The crude products 

were purified by silica gel column chromatography (DCM/hexane, 1:1) or (DCM). 

 

General Procedure C: Fluorine substitution. 

To a solution of 3-dimethylamino-1-propyne (4.5 eq.) in dry THF was added n-BuLi 

(4 eq.). The mixture was stirred at rt for 30 min. BODIPY (1 eq.) dissolved in dry 

THF was added dropwise to the reaction and the reaction was stirred at rt for 2 h. 

The reaction was quenched with H2O and concentrated. The residue was dissolved 

in DCM, washed with H2O (3 × 100 mL) and extracted with DCM (3 × 100 mL). The 

product was purified by silica gel column chromatography (DCM/MeOH, 10:1). 

 

General Procedure D: Sulfonation. 

Dimethylaminopropyne-substituted dyad (1 eq.) was dissolved in EtOAc and the 

solution was heated to reflux under argon. A solution of 1,3-propanesultone (6 eq.) 

in EtOAc (2 mL) was added and the reaction mixture was refluxed for 2 h. After 

cooling to rt the precipitate formed was filtered and carefully washed with Et2O. The 

obtained product was dried at 80 °C. 

 

6.3.7 Synthetic details and characterisation 

9-Bromo-10-phenylanthracene, 2.29,275 10-phenylanthracene-9-carbaldehyde, 

3.30,274 4-(10-phenylanthracen-9-yl)benzaldehyde, 3.31,275 and 2-methylpyrrole, 

3.35,276 were synthesised using adapted literature procedures and  charaterized in 

accordance with literature. 1,3,5,7-Tetramethyl-8-(10-methylanthracen-9-yl)- 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene, 3.15, was synthesised and characterized in 

accordance with literature.265 8-(Pyren-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s -

indacene, 3.33 was characterized in accordance with literature.395 1,3,5,7-

Tetramethyl-8-(3,4,5-trimethoxyphenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, 3.72,396 and 1,3,5,7-tetramethyl-8-(2,4,5-trimethoxyphenyl)-4,4-difluoro-

4-bora-3a,4a-diaza-s-indacene, 3.76284,397  were synthesised in accordance with 

general procedure B and characterized in accordance with literature. 
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8-(Anthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 3.38 

 

Compound 3.38 was synthesised in accordance with general procedure A using 

anthracene-9-carbaldehyde (500 mg, 2.43 mmol), 2-methyl-1H-pyrrole (91 mg 4.85 

mmol), dry DCM (160 mL), TFA (10 µL), NaOH (1 M solution, 10 mL), DDQ (550 

mg, 2.42 mmol), DIPEA (3.13 g, 2.43 × 10-2 mol), and BF3·Et2O (3.44 g, 2.43 × 10-

2 mol) to yield a green orange solid (146 mg, 3.96 × 10-4 mol, 17%). M.p. >250 °C; 

Rf  = 0.32 (DCM/hexane, 1:1); 1H NMR (400 MHz, CDCl3) δ = 8.61 (s, 1H, CHAr), 

8.06 (d, J = 8.5 Hz, 2H, CHAr), 7.99 (s, 2H, CHAr), 7.79 (dt, J = 4.7, 2.4 Hz, 2H, CHAr), 

7.51 – 7.45 (m, 2H, CHAr), 7.40 (ddd, J = 8.6, 6.5, 1.3 Hz, 2H, CHpyrrole), 6.36 ppm 

(d, J = 5.3 Hz, 4H, CHpyrroe); 13C NMR (101 MHz, CDCl3) δ = 144.6, 136.9, 131.2, 

130.8, 129.1, 128.3, 126.8, 126.0, 125.6, 118.8 ppm; UV-vis (DCM): λmax (log ɛ) = 

351 (4.11), 368 (4.23), 387 (4.16), 507 nm (4.55); HRMS (ESI) m/z calcd. for 

C23H16BF2N2 [M+H]+: 369.1373, 369.1341 found. 

 

8-(10-Phenylanthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 3.40 

 

Compound 3.40 was synthesised in accordance with general procedure A using 

aldehyde 3.30 (300 mg, 1.06 mmol), pyrrole (20 mL), TFA (10 µL), NaOH (1M 

solution, 10 mL), dry DCM (140 mL), DDQ (240 mg, 1.06 mmol), H2O (75 mL), 

DIPEA (1.37 g, 0.01 mol), and BF3·Et2O (1.51 g, 0.01 mol) to yield a green orange 

solid (165 mg, 3.71 × 10-4 mol, 35%). M.p. >250 °C; Rf  =  0.45 (DCM/hexane, 1:1); 

1H NMR (400 MHz, CDCl3) δ = 8.03 (s, 2H, CHAr), 7.88 – 7.85 (m, 2H, CHAr), 7.73 

– 7.70 (m, 2H, CHAr), 7.66 – 7.56 (m, 3H, CHAr), 7.53 – 7.47 (m, 2H, CHAr), 7.43 – 

7.33 (m, 4H, CHAr/pyrrole), 6.49 (d, J = 4.1 Hz, 2H, CHpyrrole), 6.42 ppm (d, J = 3.1 Hz, 

2H, CHpyrrole); 13C NMR (100 MHz, CDCl3) δ =  146.0, 144.8, 140.0, 138.4, 137.3, 
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131.5, 131.2, 130.6, 129.6, 128.7, 128.0, 127.2, 126.6, 126.6, 126.3, 125.6, 119.1 

ppm; UV−vis (DCM): λmax (log ε) = 356 (4.21), 374 (4.35), 394 (4.29), 506 nm (4.84); 

HRMS (ESI): m/z calcd. for C29H19BF2N2 [M]+: 444.1609, 444.1630 found. 

 

8-(9,10-Diphenylanthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 

4.41 

 

Compound 3.41 was synthesised in accordance with general procedure A using 

aldehyde 3.31 (200 mg, 5.59 × 10-4 mol), pyrrole (75 mg 1.17 mmol), dry DCM (160 

mL), TFA (10 µL), NaOH (1 M solution, 10 mL), DDQ (125 mg, 5.59 × 10-4 mmol), 

H2O (75 mL), DIPEA (720 mg, 5.59 mmol), and BF3·Et2O (794 mg, 1.53 mmol) to 

yield a green orange solid (33 mg, 6.35 × 10-6 mol, 11%). M.p. >250 °C; Rf  = 0.39 

(DCM/hexane, 1:1); 1H NMR (400 MHz, CDCl3) δ = 8.01 (s, 2H, CHAr), 7.83 (d, J = 

8.0 Hz, 2H, CHAr), 7.75 – 7.57 (m, 9H, CHAr), 7.50 – 7.47 (m, 2H, CHpyrrole), 7.42 – 

7.34 (m, 4H, CHAr), 7.19 (t, J = 4.9 Hz, 2H, CHpyrrole), 6.63 ppm (dd, J = 5.5, 4.2 Hz, 

2H, CHpyrrole); 13C NMR (101 MHz, CDCl3) δ = 144.2, 142.2, 138.8, 137.9, 135.3, 

131.6, 131.2, 130.7, 129.9, 129.6, 128.4, 127.9, 127.6, 127.2, 126.3, 125.5, 125.1, 

118.6 ppm; UV-vis (DCM): λmax (log ɛ) = 356 (4.32), 374 (4.35), 393 (4.23), 502 nm 

(4.72); HRMS (ESI): m/z calcd. for C35H23BF2N2 [M]+: 520.1934, 520.1941 found. 

 

3,5-Dimethyl-8-(anthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 

3.42 
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Compound 3.42 was synthesised in accordance with general procedure B using 

anthracene-9-carbaldehyde (750 mg, 3.64 mmol), 2-methyl-1H-pyrrole (589 mg 

7.27 mmol), dry DCM (80 mL), TFA (10 µL), DDQ (826 mg, 3.64 mmol), H2O (75 

mL), DIPEA (4.70 g, 3.64 × 10-2 mol), and BF3·Et2O (5.17 g, 3.64 × 10-2 mol) to yield 

an orange solid (529 mg, 1.34 mmol, 37%). M.p. >250 °C; Rf  = 0.47 (DCM/hexane, 

1:1); 1H NMR (400 MHz, CDCl3) δ = 8.57 (s, 1H, CHAr), 8.03 (d, J = 8.5 Hz, 2H, 

CHAr), 7.86 (dd, J = 8.8, 0.8 Hz, 2H, CHAr), 7.50 – 7.42 (m, 2H, CHAr), 7.41 – 7.34 

(m, 2H, CHAr), 6.12 (dd, J = 16.3, 4.1 Hz, 4H, CHpyrrole), 2.70 ppm (s, 6H, CH3); 13C 

NMR (101 MHz, CDCl3) δ = 158.0, 139.9, 136.3, 130.9, 130.8, 130.1, 128.6, 128.2, 

127.1, 126.4, 126.3, 125.5, 119.8, 15.0 ppm; UV-vis (DCM): λmax (log ɛ) = 349 

(4.46), 366 (4.57), 386 (4.49), 517 nm (5.31); HRMS (ESI) m/z calcd. for 

C25H20BF2N2 [M+H]+: 397.1687, 397.1677 found. 

 

3,5-Dimethyl-8-(9-phenylanthracene-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, 3.43 

 

Compound 3.43 was synthesised in accordance with general procedure B using 

aldehyde 3.30 (200 mg, 7.09 × 10-4 mol), 2-methyl-1H-pyrrole (115 mg 1.42 mmol), 

dry DCM (40 mL), TFA (10 µL), DDQ (161 mg, 7.09 × 10-4 mol), H2O (70 mL), DIPEA 

(915 mg, 7.09 mmol), and BF3·Et2O (1.01 g, 7.09 mmol) to yield an orange solid 

(117 mg, 2.48 × 10-4 mol, 35%). M.p. = 290 °C; Rf  = 0.48 (DCM/hexane, 1:1); 1H 

NMR (400 MHz, CDCl3) δ = 7.92 (dd, J = 7.9, 1.2 Hz, 2H, CHAr), 7.69 (dd, J = 7.7, 

1.1 Hz, 2H, CHAr), 7.65 – 7.55 (m, 3H, CHAr), 7.51 – 7.44 (m, 2H, CHAr), 7.36 (dddd, 

J = 10.0, 7.9, 6.5, 1.4 Hz, 4H, CHAr), 6.26 (d, J = 4.1 Hz, 2H, CHpyrrole), 6.15 (d, J = 

4.1 Hz, 2H, CHpyrrole), 2.72 ppm (s, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 158.0, 

140.3, 139.2, 138.4, 136.5, 131.1, 130.6, 130.2, 129.4, 128.5, 127.8, 127.0, 126.4, 

126.1, 125.3, 119.8, 15.0 ppm; UV-vis (DCM): λmax (log ɛ) = 357 (4.09), 374 (4.22), 

395 (4.14), 518 nm (4.90); HRMS (ESI) m/z calcd. for C31H24BF2N2 [M+H]+: 

473.2001, 473.2017 found. 
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3,5-Dimethyl-8-(9,10-diphenylanthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-diaza-

s-indacene, 3.44 

 

Compound 3.44 was synthesised in accordance with general procedure B using 

aldehyde 3.31 (200 mg, 5.59 × 10-4 mol), 2-methyl-1H-pyrrole (91 mg, 1.12 mmol), 

dry DCM (140 mL), TFA (10 µL), DDQ (125 mg, 5.59 mmol), DIPEA (712 mg, 1.59 

mmol), and BF3·Et2O (793 mg, 5.59 mmol) to yield an orange solid (52 mg, 9.45 × 

10-5 mol, 17%). M.p. >250 °C; Rf  = 0.45 (DCM/hexane, 1:1); 1H NMR (400 MHz, 

CDCl3) δ = 7.78 – 7.69 (m, 6H, CHAr), 7.65 – 7.56 (m, 5H, CHAr), 7.52 – 7.48 (m, 

2H, CHAr), 7.42 – 7.34 (m, 4H, CHAr), 6.98 (d, J = 4.1 Hz, 2H, CHpyrrole), 6.37 (d, J = 

4.1 Hz, 2H, CHpyrrole), 2.71 ppm (s, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 157.7, 

142.3, 141.2, 138.8, 137.7, 135.7, 134.6, 133.4, 131.2, 130.5, 129.8, 128.4, 127.6, 

127.2, 126.5, 125.4, 125.1, 119.5, 15.0 ppm; UV-vis (DCM): λmax (log ɛ) = 356 

(4.30), 376 (4.33), 395 (4.25), 513 nm (4.89); HRMS (ESI) m/z calcd. for 

C37H28BF2N2 [M+H]+: 549.2315, 549.2282 found. 

