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ABSTRACT

The World Health Organization cautioned that the major contributing factors of cancer
amongst people are the excessive usage of alcohol, smoking, lack of exercise and low
intake of fruits, vegetables, and high-fibre foods. Furthermore, cancer by far is reported
to be the most common and leading cause of death worldwide (1 in 6 deaths is due to
cancer). Moreover, it is reported that cancer kills more people than tuberculosis,
malaria and AIDS combined every year. Chemotherapy has been utilised as a mode
of rehabilitation for complete being used in conjunction with surgery or to improve the
state of well-being of patients until their point of death. However, it is well known for
its adverse effects, such as loss of hair, altered gastric metabolism, vomiting and
nausea, dehydration, weight loss, and loss of appetite. For this reason, photodynamic
therapy (PDT) was developed as an alternative. A molecular dye (photosensitiser/PS)
and light of a specific wavelength produce cytotoxic singlet oxygen species, which

induce cell death.

The aim of this project is to prepare novel structurally modified porphyrin-type dyes
that absorb far into the near-infrared region. Identifying suitable dyes that absorb
significantly in the 700-800 nm region is particularly important from an African
perspective, since melanin significantly limits the penetration of laser light into human
tissue in the 600-700 nm region, where first- and second-generation photosensitiser
dyes usually absorb. The porphyrin analogues that will be investigated in this regard
are bacteriochlorins (BChls), which are known to have suitable optical properties that

are potentially suitable in this regard.

The first step of the study would be to synthesise tetraarylporphyrins with electron-

withdrawing meso-aryl rings because their reduction to BChls is more readily

Vi



attainable than is the case with electron-donating rings. However, these contrasting
properties can be combined to tailor the BChls for effective photodynamic therapy, so
the type of porphyrins synthesised will be tetraarylBChls with different meso-aryl
groups to first analyze the induction of different chemical properties in this case, the
impact of introducing electron donating (4- and 3-quinoline substituents) or electron-
withdrawing (pentafluorophenyl substituents) groups on the meso-positions of the
dyes and more specifically whether the position of the quinoline nitrogen atom relative
to the core of the BChl has any significant impact on the reactivity of the dye (the 4- or

3-position of the quinoline).

The next factor to be considered is the induction of the heavy atom effect by
introducing a metal in the centre of the dye in order to try to increase the singlet oxygen
quantum yields for high production of reactive oxygen species and singlet oxygen and
further red shift the lowest energy absorption band of the BChls in the therapeutic
window for deep tissue penetration for effective. Lastly, the goal will be to explore
whether the delivery of bacteriochlorin photosensitisers to cancer cells can be

enhanced by introducing quaternised nitrogen atoms to the meso-aryl ligands.

vii
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1.INTRODUCTION




1.1 History of Cancer

Karkinos, now called cancer in English, was coined by a Greek physician called
Hippocrates to describe carcinoma tumours.! The task of trying to cure cancer has
been in progress since around 1500 BCE, with the oldest case being a breast cancer
record in the Egyptian archives.? Cancerous cells develop from healthy ones due to
unrepairable deoxyribonucleic acid (DNA) damage. These cells with damaged DNA
are said to be mutations that can either be benign, i.e. harmless, or malignant, i.e.
fatal. This happens when mutated cells possess elevated abilities to proliferate,
dividing at uncontrollable rates, and is referred to as hyperplasia.® There are two types
of cancerous cells, namely in situ and invasive. The in situ type involves mutated cells
that have not penetrated through any boundaries between the adjacent tissues and
are usually contained and, therefore, not that lethal. The invasive type, on the other
hand, refers to mutated cells not only invading/penetrating the underlying tissues but
also shed their cells into the lymph nodes or in the bloodstream, which will, in turn,
form more tumours and may end up disrupting the function of vital organs as illustrated

by Figure 1 below.*

Figure 1: A schematic diagram showing the major differences between the invasive and in situ types

of cancerous cells.



1.2 Cancer therapies

The National Cancer Institute states that there are several different cancer therapies,
starting with the primitive and still effective approaches to the more recently

discovered®, Figure 2.

Figure 2: A scheme showing the different therapeutic techniques for cancer.