 

1,3,5,7-Tetramethyl-8-(10-phenylanthracen-9-yl)-4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene, 3.46 

 

Compound 3.46 was synthesised in accordance with general procedure B using 

aldehyde 3.30 (200 mg, 7.09 × 10-4 mol), 2,4-dimethyl-1H-pyrrole (135 mg 1.42 

mmol), DCM (40 mL), TFA (10 µL), DDQ (161 mg, 7.09 × 10-4 mol), H2O (70 mL), 
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DIPEA (918 mg, 7.09 mmol), and BF3·Et2O (1 g, 7.09 mmol) to yield an orange solid 

(270 mg, 5.40 × 10-4 mol, 76%). M.p. >250 °C; Rf  = 0.32 (DCM/hexane, 1:1); 1H 

NMR (400 MHz, CDCl3) δ = 7.98 – 7.94 (m, 2H, CHAr), 7.68 (d, J = 8.5 Hz, 2H, 

CHAr), 7.64 – 7.54 (m, 3H, CHAr), 7.49 – 7.44 (m, 2H, CHAr), 7.38 (dddd, J = 10.1, 

7.8, 6.5, 1.3 Hz, 4H, CHAr), 5.93 (s, 2H, CHpyrrole), 2.64 (s, 6H, CH3), 0.75 ppm (s, 

6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 155.8, 142.9, 139.4, 139.3, 138.3, 132.5, 

131.3, 129.9, 129.3, 128.4, 128.2, 127.7, 127.0, 126.6, 125.6, 125.2, 121.2, 14.7, 

13.4 ppm; UV-vis (DCM): λmax (log ɛ) = 357 (4.15), 375 (4.30), 396 (4.24), 506 nm 

(4.98); HRMS (ESI) m/z calcd. for C33H27BF2N22 [M+H]+: 501.2314, 501.2330 found.  

 

2,6-Diethyl-1,3,5,7-tetramethyl-8-(10-phenylanthracen-9-yl)-4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene, 3.50 

 

Compound 3.50 was synthesised in accordance with general procedure B using 

aldehyde 3.30 (300 mg, 1.06 mmol), 3-ethyl-2,4-dimethyl-1H-pyrrole (261 mg, 2.13 

mmol), dry DCM (40 mL), TFA (10 µL), DDQ (241 mg, 1.06 mmol), H2O (30 mL), 

DIPEA (1.39 g, 1.06 × 10-2 mol), BF3·Et2O (1.3 mL, 1.06 × 10-2 mol), and H2O (70 

mL) to yield an orange solid (129 mg, 2.33 × 10-4 mol, 22%). M.p. >250 °C; Rf  = 0.56 

(DCM/hexane, 1:1); 1H NMR (400 MHz, CDCl3) δ = 8.01 – 7.94 (m, 2H, CHAr), 7.69 

– 7.64 (m, 2H, CHAr), 7.64 – 7.53 (m, 3H, CHAr), 7.49 – 7.43 (m, 2H, CHAr), 7.36 

(dddd, J = 10.0, 7.8, 6.5, 1.3 Hz, 4H, CHAr), 2.60 (s, 6H, CH3), 2.25 – 2.16 (m, 4H, 

CH2), 0.92 – 0.78 (m, 6H, CH3), 0.64 ppm (s, 6H, CH3); 13C NMR (100 MHz, CDCl3) 

δ = 154.0, 139.1, 138.4, 138.2, 132.7, 131.8, 131.3, 129.9, 129.5, 128.4, 127.7, 

126.9, 126.4, 125.5, 17.0, 14.6, 12.6, 10.6 ppm; UV-vis (DCM): λmax (log ɛ) = 359 

(4.14), 375 (4.31), 396 (4.29), 532 (4.90); HRMS (ESI): m/z calcd. for C37H35BN2F2 

[M]+: 556.2861, 556.2861 found. 
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2,6-Diethyl-1,3,5,7-tetramethyl-8-(9,10-diphenylanthracen-9-yl)-4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene, 3.51 

 

Compound 3.51 was synthesised in accordance with general procedure B using 

aldehyde 3.31 (200 mg, 5.58 × 10-4 mol), 3-ethyl-2,4-dimethyl-1H-pyrrole (138 mg 

1.12 mmol), DCM (40 mL), TFA (10 µL), DDQ (125 mg, 5.58 × 10-4 mol), H2O (70 

mL), DIPEA (720 mg, 5.58 mmol), and BF3·Et2O (792 mg, 5.58 mmol) to yield an 

orange solid (43 mg, 6.8 × 10-5 mol, 12%). M.p. >250 °C; Rf  = 0.55 (DCM/hexane, 

1:1), 1H NMR (400 MHz, CDCl3) δ = 7.76 – 7.46 (m, 13H, CHAr), 7.40 – 7.31 (m, 4H, 

CHAr), 2.58 (s, 6H, CH3), 2.43 – 2.32 (m, 4H, CH2), 1.64 (s, 6H, CH3), 1.05 ppm (t, 

J = 7.6 Hz, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 153.9, 140.0, 139.6, 138.9, 

138.2, 137.6, 136.0, 135.2, 133.0, 132.1, 131.2, 130.9, 129.9, 129.7, 128.5, 127.6, 

127.2, 126.3, 125.3, 125.0, 17.2, 14.7, 12.6, 12.0 ppm; UV-vis (DCM): λmax (log ɛ) = 

358 (4.20), 376 (4.37), 396 (4.34), 527 (4.90), HRMS (ESI) m/z calcd. for 

C43H40BF2N2 [M+H]+:  631.3109, 631.3115 found. 

 

4-(Pyrene-1-yl)benzaldehyde, 3.33 

 

A mixture of bromopyrene, 3.33, (500 mg, 1.79 mmol), 4-formylphenylboronic acid 

(320 mg, 2.13 mmol), tetrakis(triphenylphosphine)palladium (104 mg, 8.96 × 10-5 

mol), K2CO3 (589 mg, 2.13 mmol), benzene (20 mL), H2O (8 mL), and EtOH (4 mL) 

was heated to reflux for 48 h. The product was extracted with DCM (3 × 100 mL), 

washed with brine (3 × 100 mL), dried over Na2SO4 and the solvent was removed in 
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vacuo. The product was purified by silica gel column chromatography (DCM/hexane 

1:1) and recrystallised from DCM and MeOH to yield colorless crystals (438 mg, 

1.43 mmol, 80%). M.p. = 147 °C; Rf = 0.62 (DCM/hexane, 1:1); 1H NMR (400 MHz, 

CDCl3) δ = 10.15 (s, 1H, CHAr), 8.27 – 7.92 (m, 11H, CHAr), 7.82 ppm (t, J = 8.3 Hz, 

2H, CHAr); 13C NMR (101 MHz, CDCl3) δ = 192.0, 147.7, 136.0, 135.2, 131.4, 131.3, 

131.2, 130.8, 129.8, 128.3, 128.0, 127.9, 127.3, 127.2, 126.2, 125.5, 125.2, 124.9, 

124.8, 124.7, 124.6 ppm. 

 

2,6-Diethyl-1,3,5,7-tetramethyl-8-(pyrene-1-yl)-4,4-difluoro-4-bora-3a,4a-diaza-

s-indacene, 3.55 

 

Compound 3.55 was synthesised in accordance with general procedure B using 10-

phenylanthracene-9-carbaldehyde (1 g, 4.35 mmol), 3-ethyl-2,4-dimethyl-1H-

pyrrole (1.07 g, 8.70 mmol), dry DCM (40 mL) under argon, TFA (10 µL), DDQ (986 

mg, 4.35 mmol), H2O (30 mL), DIPEA (5.6 g, 4.35 × 10-2 mol), and BF3·Et2O (6.12 

g, 4.35 × 10-2 mol) to yield an orange solid (363 mg, 7.20 × 10-4 mol, 16%). M.p. 

>250 °C; Rf  = 0.32 (DCM/hexane, 1:1); 1H NMR (400 MHz, CDCl3) δ = 8.29 – 8.11 

(m, 5H, CHAr), 8.07 – 7.99 (m, 3H, CHAr), 7.88 (d, J = 7.8 Hz, 1H, CHAr), 2.59 (s, 6H, 

CH3), 2.27 – 2.17 (m, 4H, CH2), 0.90 (q, J = 7.4 Hz, 6H, CH3), 0.77 ppm (s, 6H, 

CH3); 13C NMR (101 MHz, CDCl3) δ = 153.9, 138.9, 138.4, 132.8, 131.6, 131.3, 

131.0, 130.3, 129.5, 128.7, 128.2, 127.3, 126.4, 126.1, 125.6, 125.2, 124.7, 17.0, 

14.6, 12.6, 11.1 ppm; UV-vis (DCM): λmax (log ɛ) = 327 (4.45), 343 (4.59), 5.29 nm 

(4.79); HRMS (ESI): m/z calcd. for C33H32B2N2 [M+H]+: 505.2626, 505.2628 found. 
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3,5-Dimethyl-8-(4-phenylpyrene-1-yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, 3.57 

 

Compound 3.57 was synthesised in accordance with general procedure B using 

aldehyde 3.33 (130 mg, 4.25 × 10-4 mol), 2-methyl-1H-pyrrole (69 mg, 8.49 × 10-4 

mol), DCM (40 mL), TFA (10 µL), DDQ (100 mg, 4.25 × 10-4 mol), H2O (20 mL), 

DIPEA (550 mg, 4.25 mmol), and BF3·Et2O (603 mg, 4.25 mmol) to yield an orange 

solid (28 mg, 5.82 × 10-5 mol, 13%). M.p. >250 °C; Rf = 0.44  (DCM/hexane, 1:1); 

1H NMR (400 MHz, CDCl3) δ = 8.28 – 8.16 (m, 4H, CHAr), 8.13 – 7.99 (m, 5H, CHAr), 

7.72 (dd, J = 23.8, 7.5 Hz, 4H, CHAr), 6.91 (s, 2H, CHpyrrole), 6.33 (s, 2H, CHpyrrole), 

2.69 ppm (s, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 157.6, 143.1, 142.3, 136.4, 

134.5, 133.1, 131.5, 130.9, 130.9, 130.4, 130.5, 130.4, 128.4, 127.9, 127.8, 127.5, 

127.4, 126.1, 125.4, 125.0, 125.0, 124.8, 124.8, 124.8, 119.5, 29.7, 14.9, 1.0 ppm; 

UV-vis (DCM): λmax (log ɛ) = 375 (4.89), 395 (4.70), 513 nm (4.60); HRMS (ESI) m/z 

calcd. for C33H23BF2N2 [M+H]+: 497.2001, 497.1997 found. 

 

3,5-Dimethyl-8-(anthracen-9-yl)-4,4-(3-(dimethylamino)prop-1-yn-1-yl)-4-bora-

3a,4a-diaza-s-indacene, 3.83 

 

Compound 3.83 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (377 mg, 4.55 mmol), dry THF (20 mL), n-BuLi (258 mg, 

4.04 mmol), and compound 3.42 (400 mg, 1.01 mmol) dissolved in dry THF (50 mL) 

to yield an orange solid (388 mg, 7.43 × 10-4 mol, 74%). M.p. >250 °C; Rf  = 0.69 

(DCM/MeOH, 9:1); 1H NMR (400 MHz, CDCl3) δ = 8.55 (s, 1H, CHAr), 8.01 (d, J = 
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8.5 Hz, 2H, CHAr), 7.84 (dd, J = 8.7, 0.8 Hz, 2H, CHAr), 7.47 – 7.40 (m, 2H, CHAr), 

7.35 (ddd, J = 8.6, 6.5, 1.3 Hz, 2H, CHAr), 6.19 – 6.07 (m, 4H, CHpyrrole), 3.31 (s, 4H, 

CH2), 2.89 (s, 6H CH3), 2.35 ppm (s, 12H, NCH3); 13C NMR (101 MHz, CDCl3) δ = 

157.3, 139.4, 134.3, 130.9, 130.8, 128.2, 128.1, 128.0, 127.9, 126.4, 126.3, 125.4, 

119.8, 49.1, 44.2, 16.4 ppm; UV-vis (DCM): λmax (log ɛ) = 349 (4.22), 366 (4.34), 386 

(4.28), 513 nm (5.11); HRMS (ESI) m/z calcd. for C35H36BN4 [M+H]+: 523.2574, 

523.2594 found. 