Surgery

Surgically removing cancer cells has been practised for several generations and is
claimed to be the most efficient way of eradicating cancer. This type of therapy is said
to be a local type of treatment, since it treats only the part of the body with the cancer.
Furthermore, surgery can be used to remove the entire tumour or debulk the tumour,
i.e. to remove a fraction of the tumour. This is done to reduce the risk involved if the

whole tumour is removed, which might damage the host organ, or to help other



treatments work better by lowering the pain or pressure of cancer symptoms.” Surgery
relies heavily on anaesthesia (drugs that cause loss of physical feeling). There are
local, regional, and general anaesthesia, which, respectively, cause a loss of feeling
in one small area of the body, a specific part of the body (like the leg or arm), and
lastly, a complete loss of feeling and awareness.® Be it as it may, this treatment type
has its limitations because as mutations become more and more complex, like in the
case of leukaemia, which is reported to produce liquid tumours instead of solid ones,
with their origin site often undetermined (because of their constant movement within
the blood vesicles).® For this reason, amongst others, more accommodating/effective

therapeutic routes were explored.

Hormonal therapy

The second type of treatment is hormone therapy. It is used to slow down or stop the
tumour growth. It is reported that it can only be used to remedy cancer symptoms of
prostate cancer amongst other hormone-dependent tumours.’® Hormonal therapies
fall under two major categories, namely those that block the ability of the body to
produce hormones and those that alter/interfere with the behaviour of hormones in the
body." For this therapy to be efficient, it has to be used in conjunction with other
therapies, such as making a tumour smaller before surgery or radiation therapy. This
is called neoadjuvant therapy. Another reason is to lower the probability of the tumour
coming back after the main therapy. This is referred to as adjuvant therapy.'? The
treatment is administered orally in the form of pills, intravenously into the arm, thigh,
hip muscles or in the belly fat or via surgery where the organ producing certain

hormones is removed (ovaries or testicles in women and men respectively).'® This has



some drawbacks, such as hormonal side effects, including fatigue, nausea, mood
swings, hot flashes and diarrhoea, to mention the least. The obvious limitation of this

treatment is that it can only be used to remedy cancers that rely on hormones to grow.

Immunotherapy

The third therapy is immunotherapy, which is used to help the immune system combat
cancer.' The immune system acts naturally against foreign and or harmful objects. It
becomes tricky when it comes to cancer because these cells can elude the immune
system, like in the case of them having surface proteins that turn off the immune
system or alter the normal cells around the cancerous cells so that they interfere with
how the immune system usually responds to cancerous cells.'® There are about five
categories of immunotherapy treatments. Firstly, immune checkpoint inhibitors
regulate the sensitivity of the immune system. T-cell transfer therapy improves the
action of T-cells to attack cancer cells. This is done by selecting and transferring the
most effective T-cells in the body against cancer cells. These are then modified in the
laboratory, replicated and transferred back into the body intravenously. The following
type of immune therapy is the use of Monoclonal antibodies. These antibodies are
modulated in the laboratory and are used to mark or target cancer cells. The other
alternative is the use of vaccines, which are primarily used to boost the immune system
and are similar to immune system modulators as the last immune therapy.'*'® The
modes of administration of this type of therapy are intravenously (to the veins),
intravesically (to the bladder), orally (pills and capsules), and topically (to the external
surface of the body). Nevertheless, there are some effects apart from resistance from
the cancer cells. The major one is the action of the modified immune system against

normal healthy cells.'®



Stem cell transplant

Another type of cancer therapy is stem cell transplant/bone marrow transplant. These
treatments restore blood-forming stem cells, which grow into an array of blood cell
types (white blood cells for the immune system, red blood cells for oxygen
transportation and platelets for clothing)."” It is reported that this therapy does not
usually work directly against cancer cells but instead helps the body recover its ability
to form stem cells. Examples of rare cases of stem cells acting against cancer cells
are leukaemia or multiple myeloma. This arises because of the graft-versus-tumour
effect, which happens when white blood cells from the graft (donor) attack cancer cells
that remain in the body after high-dose treatments.'® This treatment is administered
intravenously. Healthy blood-forming stem cells from the umbilical cord, bloodstream
or the bone marrow of the donor enter the bloodstream and travel to the bone marrow,
replacing the destroyed stem cells and begin forming blood cells. The transplants can
either be autologous (this means that the healthy stem cells were taken from the
patient), allogeneic (the stem cells were donated by someone else who is blood-
related), and lastly, syngeneic (the stem cells were taken from a biological twin).6 One
of the effects of this type of treatment is graft-versus-host disease, whereby the white
blood cells from the donor recognise the cells in the body of the host as foreign and

attack them, damaging the internal and external organs.®

Hyperthermia

The fifth type of cancer therapy is hyperthermia/thermal therapy or thermal ablation.
This treatment uses heating to ca. 45°C to eradicate cancer cells with little harm to
healthy cells?°. Different techniques can be used to create heat for this type of

treatment, such as ultrasound, lasers, radio waves, heating fluids, microwave probes
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and/or putting the body in a heated chamber/hot water or wrapping the patient with
heated blankets.?! This treatment can be used along with other treatments like
radiation and chemotherapy to shrink cancer cells. The treatment area is numbed, tiny
thermometer probes are inserted into the tumour, and CT scans are used for imagery.
There are many types of hyperthermia, categorised by the intensity, mode of
administration and target organs, including local, external, intraluminal or
endocavitary, interstitial and regional hyperthermia.?®¢ Because this treatment is heat-
based, the major side effects are burns, blisters, pain and altered metabolism,

including diarrhoea, nausea and vomiting.??