 

1,3,5,7-Tetramethyl-8-(anthracen-9-yl)-4,4-(3-(dimethylamino)prop-1-yn-1-yl)-

4-bora-3a,4a-diaza-s-indacene, 3.84 

 

Compound 3.84 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (352 mg, 4.25 mmol), dry THF (20 mL), n-BuLi (241 mg, 

3.77 mmol), and compound 3.45 (400 mg, 9.43 × 10-4 mol) dissolved in dry THF (50 

mL) to yield an orange solid (303 mg, 5.51 × 10-4 mol, 59%). M.p. >250 °C; Rf  = 

0.50 (DCM/MeOH, 9:1); 1H NMR (400 MHz, CDCl3) δ = 8.55 (s, 1H, CHAr), 8.01 (d, 

J = 8.3 Hz, 2H, CHAr), 7.90 (d, J = 8.7 Hz, 2H, CHAr), 7.52 – 7.43 (m, 2H, CHAr), 7.43 

– 7.33 (m, 2H, CHAr), 5.93 (d, J = 14.8 Hz, 2H, CHpyrrole), 3.43 – 3.21 (m, 4H, CH2), 

2.82 (s, 6H, CH3pyrrole), 2.37 (d, J = 7.3 Hz, 12H, NCH3), 0.61 ppm (s, 6H, CH3pyrrole); 

13C NMR (101 MHz, CDCl3) δ = 155.3, 140.6, 138.7, 131.3, 130.4, 129.8, 129.0, 

128.2, 128.0, 126.8, 125.7, 125.3, 121.4, 49.0, 44.1, 16.3, 13.5 ppm; UV-vis (DCM): 

λmax (log ɛ) = 504 (5.20), 388 (4.33), 368 (4.40), 350 nm (4.25); HRMS (ESI): m/z 

calcd. for C37H40BN4 [M+H]+: 551.3347, 551.3343 found. 
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3,5-Dimethyl-8-(10-phenylanthracen-9-yl)-4,4-(3-(dimethylamino)prop-1-yn-1-

yl)-4-bora-3a,4a-diaza-s-indacene, 3.85 

 

Compound 3.85 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (336 mg, 4.05 mmol), dry THF (20 mL), n-BuLi (230 mg, 

3.60 mmol), and compound 3.43 (400 mg, 8.99 × 10-4 mol) dissolved in dry THF (50 

mL) to yield an orange solid (330 mg, 5.51 × 10-4 mol, 61%). M.p. >250 °C; Rf  = 

0.54 (DCM/MeOH, 9:1); 1H NMR (400 MHz, CDCl3) δ = 7.92 – 7.86 (m, 2H, CHAr), 

7.69 – 7.64 (m, 2H, CHAr), 7.63 – 7.53 (m, 3H, CHAr), 7.49 – 7.45 (m, 2H, CHAr), 

7.36 – 7.28 (m, 4H, CHAr), 6.23 (d, J = 4.2 Hz, 2H, CHpyrrole), 6.17 (d, J = 4.2 Hz, 2H, 

CHpyrrole), 3.35 (d, J = 9.5 Hz, 4H, CH2), 2.88 (d, J = 10.6 Hz, 6H, CH3pyrrole), 2.38 

ppm (d, J = 9.9 Hz, 12H, NCH3); 13C NMR (101 MHz, CDCl3) δ = 157.3, 139.8, 

138.9, 138.5, 134.5, 131.1, 130.5, 129.4, 128.4, 128.1, 127.9, 127.7, 126.9, 126.6, 

126.0, 125.2, 119.9, 49.0, 44.1, 16.4 ppm; UV-vis (DCM): λmax (log ɛ) = 355 (4.35), 

374 (4.50), 395 (4.43), 512 nm (4.85); HRMS (ESI) m/z calcd. for C41H40BN4 [M+H]+: 

599.3348, 599.3347 found. 

 

1,3,5,7-Tetramethyl-8-(10-phenylanthracen-9-yl)-4,4-(3-(dimethylamino)prop-

1-yn-1-yl)-4-bora-3a,4a-diaza-s-indacene, 3.86 

 

Compound 3.86 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (299 mg, 3.60 mmol), dry THF (20 mL), n-BuLi (205 mg, 

3.20 mmol), and compound 3.46 (400 mg, 8.00 × 10-4 mol) dissolved in dry THF (50 

mL) to yield an orange solid (250 mg, 3.99 × 10-4 mol, 50%). M.p. >250 °C; Rf  = 
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0.42 (DCM/MeOH, 9:1); 1H NMR (400 MHz, CDCl3) δ = 7.92 (t, J = 14.8 Hz, 2H, 

CHAr), 7.66 (d, J = 8.4 Hz, 2H, CHAr), 7.57 (td, J = 14.0, 6.9 Hz, 3H, CHAr), 7.45 (d, 

J = 6.8 Hz, 2H, CHAr), 7.41 – 7.27 (m, 4H, CHAr), 5.95 (s, 2H, CHpyrrole), 3.33 (d, J = 

13.9 Hz, 4H, CH2), 2.91 – 2.72 (m, 6H, CH3pyrrole), 2.39 (s, 12H, NCH3), 0.72 ppm 

(s, 6H, CH3pyrrole); 13C NMR (101 MHz, CDCl3) δ = 155.3, 140.7, 139.2, 139.1, 138.4, 

131.3, 130.6, 129.9, 129.4, 128.9, 128.4, 127.7, 126.9, 126.5, 125.5, 125.4, 121.5, 

89.2, 49.0, 44.0, 29.7, 16.3, 13.6 ppm; UV-vis (DCM): λmax (log ɛ) = 356 (4.31), 375 

(4.46), 396 (4.40), 504 nm (5.15); HRMS (ESI) m/z calcd. for C43H44BN4 [M+H]+: 

627.3661, 627.3671 found. 

 

3,5-Dimethyl-8-(pyrene-9-yl)-4,4-(3-(dimethylamino)prop-1-yn-1-yl)-4-bora-

3a,4a-diaza-s-indacene, 3.87 

 

Compound 3.87 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (267 mg, 3.21 mmol), dry THF (20 mL), n-BuLi (183 mg, 

2.86 mmol), and compound 3.53 (300 mg, 7.14 × 10-4 mol) dissolved in dry THF (50 

mL) to yield an orange solid (232 mg, 4.23 × 10-4 mol, 60%). M.p. >250 °C; Rf  = 0.58 

(DCM/MeOH, 9:1); 1H NMR (400 MHz, CDCl3) δ = 8.29 – 7.91 (m, 9H, CHAr), 6.35 

(d, J = 3.9 Hz, 2H, CHpyrrole), 6.21 (d, J = 3.9 Hz, 2H, CHpyrrole), 3.32 (d, J = 15.5 Hz, 

4H, CH2), 2.86 (d, J = 25.6 Hz, 6H, CH3pyrrole), 2.37 ppm (d, J = 10.8 Hz, 12H, NCH3); 

13C NMR (101 MHz, CDCl3) δ = 157.2, 140.9, 134.1, 131.8, 131.2, 130.8, 130.4, 

129.0, 128.5, 128.3, 127.9, 127.2, 126.3, 125.7, 125.6, 125.5, 124.4, 124.3, 123.8, 

119.7, 49.0, 44.1, 16.4 ppm; UV-vis (DCM): λmax (log ɛ) = 311 (4.38), 325 (4.66), 342 

(4.77), 511 nm (5.02); HRMS (ESI) m/z calcd. for C37H36BN4 [M+H]+: 547.3034, 

547.3034 found. 
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1,3,5,7-Tetramethyl-8-(phenyl-9-yl)-4,4-(3-(dimethylamino)prop-1-yn-1-yl)-4-

bora-3a,4a-diaza-s-indacene, 3.88 

 

Compound 3.88 was synthesised in accordance with general procedure C using 3-

dimethylamino-1-propyne (230 mg, 2.78 mmol), dry THF (20 mL), n-BuLi (158 mg, 

2.46 mmol), and 1,3,5,7-tetramethyl-8-(phenyl-9-yl)-4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene (200 mg, 6.17 × 10-4 mol) dissolved in dry THF (50 mL) to yield an 

orange solid (191 mg, 4.24 × 10-4 mol, 69%). M.p. >250 °C; Rf = 0.42 (DCM/MeOH, 

9:1); 1H NMR (400 MHz, CDCl3) δ = 7.48 – 7.40 (m, 3H, CHAr), 7.31 – 7.26 (m, 2H, 

CHAr), 5.99 (s, 2H CHpyrrole), 3.24 (d, J = 12.7 Hz, 4H, CH2), 2.75 (s, 6H, CH3pyrrole), 

2.32 (s, 12H, NCH3), 1.34 ppm (s, 6H, CH3pyrrole); 13C NMR (101 MHz, CDCl3) δ = 

154.8, 141.6, 140.9, 135.5, 129.5, 128.9, 128.6, 128.1, 121.4, 48.9, 44.0, 16.1, 14.5 

ppm; UV-vis (DCM): λmax (log ɛ) = 500 nm (4.68); HRMS (ESI) m/z calcd. for 

C29H36BN4 [M+H]+: 451.3033, 451.3033 found. 

 

3,5-(((Dimethyl-8-(anthracen-9-yl)-4-bora-3a,4a-diaza-s-indacene-4,4-

diyl)bis(prop-2-yne-3,1-diyl))bis(dimethylammoniumdiyl))bis(propane-1-

sulfonate), 3.62 

 

Compound 3.62 was synthesised in accordance with general procedure D using 

compound 3.83 (250 mg, 4.79 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone 

(350 mg, 2.81 mmol) to yield an orange solid (261 mg, 3.40 × 10-4 mol, 71%). M.p. 

>250 °C; 1H NMR (400 MHz, DMSO-d6) δ = 8.79 (s, 1H, CHAr), 8.17 (d, J = 8.3 Hz, 
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2H, CHAr), 7.66 (d, J = 8.3 Hz, 2H, CHAr), 7.48 (ddd, J = 19.4, 14.7, 7.2 Hz, 4H, 

CHAr), 6.35 (dd, J = 11.7, 4.2 Hz, 2H, CHpyrrole), 6.21 – 6.13 (m, 2H, CHpyrrole), 4.44 

(d, J = 22.9 Hz, 4H, CH2), 3.72 – 3.52 (m, 4H, CH2), 3.19 (t, J = 11.6 Hz, 12H, NCH3), 

2.85 (s, 6H, CH3), 2.59 (dd, J = 12.5, 6.4 Hz, 4H, CH2), 2.25 – 2.03 ppm (m, 4H 

CH2); 13C NMR (101 MHz, DMSO-d6) δ = 158.1, 157.8, 134.3, 130.9, 130.7, 128.9, 

128.7, 125.9, 125.7, 121.0, 63.3, 50.2, 50.0, 48.3, 43.9, 19.6, 16.7, 16.5 ppm; UV-

vis (MeOH): λmax (log ɛ) = 347 (4.70), 365 (4.83), 384 (4.76), 511 nm (5.56); HRMS 

(ESI) m/z calcd. for C41H47BN4NaO6S2 [M+Na]+: 789.2929, 789.2932 found. 

 

3,3'-(((1,3,5,7-Tetramethyl-8-(anthracen-9-yl)-4-bora-3a,4a-diaza-s-indacene-

4,4-diyl)bis(prop-2-yne-3,1-diyl))bis(dimethylammoniumdiyl))bis(propane-1-

sulfonate), 3.63 

 

Compound 3.63 was synthesised in accordance with general procedure D using 

compound 3.84 (200 mg, 3.62 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone 

(265 mg, 2.17 mmol) to yield an orange solid (277 mg, 3.49 × 10-4 mol, 95%). M.p. 

>250 °C; 1H NMR (400 MHz, DMSO-d6) δ = 8.72 (s, 1H, CHAr), 8.12 (d, J = 8.3 Hz, 

2H, CHAr), 7.72 (d, J = 7.9 Hz, 2H, CHAr), 7.48 (ddq, J = 15.8, 9.2, 5.3 Hz, 4H, CHAr), 

6.07 (d, J = 8.7 Hz, 2H, CHpyrrole), 4.37 (d, J = 12.6 Hz, 4H, CH2), 3.77 – 3.58 (m, 

4H, CH2), 3.19 (s, 12H, NCH3), 2.93 – 2.83 (m, 4H, CH2), 2.80 (s, 6H, CH3pyrrole), 

2.24 (ddt, J = 30.0, 23.0, 6.8 Hz, 4H, CH2), 0.61 ppm (s, 6H, CH3pyrrole); 13C NMR 

(101 MHz, DMSO-d6) δ = 156.0, 141.1, 139.1, 131.3, 130.3, 129.3, 128.1, 126.4, 

124.3, 122.6, 63.2, 55.1, 50.2, 48.4, 19.5, 16.5, 13.4 ppm; UV-vis (MeOH): 

λmax (log ɛ) = 502 (4.99), 386 (4.19), 366 (4.25), 349 nm (4.11); HRMS (ESI): m/z 

calcd. for C43H51BN4NaO6S2 [M+Na]+: 817.3243, 817.3259 found. 
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3,5-(((Dimethyl-8-(10-phenylanthracen-9-yl)-4-bora-3a,4a-diaza-s-indacene-

4,4-diyl)bis(prop-2-yne-3,1-diyl))bis(dimethylammoniumdiyl))bis(propane-1-

sulfonate), 3.64 

 

Compound 3.64 was synthesised in accordance with general procedure D using 

compound 3.85 (250 mg, 4.18 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone 

(306 mg, 2.59 mmol) to yield an orange solid (191 mg, 2.30 × 10-4 mol, 55%). M.p. 

>250 °C; 1H NMR (400 MHz, DMSO-d6) δ = 7.69 – 7.63 (m, 4H, CHAr), 7.62 – 7.56 

(m, 3H, CHAr), 7.48 (dt, J = 5.4, 3.4 Hz, 4H, CHAr), 7.44 – 7.39 (m, 2H, CHAr), 6.39 

(dd, J = 11.1, 4.3 Hz, 2H, CHpyrrole), 6.25 (dd, J = 11.0, 4.2 Hz, 2H, CHpyrrole), 4.39 

(d, J = 17.8 Hz, 4H, CH2), 3.59 – 3.49 (m, 4H, CH2), 3.10 (s, 12H, NCH3), 2.82 (d, J 

= 2.7 Hz, 6H, CH3pyrrole), 2.52 – 2.48 (m, 4H, CH2), 2.06 ppm (dd, J = 16.1, 6.6 Hz, 

4H, CH2); 13C NMR (101 MHz, DMSO-d6) δ = 134.3, 131.2, 130.3, 129.8, 129.1, 

128.4, 127.1, 126.1, 127.0, 50.3, 50.1, 48.3, 40.5, 40.2, 40.0, 39.8, 39.4, 39.3, 19.5, 

16.5, 16.7 ppm; UV-vis (MeOH): λmax (log ɛ) = 354 (4.29), 371 (4.44), 392 (4.38), 

511 nm (5.08); HRMS (MALDI-TOF) m/z calcd. for C47H52BN4O6S2 [M+H]+: 

843.3421, 843.3444 found. 
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1,3,5,7-(((Tetramethyl-8-(10-phenylanthracen-9-yl)-4-bora-3a,4a-diaza-s-

indacene-4,4-diyl)bis(prop-2-yne-3,1-

diyl))bis(dimethylammoniumdiyl))bis(propane-1-sulfonate), 3.65 

 

Compound 3.65 was synthesised in accordance with general procedure D using 

compound 3.86 (200 mg, 3.19 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone 

(234 mg, 1.92 mmol) to yield an orange solid (148 mg, 1.71 × 10-4 mol, 54%). M.p. 

>250 °C; 1H NMR (400 MHz, DMSO-d6) δ = 7.70 (dd, J = 8.5, 3.5 Hz, 2H, CHAr), 

7.68 – 7.60 (m, 3H, CHAr), 7.59 (d, J = 9.2 Hz, 2H, CHAr), 7.56 – 7.49 (m, 2H, CHAr), 

7.48 – 7.38 (m, 4H, CHAr), 6.19 (s, 2H, CHpyrrole), 4.45 – 4.33 (m, 4H, CH2), 3.58 – 

3.46 (m, 4H, CH2), 3.12 (d, J = 18.1 Hz, 12H, NCH3), 2.74 (s, 6H, CH3pyrrole), 2.51 – 

2.48 (m, 4H, CH2), 2.11 – 1.98 (m, 4H, CH2), 0.64 ppm (s, 6H, CH3pyrrole); 13C NMR 

(101 MHz, DMSO-d6) δ = 156.1, 141.2, 139.6, 139.2, 137.8, 131.4, 130.4, 129.7, 

129.2, 129.1, 127.9, 127.8, 127.1, 126.6, 124.6, 122.7, 84.7, 63.2, 55.1, 50.2, 48.9, 

48.4, 45.2, 42.2, 29.3, 19.5, 16.5, 13.4 ppm; UV-vis (MeOH): λmax (log ɛ) = 355 

(4.07), 372 (4.22), 393 (4.17), 502 nm (4.85); HRMS (ESI) m/z calcd. for 

C49H55BN4NaO6S2 [M+Na]+: 893.3557, 893.3568 found. 
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3,3'-(((3,5-Dimethyl-8-(pyrene-9-yl)-4-bora-3a,4a-diaza-s-indacene-4,4-

diyl)bis(prop-2-yne-3,1-diyl))bis(dimethylammoniumdiyl))bis(propane-1-

sulfonate), 3.66 

 

Compound 3.66 was synthesised in accordance with general procedure D using 

compound 3.87 (175 mg, 3.20 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone 

(235 mg, 1.92 mmol) to yield an orange solid (225 mg, 2.85 × 10-4 mol, 89%). M.p. 

>250 °C; 1H NMR (400 MHz, DMSO-d6) δ = 8.39 (t, J = 8.4 Hz, 2H, CHAr), 8.33 – 

8.25 (m, 3H, CHAr), 8.18 – 8.06 (m, 3H, CHAr), 7.82 – 7.77 (m, 1H, CHAr), 6.51 – 

6.37 (m, 4H, CHpyrrole), 4.45 – 4.30 (m, 4H, CH2), 3.62 – 3.45 (m, 4H, CH2), 3.11 (t, 

J = 15.5 Hz, 12H, NCH3), 2.80 (d, J = 2.6 Hz, 6H, CH3pyrrole), 2.63 (dd, J = 26.0, 13.6 

Hz, 4H, CH2), 2.15 – 1.97 ppm (m, 4H, CH2); 13C NMR (101 MHz, DMSO-d6) δ = 

158.0, 133.8, 132.1, 131.3, 130.6, 130.0, 129.7, 128.2, 127.8, 126.3, 124.0, 121.3, 

63.2, 55.0, 50.2, 48.9, 48.4, 45.2, 42.2, 29.3, 19.5, 16.7 ppm; UV-vis (MeOH): 

λmax (log ɛ) = 311 (4.25), 323 (4.52), 339 (4.66), 509 nm (4.87); HRMS (ESI) m/z 

calcd. for C43H46BN4O6S2 [M-H]-: 789.2965, 789.2957 found. 
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1,3,5,7-(((Tetramethyl-8-(phenyl-9-yl)-4-bora-3a,4a-diaza-s-indacene-4,4-

diyl)bis(prop-2-yne-3,1-diyl))bis(dimethylammoniumdiyl))bis(propane-1-

sulfonate), 3.67 

 

Compound 3.67 was synthesised in accordance with general procedure D using 

3.88 (180 mg, 4.00 × 10-4 mol), EtOAc (100 mL), and 1,3-propanesultone (296 mg, 

2.40 mmol) to yield an orange solid (121 mg, 1.74 × 10-4 mol, 45%). M.p. >250 °C; 

1H NMR (400 MHz, DMSO-d6) δ = 7.57 (d, J = 3.6 Hz, 3H, CHAr), 7.41 – 7.31 (m, 

2H, CHAr), 6.26 (d, J = 9.9 Hz, 2H, CHpyrrole), 4.31 (d, J = 15.5 Hz, 4H, CH2), 3.55 – 

3.44 (m, 4H, CH2), 3.17 – 2.86 (m, 12H, NCH3), 2.73 – 2.66 (m, H, CH3), 2.45 – 2.28 

(m, 4H, CH2), 2.15 – 1.96 (m, 4H, CH2), 1.34 ppm (s, 6H, CH3); 13C NMR (101 MHz, 

DMSO-d6) δ = 154.9, 154.7, 142.0, 142.0, 141.4, 141.0, 134.2, 134.1, 129.3, 127.8, 

121.9, 121.0, 62.6, 62.6, 54.6, 55.5, 49.7, 49.6, 48.4, 47.4, 47.9, 47.8, 47.5, 44.7, 

43.0, 28.9, 19.0, 15.9, 15.8, 14.1, 14.1 ppm; UV-vis (DCM): λmax (log ɛ) = 498 nm 

(4.49); HRMS (MALDI-TOF) m/z calcd. for C35H48BN4O6S2 [M+H]+: 695.3108, 

695.3135 found. 

 

8-(3,4,5-Trimethoxyphenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 3.70 

 

Compound 3.70 was synthesised in accordance with general procedure A using 

3,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), pyrrole (20 mL), dry DCM (40 

mL) under argon, TFA (10 µL), DDQ (695 mg, 3.06 mmol), H2O (20 mL), DIPEA 

(3.95 g, 3.06 × 10-2 mol), and BF3·Et2O (4.35 g, 3.06 × 10-2 mol) to yield an orange 

solid (49 mg, 1.39 × 10-5 mol, 5%). M.p. >250 °C; Rf = 0.45 (DCM); 1H NMR (400 

MHz, CDCl3) δ = 7.94 (s, 2H, CHAr), 7.08 – 6.99 (m, 2H, CHAr), 6.82 (s, 2H, CHAr), 
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6.54 (dd, J = 15.7, 3.6 Hz, 2H, CHAr), 3.97 (d, J = 4.5 Hz, 3H, CH3), 3.90 ppm (s, 

6H, CH); 13C NMR (101 MHz, CDCl3) δ = 153.1, 147.2, 144.0, 140.4, 134.8, 131.4, 

129.1, 118.5, 108.2, 61.1, 56.4 ppm; UV-vis (DCM): λmax (log ɛ) = 376 (3.94), 502 

nm (4.77); HRMS (ESI) m/z calcd. for C18H17BF2N2NaO3 [M+Na]+: 381.1196, 

381.1195 found. 

 

8-(2,4,5-Trimethoxyphenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, 3.74 

 

Compound 3.74 was synthesised in accordance with general procedure A using 

2,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), pyrrole (752 mg, 6.12 mmol), 

dry DCM (40 mL) under argon, TFA (10 µL), DDQ (694 mg, 3.06 mmol), H2O (20 

mL), DIPEA (3.95 g, 3.06 × 10-2 mol), and BF3·Et2O (4.35 g, 3.06 × 10-2 mol) to yield 

a green solid (43 mg, 1.22 × 10-4 mol, 4%). M.p. >250 °C; Rf = 0.50 (DCM); 1H NMR 

(400 MHz, CDCl3) δ = 7.88 (s, 2H, CHAr), 6.86 (d, J = 6.3 Hz, 3H, CHAr), 6.64 (s, 1H, 

CHAr), 6.49 (d, J = 2.9 Hz, 2H, CHAr), 3.99 (s, 3H, CH3), 3.84 (s, 3H, CH3), 3.72 ppm 

(s, 3H, CH3); 13C NMR (101 MHz, CDCl3) δ = 151.9, 151.5, 144.4, 143.5, 142.7, 

135.8, 131.0, 118.0, 115.3, 113.7, 97.7, 56.6, 56.2 ppm; UV-vis (DCM): λmax (log ɛ) 

= 349 (3.89), 504 nm (4.75); HRMS (ESI) m/z calcd. for C18H17BFN2O3 [M-F]+: 

339.1314, 339.1307 found. 