Radiotherapy

Radiotherapy uses radiation to obliterate cancer cells and shrink tumours.?® Radiation
at high doses damages the DNA of cancer cells and hence destroys them. It does this
over a prolonged period. There are two categories of radiation therapy, namely internal
and external beam radiation therapy, depending on the type of cancer treated, its
location, its size, age, health, and other medical conditions of the patient.?* External
beam therapy utilises a large spinning machine that directs radiation at the cancer site
from different angles. On the other hand, internal therapy uses a liquid source
(systematic therapy), meaning that the liquid travels intravenously to tissues seeking
cancerous cells. These treatments can also remedy cancer symptoms, such as
breathing irregularities, abnormal bowel movement, bladder control, joint and bone
pains and radiopharmaceuticals.?® This type of treatment, however, is also notorious

for destroying healthy cells as well.



Chemotherapy

The use of chemicals to alleviate or eradicate cancer has been explored for decades,
and one prevailing method thus far has been reported to be chemotherapy.?® The term
chemotherapy describes the use of chemicals to inhibit malignant cells or micro-
organisms without interfering with the host cell. The first reported chemotherapy
procedure was in the 1940s after World War 1.7 Based on the use of nitrogen
mustards during the war, these organic compounds were determined to exhibit
cytotoxic properties on the lymphatic system. They were then used to treat patients

with lymphoma, and their tumours relapsed.

During the 1950s, the metabolism of these compounds was studied in depth, and it
was found that they disrupt the DNA structure by adding alkyl groups to the guanine
base, which prevents the cells from growing and hinders their mitotic process.?® This
led to the discovery of antimetabolites, such as methotrexate, cytarabine, 5-
fluorouracil and many more. The 1960s to 1980s marked the revolution of
chemotherapeutic compounds with the discovery of cisplatin, which was found to be
very effective against a wide range of solid tumours. Moreover, the discovery of taxane
was significant, and topoisomerase inhibitors have shown high activity against breast

cancer.?®

The chemotherapy procedure involves the intravenous, injection, intrathecal,
intraperitoneal, intra-arterial, topical and oral administration of the cytotoxic drug at
specific time intervals over a period of ca. 20 to 28 days, varying with the type of drug
used, on most occasions, the compounds are combined for targeting and remission.*°
Total remission (a decrease or disappearance of signs and symptoms) is reported to

be highly rare, while partial remission is often the result. It is believed that this is due



to the lack of sensitivity of the tumour cells.3" Nonetheless, chemotherapy is reported
to cause damage to not only the surrounding cells but sometimes organs too and
thereby cause effects such as fatigue, nausea, hair loss and mouth sores.®? This is
said to be because the drugs used in chemotherapy “kill” rapidly dividing cells because
malignant tumour cells divide rapidly, but the problem arises when these drugs Kkill
normal healthy cells that divide rapidly, such as hair cells, nail cells and other rapid

metabolic processes in the body.33

Photodynamic therapy

The last type of therapy that is of particular interest for this study is photodynamic
therapy. It will be discussed thoroughly and compared to the previously mentioned

therapies above because it will be the main application for this study.

Photodynamic therapy (PDT) was developed to provide a more effective alternative
therapy than chemotherapy and radiation therapy. This type of therapy utilises a
molecular dye (photosensitiser/PS) and light of a specific wavelength to produce
cytotoxic singlet oxygen species, which induce cell death, Figure 2.3 This procedure
is relatively benign compared to chemotherapy because the PS used can be modified
to target only cancer cells, and most importantly, they are usually derivatives or
naturally occurring metabolic molecules, so this means that they do not pose a threat
to the immune system or metabolic processes when administered and thereby not

cause any adverse effects.3®

PDT has been the subject of intense study in recent decades, since it provides an
alternative to other treatments, such as chemotherapy and surgery, for treating not

only cancer but also microbial infections.3¢ PDT is more effective when dealing with
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tumours that are readily accessible with Ultraviolet-visible light (UV-vis), such as skin,

oesophagus, bladder, urinary, ophthalmologic and lung cancers.