 

3,5-Dimethyl-8-(3,4,5-trimethoxyphenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, 3.71 

 

Compound 3.71 was synthesised in accordance with general procedure B using 

3,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), 2-methyl-1H-pyrrole (495 mg, 

6.12 mmol), dry DCM (60 mL) under argon, TFA (10 µL), DDQ (695 mg, 3.06 mmol), 
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H2O (20 mL), DIPEA (3.95 g, 3.06 × 10-2 mol), and BF3·Et2O (4.35 g, 3.06 × 10-2 

mol) to yield an orange solid (318 mg, 8.26 × 10-4 mol, 27%). M.p. >250 °C; Rf   = 

0.60 (DCM); 1H NMR (400 MHz, CDCl3) δ = 6.81 (d, J = 4.1 Hz, 2H, CHAr), 6.74 (s, 

2H, CHAr), 6.28 (d, J = 4.1 Hz, 2H, CHAr), 3.94 (s, 3H, CH3), 3.87 (s, 6H, CH3), 2.65 

ppm (s, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ = 157.6, 152.9, 142.4, 139.5, 134.4, 

130.2, 129.5, 119.3, 108.1, 61.0, 56.3, 14.9 ppm; UV-vis (DCM): λmax (log ɛ) = 361 

(4.03), 513 nm (4.98); HRMS (ESI) m/z calcd. for C20H21BF2N2NaO3 [M+Na]+: 

409.1509, 409.1501 found. 

 

3,5-Dimethyl-8-(2,4,5-trimethoxyphenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene, 3.75 

 

Compound 3.75 was synthesised in accordance with general procedure B using 

2,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), 2-methyl-1H-pyrrole (486 mg, 

6.12 mmol), dry DCM (40 mL) under argon, TFA (10 µL), DDQ (694 mg, 3.06 mmol), 

H2O (20 mL), DIPEA (3.95 g, 3.06 × 10-2 mol), and BF3·Et2O (4.35 g, 3.06 × 10-2 

mol) to yield an orange solid (75 mg, 1.94 × 10-4 mol, 6%). M.p. >250 °C; Rf  = 0.56 

(DCM); 1H NMR (400 MHz, CDCl3) δ = 6.82 (s, 1H, CHAr), 6.63 (d, J = 2.2 Hz, 1H, 

CHAr), 6.62 (d, J = 2.6 Hz, 2H, CHpyrrole), 6.21 (d, J = 4.0 Hz, 2H, CHpyrrole), 3.97 (d, 

J = 1.6 Hz, 3H, CH3), 3.81 (d, J = 1.2 Hz, 3H, CH3), 3.73 – 3.63 (m, 3H, CH3), 2.63 

(s, 6H, CH3) ppm; 13C NMR (101 MHz, CDCl3) δ = 157.0, 151.9, 150.8, 142.6, 139.3, 

135.3, 129.8, 119.0, 115.3, 114.2, 97.9, 56.8, 56.5, 56.1, 14.9 ppm; UV-vis (DCM): 

λmax (log ɛ) = 380 (3.59), 515 nm (3.95); HRMS (ESI) m/z calcd. for 

C20H33BF2N2NaO3 [M+Na]+: 409.1509, 409.1510 found. 
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2,6-Diethyl-1,3,5,7-tetramethyl-8-(3,4,5-trimethoxyphenyl)-4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene, 3.73 

 

Compound 3.73 was synthesised in accordance with general procedure B using 

3,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), 3-ethyl-2,4-dimethyl-1H-

pyrrole (753 mg, 6.12 mmol), dry DCM (40 mL) under argon, TFA (10 µL), DDQ 

(694 mg, 3.06 mmol), H2O (20 mL), DIPEA (3.95 g, 3.06 × 10-2 mol), and BF3·Et2O 

(4.35 g, 3.06 × 10-2 mol) to yield an orange solid (360 mg, 7.65 × 10-4 mol, 25%). 

M.p. >250 °C; Rf = 0.66 (DCM); 1H NMR (400 MHz, CDCl3) δ = 6.53 (s, 2H, CHAr), 

3.92 (s, 3H, CH3), 3.83 (s, 6H, CH3), 2.53 (s, 6H, CH3), 2.32 (q, J = 7.6 Hz, 4H, CH2), 

1.44 (s, 6H, CH3), 1.00 ppm (t, J = 7.6 Hz, 6H, CH3); 13C NMR (101 MHz, CDCl3) δ 

= 154.1, 153.9, 139.8, 138.5, 138.3, 132.8, 130.9, 105.5, 61.3, 56.4, 17.1, 14.6, 

12.5, 11.5 ppm; UV-vis (DCM): λmax (log ɛ) = 378 (3.61), 527 nm (4.56); HRMS (ESI) 

m/z calcd. for C26H33BF2N2NaO3 [M+Na]+: 493.2449, 493.2455 found. 

 

2,6-Diethyl-1,3,5,7-tetramethyl-8-(2,4,5-trimethoxyphenyl)-4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene, 3.77 

 

Compound 3.77 was synthesised in accordance with general procedure B using 

2,4,5-trimethoxybenzaldehyde (600 mg, 3.06 mmol), 3-ethyl-2,4-dimethyl-1H-

pyrrole (752 mg, 6.12 mmol), dry DCM (40 mL) under argon, TFA (10 µL), DDQ 

(694 mg, 3.06 mmol), H2O (20 mL), DIPEA (3.95 g, 3.06 × 10-2 mol), and BF3·Et2O 

(4.35 g, 3.06 × 10-2 mol) to yield an orange solid (497 mg, 1.07 mmol, 35%). M.p. 

>250 °C; Rf = 0.70 (DCM); 1H NMR (400 MHz, CDCl3) δ = 6.64 (d, J = 25.2 Hz, 2H, 

CHAr), 3.97 (s, 3H, CH3), 3.77 (d, J = 24.7 Hz, 6H, CH3), 2.53 (s, 6H, CH3), 2.32 (d, 

J = 6.9 Hz, 4H, CH2), 1.43 (s, 6H, CH3), 1.00 ppm (m, 6H, CH3); 13C NMR (101 MHz, 
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CDCl3) δ = 153.2, 150.6, 150.3, 144.1, 137.9, 137.0, 132.3, 131.2, 115.4, 112.9, 

97.5, 56.6, 56.4, 56.1, 17.1, 14.6, 12.5, 11.2 ppm; UV-vis (DCM): λmax (log ɛ) = 381 

(3.98), 529 nm (4.97); HRMS (ESI) m/z calcd. for C26H33BF2N2NaO3 [M+Na]+: 

493.2449, 493.2440 found. 
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6.4 CHAPTER 4: SHORT-CHAINED ANTHRACENE-STRAPPED PORPHYRINS 

AND THEIR ENDOPEROXIDES 

6.4.1 General synthetic procedures 

General Procedure A – Porphyrin Condensation DPM (2 eq.) and aldehyde (2 

eq.) were dissolved in dry DCM (120 mL). The reaction was shielded from light and 

TFA (cat.) was added. The reaction was stirred at rt for 3.5 h. TEA (3 μL) and p-

chloranil (6 eq.) were added and the mixture was heated to 70 °C for 1 h. The 

product was purified on a silica plug (1:1, DCM:hexane) followed by column 

chromatography (hexane with 2% ethyl acetate). The porphyrin was then 

precipitated from DCM and MeOH or recrystallised from DCM and hexane. 

General Procedure B – Endoperoxide Formation: Parent anthracene strapped 

porphyrin (1 eq.) was dissolved in chloroform-d (3 mL) and irradiated with broad-

spectrum light for 15 min. Endoperoxide formation was monitored using 1H NMR.  

General Procedure C – Zinc(II) Insertion: To a solution of parent porphyrin (1 eq.) 

in DCM (10 mL) was added Zn(II)acetate (10 eq.) in MeOH (6 mL) and the reaction 

was stirred at 80 °C for 12 h. The product was purified on a silica plug (DCM) 

followed by column chromatography (3:1, DCM:hexane) and was recrystallised from 

DCM/MeOH. 

6.4.2 Synthetic details and characterisation  

5,10-[9ʼ,10ʼ-Bis(phenoxymethyl)anthracene]porphyrin, 4.38 

 

Porphyrin 4.37 was synthesised in accordance with general procedure A using DPM 

(393 mg, 2.69 mmol), 2,2'-((anthracene-9,10-

diylbis(methylene))bis(oxy))dibenzaldehyde (600 mg, 1.35 mmol), DCM (120 mL), 

and p-chloranil (1.98 g, 8.08 mmol) to yield a purple solid (178 mg, 2.57 × 10-4 mol, 

19%). M.p. >200 °C; Rf  = 0.87 (DCM); 1H NMR (600 MHz, CDCl3) δ = 9.64 (s, 2H, 

CHmeso), 9.04 (d, J = 4.3 Hz, 4H, CHβ), 9.01 (d, J = 7.1 Hz, 2H, CHAr), 8.84 (d, J = 
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4.3 Hz, 4H, CHβ), 7.74 – 7.70 (m, 2H, CHAr), 7.67 – 7.64 (m, 2H, CHAr), 7.00 (d, J = 

7.8 Hz, 2H, CHAr), 6.32 (dd, J = 6.9, 2.7 Hz, 4H, CHAr), 6.25 (dd, J = 6.6, 3.1 Hz, 4H, 

CHAr), 4.59 (s, 4H, CH2), -3.50 ppm (s, 2H, NH); 13C NMR (151 MHz, CDCl3) δ = 

158.6, 131.4, 130.1, 128.7, 127.1, 126.3, 122.9, 121.6, 120.1, 111.9, 111.8, 103.8, 

61.6, 53.4 ppm; UV-vis (DCM): λmax (log ɛ) = 359 (4.41), 378 (4.62), 418 (5.34), 511 

(4.06), 543 (3.19), 584 (3.53), 632 nm (2.64); IR (ATR): ṽ = 3296, 2545, 2162, 1690, 

1596, 1575, 1530, 1474, 1444, 1405, 1283, 1217, 1139, 1105, 1058, 1045, 997, 

974, 955, 857, 847, 821, 788, 749, 722, 692, 658, 639, 600, 568 cm -1; HRMS 

(MALDI-TOF) m/z calcd. for C48H32N4O2 [M]+: 696.2525, 696.2524 found. 

 

5,10-[9ʼ,10ʼ-Dihydro-9ʼ,10ʼ-epidioxyanthracene]porphyrin, 4.40 

 

Porphyrin 4.40 was synthesised in accordance with general procedure B using 

porphyrin 4.38 (19 mg, 2.75 × 10-5 mol) to yield a purple solid (20 mg, 2.75 × 10-5 

mol, quant.). M.p. >200 °C; Rf  = 0.54 (3:1, DCM:Hexane); 1H NMR (400 MHz, 

CDCl3) δ = 9.62 (s, 2H, CHmeso), 9.12 (d, J = 4.5 Hz, 4H, CHβ), 9.07 – 9.05 (m, 2H, 

CHAr), 8.90 (d, J = 4.5 Hz, 4H, CHβ), 7.71 – 7.68 (m, 4H, CHAr), 6.78 – 6.70 (m, 2H, 

CHAr), 5.93 – 5.91 (m, 4H, CHAr), 4.89 – 4.86 (m, 4H, CHAr), 3.57 (s, 4H, CH2), -3.24  

ppm (br, 1H,  NH); 13C NMR (101 MHz, CDCl3) δ = 155.9, 132.7, 132.3, 130.8, 

130.3, 130.0, 129.0, 124.1, 120.5, 117.9, 110.6, 110.2, 104.5, 78.4, 61.9 ppm; UV-

vis (DCM): λmax (log ɛ) = 420 (6.22), 515 (4.88), 545 (3.28),  587 (4.44) 634 nm 

(2.44); IR (ATR): ṽ = 1574, 1447, 1408, 1237, 1111, 1042, 976, 957, 908, 882, 787, 

746, 892, 829, 848, 571 cm-1; HRMS (MALDI-TOF) m/z calcd. for C48H32N4O4 [M]+: 

728.2424, 728.2458 found.  
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5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)anthracene}porphyrinato]zinc(II), 4.53 

 

Porphyrin 4.53 was synthesised in accordance with general procedure C using 

porphyrin 4.38 (50 mg, 7.18 × 10-5 mol), DCM (10 mL), Zn(II)acetate (131 mg, 7.18 

× 10-4 mol), and MeOH (2 mL) to yield a pink solid (47 mg, 6.25 × 10-5 mol, 87%). 

M.p. >200 °C; Rf  = 0.88 (3:1, DCM:Hexane); 1H NMR (400 MHz, CDCl3) δ = 9.77 

(s, 2H, CHAr), 9.17 (d, J = 4.3 Hz, 4H, CHβ), 9.05 (d, J = 8.6 Hz, 2H, CHAr), 9.01 (d, 

J = 4.3 Hz, 4H, CHβ), 7.73 (t, J = 6.2 Hz, 4H, CHAr), 7.03 – 6.95 (m, 2H, CHAr), 6.32 

(d, J = 6.8 Hz, 4H, CHAr), 6.13 (dd, J = 6.6, 3.2 Hz, 4H, CHAr), 4.48 ppm (s, 4H, 

CH2); 13C NMR (101 MHz, CDCl3) δ = 158.7, 150.7, 148.2, 132.8, 131.9, 131.5, 

129.8, 128.0, 126.6, 126.3, 123.0, 121.3, 120.3, 113.5, 112.2, 105.2, 62.0 ppm; UV-

vis (DCM): λmax (log ɛ) = 361 (3.12), 385 (3.23), 433 (4.28), 560 nm (3.01); IR (ATR): 

ṽ  = 2922, 1884, 1597, 1558, 1445, 1339, 1231, 1109, 1060, 996, 858, 789, 748, 

715,  699, 654 cm-1; HRMS (MALDI-TOF) m/z calcd. for C48H30N4O2Zn [M]+: 

758.1660, 758.1650 found. 

 

5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)anthracene}-5,15-diphenyl]porphyrin, 4.51 

 

Porphyrin 4.51 was prepared in accordance with general procedure A using 2,2'-

(phenylmethylene)bis(1H-pyrrole) (1.07 g, 4.82 mmol), 2,2'-((anthracene-9,10-

diylbis(methylene))bis(oxy))dibenzaldehyde (1.07 g, 2.41 mmol), DCM (350 mL), 

and p-chloranil (7.06 g, 28.8 mmol) to yield a purple solid (278 mg, 3.31 × 10-4 mol, 

14%). M.p. >200 °C; Rf = 0.84 (3:1, DCM:Hexane); 1H NMR (400 MHz, CDCl3) δ = 

8.95 (dd, J = 7.3, 1.6 Hz, 2H, CHAr), 8.77 (d, J = 4.7 Hz, 4H, CHβ), 8.59 (d, J = 4.7 

Hz, 4H, CHβ), 7.87 –7.85 (m, 10H, CHAr), 7.75 (t, J = 7.8, 3.9 Hz, 2H, CHAr), 7.67 (t, 
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J = 7.3 Hz, 2H, CHAr), 7.06 (d, J = 7.7 Hz, 2H, CHAr), 6.37 (dd, J = 6.8, 3.2 Hz, 4H, 

CHAr), 6.32 – 6.25 (m, 4H, CHAr), 4.71 (s, 4H, CH2), -2.81 ppm (s, 2H, NH); 13C NMR 

(101 MHz, CDCl3) δ = 169.6, 140.8, 135.5, 131.0, 130.6, 130.0, 128.9, 127.3, 126.7, 

122.7, 122.1, 120.3, 112.4, 62.2 ppm; UV-vis (DCM): λmax (log ɛ) = 360 (3.79), 384 

(3.92), 431 (4.81), 526 (3.50), 564 (3.19), 600 (3.10) 658 nm (2.87); IR (ATR): ṽ  = 

3359, 1878, 1588, 1445, 1407, 1307, 1107, 983, 966, 908, 882, 858, 794, 748, 711, 

600, 575 cm-1; HRMS (MALDI-TOF) m/z calcd. for C60H40N4O2 [M]+: 848.3141, 

848.3151 found. 

 

5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)-9ʼ,10ʼ-dihydro-9ʼ,10ʼ-epidioxyanthracene}-

5,15-diphenyl]porphyrin, 4.56 

 

Porphyrin 4.56 was synthesised in accordance with general procedure B using 

porphyrin 4.51 (20 mg, 2.27 × 10-5 mol) to yield a purple solid (20 mg, 2.27 × 10-5 

mol, quant.). M.p. >200 °C; Rf = 0.74 (3:1, DCM:Hexane); 1H NMR (400 MHz, 

CDCl3) δ = 8.98 (d, J = 7.0 Hz, 2H, CHAr), 8.83 (d, J = 4.8 Hz, 4H, CHβ), 8.70 (d, J 

= 4.7 Hz, 4H, CHβ), 7.92 (s, 10H, CHAr), 7.70 (t, J = 7.7 Hz, 4H, CHAr), 6.81 (d, J = 

7.8 Hz, 2H. CHAr), 6.04 (d, J = 3.3 Hz, 4H, CHAr), 5.09 (s, 4H, CHAr), 3.72 (s, 4H, 

CH2), -2.57 ppm (s, 12H, NH); 13C NMR (101 MHz, CDCl3) δ = 155.9, 140.1, 133.6, 

131.3, 130.4, 130.2, 130.0, 129.1, 123.6, 122.7, 122.3, 122.2, 120.6, 118.6, 117.2, 

112.4, 110.3, 78.6, 62.0 ppm; UV-vis (DCM): λmax (log ɛ) = 433 (5.03), 528 (3.77), 

567 (3.67), 601 (3.65), 657 nm (3.48); IR (ATR): ṽ  = 3273, 3066, 2932, 3883, 1787, 

1688, 1598, 1560, 1466, 1447, 1241, 1110, 983, 967, 905, 792, 750, 730 cm-1; 

HRMS (ESI) m/z calcd. for C60H41N4O4 [M+H]+: 881.3050, 881.3125 found. 
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5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)anthracene}-5,15 

diphenylporphyrinato]zinc(II), 4.54 

 

Porphyrin 4.54 was synthesised in accordance with general procedure C using 

porphyrin 4.51 (100 mg, 1.18 × 10-4 mol), DCM (6 mL), Zn(II)acetate (424 mg, 2.34 

× 10 mmol), and MeOH (1 mL) to yield a purple/pink solid (50 mg, 5.49 ×10-5 mol, 

47%). M.p. >200 °C; Rf = 0.88 (3:1, DCM:Hexane); 1H NMR (400 MHz, CDCl3) δ = 

8.91 (dd, J = 7.0, 1.8 Hz, 2H, CHAr), 8.83 (d, J = 4.6 Hz, 4H, CHβ), 8.65 (d, J = 4.6 

Hz, 4H, CHβ), 7.67 (ddd, J = 21.8, 10.2, 6.1 Hz, 14H, CHAr), 6.96 (d, J = 7.4 Hz, 2H, 

CHAr), 6.34 – 6.29 (m, 4H, CHAr), 6.15 (dd, J = 6.7, 2.9 Hz, 4H, CHAr), 4.45 ppm (s, 

4H, CH2); 13C NMR (101 MHz, CDCl3) δ = 158.7, 150.2, 148.4, 142.7, 133.1, 131.9, 

130.9, 129.8, 128.0, 127.1, 126.8, 126.2, 122.8, 121.6, 120.5, 119.8, 114.5, 112.8, 

62.6 ppm; UV-vis (DCM): λmax (log ɛ) = 357 (4.08), 380 (4.28), 420 (5.16), 548 nm 

(3.87); IR (ATR): ṽ  = 1638, 1878, 15889 1449, 1230, 1107, 1053, 993, 848, 745, 

891, 845, 579 cm-1; HRMS (MALDI-TOF) m/z calcd. for C60H38N4O2Zn [M]+: 

910.2286, 910.2273 found. 

5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)anthracene}-5,15-bis(4-

bromophenyl)]porphyrin, 4.52 

 

Porphyrin 4.52 was synthesised in accordance with general procedure A using 2,2'-

((4-bromophenyl)methylene)bis(1H-pyrrole) (1.29 g, 4.31 mmol), 2,2'-((anthracene-

9,10-diylbis(methylene))bis(oxy))dibenzaldehyde (959 mg, 2.15 mmol), DCM (300 

mL), and p-chloranil (7.06 g, 28.8 mmol) to yield a purple solid (328 mg, 3.31 × 10-

4 mol, 15%). M.p. >200 °C; Rf = 0.84 (3:1, DCM:Hexane); 1H NMR (400 MHz, CDCl3) 
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δ = 8.95 (dd, J = 7.3, 1.7 Hz, 2H, CHAr), 8.77 (d, J = 4.7 Hz, 4H, CHβ), 8.62 (d, J = 

4.7 Hz, 4H, CHβ), 7.77 – 7.70 (m, 8H, CHAr), 7.66 (t, J = 7.4 Hz, 2H, CHAr), 7.06 (d, 

J = 7.5 Hz, 2H, CHAr), 6.45 – 6.35 (m, 8H, CHAr), 4.74 (s, 4H, CH2), -2.85 ppm (s, 

2H, NH); 13C NMR (101 MHz, CDCl3) δ = 169.6, 158.9, 140.8, 134.2, 130.8, 128.9, 

127.3, 126.8, 122.8, 122.1, 120.2, 112.3, 77.3, 77.1, 76.7, 62.2 ppm; UV-vis (DCM): 

λmax (log ɛ) = 361 (3.08), 382 (3.16), 432 (4.01), 527 (2.71), 565 (2.41),  601 (2.30), 

658 nm (2.07); IR (ATR): ṽ  = 3358, 1888, 1877, 1588, 1258, 1234, 1106, 984, 908, 

792, 754, 710 cm-1; HRMS (MALDI-TOF) m/z calcd. for C60H40N4O2 [M]+: 

1004.1361, 1004.1334 found. 

 

5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)-9ʼ,10ʼ-dihydro-9ʼ,10ʼ-epidioxyanthracene}-

5,15-bis(4-bromophenyl)}]porphyrin, 4.57 

 

Porphyrin 4.57 was synthesised in accordance with general procedure B using 

porphyrin 4.52 (20 mg, 1.99 × 10-5 mol) to yield a purple solid (21 mg, 1.99 × 10-5 

mol, quant.). M.p. >200 °C; Rf  = 0.66 (3:1, DCM:Hexane); 1H NMR (400 MHz, 

CDCl3) δ = 8.98 (dd, J = 6.9, 2.0 Hz, 2H, CHAr), 8.81 (d, J = 4.8 Hz, 4H, CHβ), 8.73 

(d, J = 4.7 Hz, 4H, CHβ), 7.83 – 7.72 (m, 8H, CHAr), 7.71 – 7.65 (m, 4H, CHAr), 6.84 

– 6.78 (m, 2H, CHAr), 6.08 (dd, J = 5.7, 3.2 Hz, 4H, CHAr), 5.10 (dd, J = 5.5, 3.3 Hz, 

4H, CHAr), 3.73 (s, 4H. CH2), -2.53 ppm (s, 2H, NH); 13C NMR (101 MHz, CDCl3) δ 

=156.0, 144.7, 141.2, 133.5, 130.9, 130.2, 129.2, 127.5, 127.2, 123.7, 120.5, 120.6, 

118.6, 112.0, 110.3, 78.7, 62.0 ppm; UV-vis (DCM): λmax (log ɛ) = 434 (5.46), 529 

(4.10), 566 (3.81), 604 (3.81), 660 nm (3.50); IR (ATR): ṽ  = 3359, 3081, 2544, 1790, 

1689, 1679, 1570, 1464, 1408, 1011, 983, 966, 884, 792, 751, 712 cm -1; HRMS 

(APCI) m/z calcd. for C60H39Br2N4O4 [M+H]+: 1037.1334, 1037.1334 found. 
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5,10-[{9ʼ,10ʼ-Bis(phenoxymethyl)anthracene}-5,15-bis(4-

bromophenyl)porphyrinato]zinc(II), 4.55 

 

Porphyrin 4.55 was synthesised in accordance with general procedure C using 

porphyrin 4.52 (50 mg, 4. 98 × 10-5 mol) dissolved in DCM (6 mL), Zn(II)acetate (140 

mg, 4.98 × 10-4 mol), and MeOH (1 mL) to yield a purple solid (52 mg, 4.90 × 10-5 

mol, 98%); M.p. >200 °C; Rf  = 0.87 (3:1, DCM:Hexane); 1H NMR (400 MHz, CDCl3) 

δ = 8.92 (dd, J = 7.1, 2.0 Hz, 2H, CHAr), 8.87 (d, J = 4.6 Hz, 4H, CHβ), 8.63 (d, J = 

4.6 Hz, 4H, CHβ), 7.84 (s, 6H, CHAr), 7.68 (tdd, J = 14.9, 10.6, 4.2 Hz, 6H, CHAr), 

6.99 (d, J = 7.9 Hz, 2H, CHAr), 6.34 (dd, J = 6.9, 3.1 Hz, 4H, CHAr), 6.20 (dd, J = 6.8, 

3.2 Hz, 4H, CHAr), 4.50 ppm (s, 4H, CH2); 13C NMR (101 MHz, CDCl3) δ = 158.7, 

150.5, 148.2, 141.6, 140.7, 135.4, 133.0, 131.7, 131.3, 130.0, 129.6, 128.2, 128.0, 

126.8, 126.6, 126.2, 125.3, 122.7, 121.9, 121.8, 120.6, 118.3, 115.1, 113.1, 62.7, 

29.7 ppm; UV-vis (DCM): λmax (log ɛ) = 362 (3.96), 384 (4.05), 432 (5.11), 560 nm 

(3.84); IR (ATR): ṽ  = 2922, 1680, 1558, 1482, 1445, 1230, 1109, 1068, 999, 790, 

717, 749, 645 cm-1; HRMS (MALDI-TOF) m/z calcd. for C60H36N4O2Br2Zn [M]+: 

1066.0496, 1066.0493 found. 
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6.5 CHAPTER 5: SYNTHESIS AND EVALUATION OF TARGETED 

NANOCONSTRUCTS FOR MEDICAL APPLICATIONS 

6.5.1 Near-infrared light-active targeted liposomes 

 

Near-infrared light-active targeted liposomes 

Anti-body conjugated liposomes 5.1 and 5.2: DPPC in chloroform (58.2 mol%, 19.80 

µmol, 14.54 mg), DOPG in chloroform (7.9 mol%, 2.68 µmol, 2.14 mg), cholesterol 

in chloroform (28.9 mol%, 9.85 µmol, 3.81 mg), DSPE-mPEG2000 in chloroform 

(4.3 mol%, 1.46 µmol, 4.10 mg), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.524 mg) and DSPE-mPEG2000-NH2 in chloroform (0.2 mol%, 0.068 

µmol, 0.19 mg) were added to a glass tube. 

 

Anti-body free liposomes 5.3 and 5.4: DPPC (58.2 mol%, 19.80 µmol, 14.54 mg) 

DOPG (7.9 mol%, 2.68 µmol, 2.14 mg), cholesterol (28.9 mol%, 9.85 µmol, 3.81 

mg), DSPE-mPEG2000 (4.8 mol%, 1.63 µmol, 4.58 mg), DSPE-mPEG2000-NH2  

(0.2 mol%, 0.07 µmol, 0.19 mg) were added to a glass tube. 

 

The solvent was removed under a flow of nitrogen. The reaction was dried under 

vacuum for 1 h. The films were hydrated using PBS (1 mL) and heated to 45 ºC for 

10 min. The mixture was then extruded 11 times through two 100 nm polycarbonate 

membranes (Whatman) using a mini-extruder system (Avanti Polar Lipids). NHS 

esters of the dyes (10 mg/mL anhydrous DMSO solution, IRdye680RD-NHS, 10 eq., 

34.23 µL, 3.41 × 10-7 mol, IRdye800RD-NHS, 10 eq., 39.78 µL, 3.41 × 10-7 mol) were 

added in 2 µL aliquots to the liposome with stirring at 2500 RPM. The reaction was 

stirred overnight at rt. The liposomes were dialysed against PBS (1 L) for 48 h (Float-

A-Lyzer dialysis membrane, 100 kDa). The IRdye concentration (calculated using 

UV-vis spectroscopy, Thermo Scientific Evolution 300 UV-Visible absorption 

spectrophotometer) and the mean polydispersion index (Malvern Zetasizer NanoZS 

Dynamic Light Scattering Instrument) of the liposomes were used to determine a 50 

eq. excess of Cet-Alexa488-PEG-N3 or IgG-Alexa488-PEG-N3 (4.2 mg/mL solution 

in HEPES saline (5 mmol/1000 mL HEPES, 145 mmol/1000 mL NaCl, pH 6.5)) per 

liposome required for 200 mL aliquots of the liposome solution. This volume was 

added to 200 mL aliquots of the liposome solution and the reaction was rotated 

overnight at rt. The liposomes were purified using size exclusion chromatography 
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(sepharose CL-4B using HEPES saline, 5 mmol/1000 mL HEPES, 145 mmol/1000 

mL NaCl, pH 6.5, solution as eluent). The fluorescence and absorption spectra were 

measured on a Spex Fluorolog 2 spectrofluorometer and Thermo Scientific Evolution 

300 UV-Visible absorption spectrophotometer, respectively. The Z-averages and PDIs of 

the constructs, measured using a Malvern Zetasizer NanoZS Dynamic Light 

Scattering Instrument, are as follows: 

 

5.1 Targeted IRdye 680-Cet: Z-average = 126.8 nm, PDI = 0.051. 23.8 Cet 

molecules per liposome.  

5.2 Control Targeted IRdye 800-IGg: Z-average = 132.7 nm, PDI = 0.032. 23.6 IgG 

molecules per liposomes.  

5.3 Untargeted IRdye 680: Z-average = 129.9 nm, PDI = 0.083.   

5.4 Untargeted IRdye 800: Z-average = 132.5 nm, PDI = 0.033.  

 

NHS-PEG-N3 conjugation to Cet and IgG 

A solution Cet or IgG (2 mg/mL) in PBS was prepared using a 30 kDa Amicon tube 

centrifuged for 30 min at 3000 g, following washing with PBS. The concentration 

was confirmed using absorption spectroscopy (Thermo Scientific Evolution 300 UV-

Visible absorption spectrophotometer). A solution of NHS-PEG-N3 in anhydrous 

DMSO (10 mg/mL) was prepared and added (for Cet = 2.66 µL, 0.027 mg, 6.86 × 

10-8 mol, for IgG = 2.59 µL, 0.026 mg, 6.67 × 10-8 mol, 2.5 eq.) to the reaction vessel. 

To this was added Alexa488-NHS solution (1 mg/mL stock, 2.5 eq., for Cet (44.13 

µL, 6.86 × 10-8 mol, 0.044 mg) for IgG (42.89 µL, 6.67 × 108 mol, 0.043 mg) and 

rotated for 24 h at 4 ºC using an orbital mixer. The reaction mixture was purified 

using a PD-10 column equilibrated with PBS. The collected fraction was 

concentrated using centrifugation in an Amicon 30 kDa tube for 20 min at 3000 g 

and washed with PBS (5 mL) following another centrifugation cycle. A solution of 

concentration of 4.2 mg/mL in PBS was prepared and confirmed using absorption 

spectroscopy (Thermo Scientific Evolution 300 UV-Visible absorption 

spectrophotometer). 

 

6.5.2 Targeted photoactivatable multi inhibitory liposomes  

TPMIL Synthesis: DSPC (28.62 mg, 33.22 µmol, 0.53 eq.), cholesterol in 

chloroform (12.08 mg, 31.25 µmol, 0.46 eq.), DSPE-mPEG (0.57 mg, 0.20 µmol, 
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0.003 eq.), and BPD-PC (0.51 mg, 0.41 µmol, 0.006 eq.) were added to a glass tube 

and dried over a nitrogen flow, followed by drying in vacuo for 1 h.  

 

An Irinotecan stock solution (20 mg/mL) in HEPES dextrose (3 mmol/1000 mL 

HEPES, 125 mmol/1000 mL dextrose, pH 6.5) was prepared. The solution was 

heated to 60 ºC for 2 min and vortexed for 30 s. This was repeated four times. The 

solution was centrifuged for 30 s at 10,000 g at 4 ºC and the supernatant was 

collected. The supernatant was cooled to -4 ºC and filtered using a sterile syringe 

and a 0.22 µm Millex-GS filter. The exact concentration was determined using UV-

vis spectroscopy (Thermo Scientific Evolution 300 UV-Visible absorption 

spectrophotometer). The lipid films were rehydrated in EtOH (86.88 µL), heated to 

65 ºC for 10 min, and vortexed for 30 s. Pre-heated ammonium sulfate (250 mM, 

868.88 µL) was added at 65 ºC and the solution was vortexed for 1 min to 

homogenise. 

 

The solution was immersed in liquid nitrogen for 3 min and thawed at 65 ⁰C for 5 

min. 5 freeze thaw cycles were performed. The liposomes were extruded 15 times 

through two 100 nm polycarbonate membranes (Whatman).  

 

The liposomes were purified using a sepharose CL-4B column equilibrated with 

HEPES dextrose (3 mmol/1000 mL HEPES, 125 mmol/1000 mL dextrose, pH 6.5) 

solution and the BPD-PC concentration of the liposomes was calculated using UV-

vis spectroscopy (Thermo Scientific Evolution 300 UV-Visible absorption 

spectrophotometer). Using the measured BPD-PC concentration, the correct volume 

of the Irinotecan stock was added to the liposomes in aliquots of 250 µL to give 284 

g of Irinotecan per mol of phospholipid (1.09 mg, 62 µL) and left to react for 30 min 

at 65 °C Then, the solution was quenched on ice for 15 min. 

 

DSPE-mPEG (1.15 mg, 0.41 µmol) that provides 4.2% PEG surface coverage and 

DOPG (0.55 mg, 0.69 µmol) were added to the reaction vessel and dried with 

nitrogen and under vacuum for 10 min. An equal volume of HEPES dextrose (3 

mmol/1000 mL HEPES, 125 mmol/1000 mL dextrose, pH 6.5) solution was then 

added. The liposomes were vortexed for 3 min and sonicated for 10 min. They were 

centrifuged at 1000 g for 20 s. The Irinotecan-loaded liposomes were added to the 
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DSPE-mPEG and DOPG micelles and mixed gently. They were incubated at 65 oC 

for 60 min. The liposomes were dialyzed against 1 L of HEPES saline (5 mmol/1000 

mL HEPES, 145 mmol/1000 mL NaCl, pH 6.5, 100 kDa Floa-A-Lyzer) for 24 h. 

 

DSPE-PEG2000-DBCO (1.15 mg, 0.37 µmol, 0.91 eq.) was dried with nitrogen, 

evaporated under vacuum for 30 min, and then an equal volume of HEPES saline 

(5 mmol/1000 mL HEPES, 145 mmol/1000 mL NaCl, pH 6.5) was added. The 

reaction was vortexed for 3 min and sonicated for 20 min. The solution was 

centrifuged at 1000 g for 20 s. AF488-CET-PEG-N3 (5.460 mg, 0.0372 µmol, 0.091 

eq.) was added to DSPE-PEG2000-DBCO micelles and mixed. They were rotated 

on an optical rotator at rt for 24 h.  

 

Following dialysis, DSPE-PEG2000-DBCO-Cet micelles (100 eq. of Cet-Alexa488-

PEG-N3 per liposome) were post inserted and incubated at 37 ºC overnight. The 

liposomes were quenched on ice for 15 min and the purified with size exclusion 

chromatography (sepharose CL-4B column equilibrated with HEPES saline, 5 

mmol/1000 mL HEPES, 145 mmol/1000 mL NaCl, pH 6.5). The concentration of 

BPD-PC, Irinotecan and the post insertion efficiency was calculated. The Z-

averages and PDI of the construct were measured using a Malvern Zetasizer 

NanoZS Dynamic Light Scattering Instrument. The fluorescence and absorption 

spectra were measured on a Spex Fluorolog 2 spectrofluorometer and Thermo 

Scientific Evolution 300 UV-Visible absorption spectrophotometer, respectively. 

 

Construct 5.5 TPMIL: Z-average = 122.8, PDI = 0.02, IRI entrapment = 70%, 30.5 

Cet per liposomes. 

Note: All animal experiments were conducted with approval and according to 

guidelines established by the Massachusetts General Hospital Institutional Animal 

Care and Use Committee.  

 

Implantation 

MIAPACA-2 and PCAF cells were cultured in Dulbecco's modified eagle media 

(DMEM) complete with 10% FBS and 2% penicillin/streptomycin. When confluent, 

the media was removed and the cells were washed with PBS (10 mL). The cells 

were treated with trypsin and collected in media (5 mL). The cells were diluted in 
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media to make a 70 µL solution of 50% Matrigel (BD Biosciences) and culture 

media, 25% MIAPACA-2 (1x106 cells) and 25% PCAF (1x106 cells). The 6-week-

old male Swiss nude mice (Cox Breeding Laboratories) weighing 20–25 grams were 

sedated with 100 mg/kg ketamine and 10 mg/kg xylazine and the pancreas was 

exposed through a small left abdominal flank incision. The cell Matrigel mixture was 

injected into the pancreases and after 60 s the mouse incision was sutured. 10% 

povidone/iodine was applied topically to the sutured tissue. Butamorphine (0.1 

mg/kg) was administered before and after the incision and twice a day for the next 

two days. 

 

In vivo photodynamic therapy  

After 9 d the orthotropic tumors had reached a volume of 25 mm3 and the mice were 

sedated with 100 mg/kg ketamine and 10 mg/kg xylazine mixture. The mice were 

randomised and injected intravenously (tail vein) with 200 μL of sterile PBS and 

active agent. The tumour was exposed with a small left flank incision. Mice treated 

with Visudyne were irradiated with the appropriate light dose 1 h after injection and 

the mice treated with TPMIL were irradiated 24 h after injection, both using NIR light 

(690 nm diode laser, High Power Devices, Inc). Following PDT, the mice were 

sutured and topically treated with 10% povidone/iodine solution. Butamorphine (0.1 

mg/kg) was administered before and after PDT and twice a day for the next two 

days. 

 

Ultrasound Imaging  

The mice were sedated under a flow of isoflurane and oxygen. The mouse was laid 

on its side, ultrasound gel was applied and the mouse was imaged (IVIS Lumina 

Series III whole animal pre-clinical imaging). The dimensions of the tumour were 

noted, and volume was determined using the ellipsoid formula: 

volume = (π × L × W × H)/6 

, where L, W and H, are the tumour length, width and height. 

 

6.5.3 BPD-containing targeted liposomes 

Untargeted Construct General Method: The contents of the lipid film were added to 

a glass tube. The solvent was removed under a flow of nitrogen. The reaction was 

dried under vacuum for 1 h. The films were hydrated using PBS (1 mL) and heated 
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to 45 ºC for 10 min. The mixture was then extruded 11 times in two 100 nm 

polycarbonate membranes (Whatman). The constructs were purified using size 

exclusion chromatography (sepharose CL-4B column, PBS). 

Targeted Construct General Method: Untargeted construct was aliquoted into 100 

µL units. The Z-average was used to calculate the moles of liposomes in 100 µM. 

This was reacted with Cet-Alexa488-PEG-N3 (100 eq.) and stirred at rt overnight on 

an orbital rotator. The constructs were purified using size exclusion chromatography 

(sepharose CL-4B column, PBS). The Z-averages and PDIs of the constructs were 

measured using a Malvern Zetasizer NanoZS Dynamic Light Scattering Instrument. 

The fluorescence and absorption spectra were measured on a Spex Fluorolog 2 

spectrofluorometer and Thermo Scientific Evolution 300 UV-Visible absorption 

spectrophotometer, respectively.  

 

5.6 Untargeted Construct BPD-PC (0.5 mol%) 

DPPC in chloroform (57.6 mol%, 19.60 µmol, 14.39 mg, 575.60 µL), DOPG in 

chloroform (7.9 mol%, 2.68 µmol, 2.14 mg, 85.6 µL), cholesterol in chloroform (28.9 

mol%, 9.85 µmol, 3.81 mg, 381.0 µL), DSPE-mPEG2000 in chloroform (4.5 mol%, 

1.53 µmol, 4.30 mg, 171.8 µL), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.52 mg, 21.0 µL), and BPD-PC (0.5 mol%, 0.175 µmol, 0.22 mg, 249.9 

µL) were used. Z-average = 119.2 nm, PDI = 0.10.  

 

5.9 Targeted Construct BPD-PC (0.5 mol%) 

The moles of untargeted liposomes in 100 µL (2.76 × 10-11 mol) was calculated. This 

was reacted with a Cet-Alexa488-PEG-N3 solution at a concentration of 4.2 mg/mL 

(100 eq., 2.76 × 10-9 mol, 96.6 µL). Z-average = 121.5 nm, PDI = 0.10. Cet to 

liposome ratio = 23.22. 

 

5.7 Untargeted Construct BPD-PC (0.6 mol%) 

DPPC in chloroform (57.6 mol%, 19.60 µmol, 14.39 mg, 575.6 µL), DOPG in 

chloroform (7.9 mol%, 2.68 µmol, 2.14 mg, 85.6 µL), cholesterol in chloroform (28.9 

mol%, 9.85 µmol, 3.81 mg, 381.0 µL), DSPE-mPEG2000 in chloroform (4.5 mol%, 

1.53 µmol, 4.295 mg, 171.8 µL), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.52 mg, 21.0 µL), and BPD-PC (0.6 mol%, 0.200 µmol, 0.250 mg, 479 

µL) were used. Z-average = 130.5 nm, PDI = 0.056. 
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5.10 Targeted Construct BPD-PC (0.6 mol%) 

The moles of untargeted liposomes in 100 µL (2.44 × 10-11 mol) was calculated. This 

was reacted with a Cet-Alexa488-PEG-N3 solution at a concentration of 4.2 mg/mL 

(100 eq., 2.44 × 10-9 mol, 96.6 µL). Z-average = 142.8 nm, PDI =0.064.  Cet to 

liposome ratio = 19.38. 

 

5.8 Untargeted Construct BPD-PC (2 mol%) 

DPPC in chloroform (57.6 mol%, 19.60 µmol, 14.39 mg, 575.6 µL), DOPG in 

chloroform (7.9 mol%, 2.68 µmol, 2.14 mg, 85.6 µL), cholesterol in chloroform (28.9 

mol%, 9.85 µmol, 3.81 mg, 381.0 µL), DSPE-mPEG2000 in chloroform (4.5 mol%, 

1.53 µmol, 4.295 mg, 171.8 µL), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.52 mg, 21.0 µL), and BPD-PC (2 mol%, 0.680 µmol, 0.812 mg, 1650 

µL) were used. Z-average = 110.7 nm, PDI = 0.073.  

 

5.11 Targeted Construct BPD-PC (2 mol%) 

The moles of untargeted liposomes in 100 µL (3.44 × 10-11 mol) was calculated. This 

was reacted with Cet-Alexa488-PEG-N3 (100 eq., 3.44 × 10-9 mol, 128.96 µM). Z-

average = 116.3 nm, PDI =0.059. Cet to liposome ratio = 26.03. 

 

5.12 Targeted Construct BPD and BPD-PC (2 mol%) 

DPPC in chloroform (56.2 mol%, 19.12 µmol, 14.04 mg, 561.44 µL), DOPG in 

chloroform (7.9 mol%, 2.68 µmol, 2.14 mg, 85.6 µL), cholesterol in chloroform (28.9 

mol%, 9.85 µmol, 3.81 mg, 381.0 µL), DSPE-mPEG2000 in chloroform (4.5 mol%, 

1.53 µmol, 4.295 mg, 171.8 µL), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.52 mg, 21.0 µL), BPD-PC (2 mol%, 0.68 µmol, 0.85 mg, 1760 µL), and 

BPD (1 mol%, 0.34 µmol, 0.25 mg, 376 µL) were added to a glass tube. The solvent 

was removed under a flow of nitrogen. The reaction was dried under vacuum for 1 

h. The films were hydrated using PBS (1 mL) and heated to 45 ºC for 10 min. The 

mixture was then extruded 11 times through two 100 nm polycarbonate membranes. 

 

The untargeted construct was aliquoted into 100 µL units. The Z-average was used 

to calculate the moles of liposomes in 100 µL (6.60 × 10-11 mol). This was reacted 

with a Cet-Alexa488-PEG-N3 solution at 4.2 mg/mL (100 eq., 6.60 × 10-9 mol, 235.8 
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µL) and stirred at rt overnight on rotation. The construct was purified using size 

exclusion chromatography (sepharose CL-4B column, PBS). Z-average = 122.8 nm, 

PDI = 0.21, Cet to liposome ratio = 26.03. 

 

5.13 Targeted Construct BPD (1 mol%) 

DPPC in chloroform (57.2 mol%, 19.46 µmol, 14.29 mg, 571.44 µL), DOPG in 

chloroform (7.9 mol%, 2.68 µmol, 2.14 mg, 85.6 µL), cholesterol in chloroform (28.9 

mol%, 9.85 µmol, 3.81 mg, 381.0 µL), DSPE-mPEG2000 in chloroform (4.5 mol%, 

1.53 µmol, 4.295 mg, 171.8 µL), DSPE-mPEG2000-DIBO in chloroform (0.5 mol%, 

0.17 µmol, 0.52 mg, 21.0 µL), and BPD (1 mol%, 0.34 µmol, 0.25 mg, 376.3 µL) 

were added to the reaction vessel. The solvent was removed under a flow of 

nitrogen. The reaction was dried under vacuum for 1 h. The films were hydrated 

using PBS (1 mL) and heated to 45 ºC for 10 min. The mixture was then extruded 

11 times through two 100 nm polycarbonate membranes (Whatman). 

 

The untargeted construct was aliquoted into 100 µL units. The Z-average was used 

to calculate the moles of liposomes in 100 µL (2.28 × 10-11 mol). This was reacted 

with a Cet-Alexa488-PEG-N3 solution at 4.2 mg/mL (100 eq., 2.28 × 10-9 mol, 81.38 

µL) and stirred at rt overnight on rotation. The construct was purified using size 

exclusion chromatography (sepharose CL-4B column, PBS). Z-average = 133.8 nm, 

PDI = 0.082, Cet to liposome ratio = 40.40. 

 

Nodule preparation  

DMEM or eagle's minimum essential medium media (complete with 10% FBS and 

2% penicillin/streptomycin) was aspirated and the cells were washed with PBS (10 

mL). Trypsin (3 mL) was added and removed after 20 s. Media (10 mL) was added 

and the cells were removed. The cells were counted and diluted in media to 50,000 

cells/mL. The cell solution (100 µL) was added to each well to give 5000 cells/mL. 

The nodules were incubated for 48 h at 37 ºC.  

 

Treatment 

The experimental groups were treated as specified with either a 690 nm diode laser 

(Model 7404, Intense Inc.) at an irradiance of 150 mW/cm2 or an X-rad 320 irradiator 

(320 kV, 12.5 mA). The X-ray radiation was given to the spheroid cultures through 
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a 2 mm aluminium filter. The samples were maintained under dark conditions unless 

undergoing treatment.  

 

Probe experiments 

A solution of SOSG in MeOH (10 µL, 100 µM) was added to the experiental groups  

and PBS control in a glass bottom 96-well plate that contained the spheroids. The 

fluorescence spectra were measured before and after treatment using a 

SpectraMax M Series Multi-Mode Microplate Reader at an excitation wavelength of 

460 nm, cut off of 515 nm, emission wavelength of 525 nm. The background 

fluoresence was also measured and subtracted from the measured fluorescence 

A solution of HPF in DMF (20 µL, 200 µM) was added to the experiental groups and 

PBS control in a glass bottom 96-well plate that contained the spheroids. The 

fluorescence spectra were measured before and after treatment using a 

SpectraMax M Series Multi-Mode Microplate Reader at an excitation wavelength of 

490 nm, emission wavelength of 515 nm. The background fluoresence was also 

measured and subtracted from the measured fluorescence 

A solution of MTS in DMSO (40 µL, 100 µM) was added to the experiental groups 

and PBS control in a glass bottom 96-well plate that contained the spheroids. The 

absorption spectra were measured before and after treatment using a SpectraMax 

M Series Multi-Mode Microplate Reader at an absorbance wavelength of 490 nm. 

 

Live dead assay 

The following protocol was performed under dark conditions 24 h after treatment. 

Media (100 µL) was removed from the total killing wells. The total killing wells were 

fixed with 10% formalin solution in PBS (100 µL) for 2–5 min at rt. 1% Triton X-100 

in PBS (100 µL) was added to the total killing group and the cells were incubated 

for 1 h at 37 °C. Following incubation, the total killing wells were washed with 0.1 M 

glycine (3 x 100 µL). The live/dead imaging mixture was prepared by adding DMSO 

(25 mL) to two calcein AM (50 μg) vials and transferred to PBS (25 mL, per two 96 

well plates). Propidium iodide solution (1.0 mg/mL in water, 100 µL) was added. 

Media (100 µL) was removed from each well and add the live/dead solution (100 

µL) reagent was added to each well. The cells were incubated for 1 h and imaged 

with a confocal microscope (Olympus FluoView 1000 automated confocal 

microscope). λex = 488–494 nm/λem = 515–520 nm (calcein) and λex = 528–559 
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nm/λem = 617–630 nm (propidium iodide). The bright-field images were acquired 

under 559 nm light. 
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