Figure 3: A Jablonski diagram illustrating the photophysical processes of a molecule upon

photoexcitation. Reproduced with permission from Ref. 37, © Royal Society of Chemistry 1972.

PDT depends upon the combined action of light, a photosensitiser dye and molecular
oxygen to cause tissue and cellular damage.®” When a photosensitiser dye absorbs
an incident photon (Figure 3), the absorbed energy is transferred to the ground state
triplet state of molecular dioxygen to generate highly reactive singlet oxygen, 02 (type
II'mechanism of action), which is believed to be the main cytotoxic species that is
responsible for the observed damage to cancer tumours during PDT.37:28 In Type |,
however, reactive oxygen species (ROS) are formed instead, which in turn induce
microbial death and that is referred to as photodynamic antimicrobial chemotherapy
(PACT).®* The PS dyes explored thus far include several porphyrin and
phthalocyanine dyes that have been approved for use in this context, but there is still

a need to identify new dyes with more favourable properties for this application.4°
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Figure 4: Different porphyrinoids stemming from the free base. Reproduced with permission from Ref.
40, © Royal Society of Chemistry 2021.

The main drawback with the first porphyrin-base photosensitiser dye (Figure 4),
Photofrin®, is that it absorbs very weakly in the therapeutic window (620-850 nm) in
which human tissue is optically transparent to incident laser light at around 620 nm.
As a result, relatively high concentrations have to be used.*! Furthermore, it is reported
that it takes a long time for this PS to be expelled from the body after treatment.
Patients, therefore, have to avoid direct sunlight for prolonged periods after their
treatment. A second generation of phthalocyanine photosensitisers were later
developed.*? Although phthalocyanines have intense bands in the therapeutic window,
their large planar T-systems limit their solubility and make these dyes prone to
aggregation, which can deactivate their photophysical properties and their ability to

generate singlet oxygen.*'4243 There is an ongoing need to develop photosensitiser
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dyes with more favourable properties for PDT. This project will focus on using novel

bacteriochlorins as PS dyes for PDT.

1.3 Photosentiser dyes

Photosensitisers are chromophores/dyes/nanoparticles/metal complexes that absorb
visible region light. These dyes can sensitise the triplet oxygen in the vicinity after
absorbing light to produce reactive oxygen species like hydrogen peroxide, superoxide
(radical anion), hydroxyl radical or singlet oxygen.*® These radicals are reported to
effectively oxidise a variety of biomolecules and thereby cause damage, whereas '0O2
usually causes oxidation of biomolecules such as lipids and proteins and hence cell

death. In order for PDT and PACT to be efficient, the PS must have the folowing:

1.3.1.  Suitable optical properties

The PS must have a high extinction coefficient (¢) at the excitation wavelength. This
parameter is related to the maximal absorption of light of a specific wavelength in the
near-infrared (NIR) region for deep tissue penetration.** The extinct coefficient is a
quantity that determines how deep an object absorbs or reflects light of a specific
wavelength.*® The log ¢ value ideally should be > 5. This property depends on
properties such as the concentration of the absorbing solution per volume, chemical
structure and atomic makeup of the chromophore, its molecular weight, molecular
refractivity, its solubility, polarity, pathlength, which is the distance that the light travels
through the solution and most importantly the intensity of the radiation and its
wavelength. Deep tissue penetration can be attained by taking into consideration the
therapeutic window when synthesizing the appropriate PS. The therapeutic window is
the spectral region where most endogenous molecules such as haemoglobin, water

molecules and most metabolic proteins do not absorb light (Figure 5).4¢
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Figure 5: The therapeutic window for optical penetration of tissue. A second generation of
phthalocyanine photosensitisers was later developed. Reproduced with permission from Ref. 136, ©
Elsevier 2016.

In this region, the human tissue is optically transparent to incident light around 620 nm
to ca. 850 nm. So ideally, the PS used should absorb light at this region not only for
deep tissue penetration but also to not interfere with the metabolic properties of the
body.4” Moreover, this is very significant from an African perspective, since melanin
significantly limits the penetration of laser light into human tissue in the 600-700 nm

region, where the first and second generations of PS dyes usually absorb (Figure 5).

1.3.2. Long triplet lifetimes

Efficient intersystem crossing (ISC) is a prerequisite for generating singlet oxygen and
other reactive oxygen species.*® As indicated above by the Jablonski diagram, upon
irradiation, the PS gains energy and goes up to the triple excited state where either it
will lose its energy and fall back into the ground state via fluorescence/vibrational
relaxation, or it can undergo ISC. ISC is the nonradiative transition between two

electronic states of different multiplicity (Figure 6).4°
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Figure 6: A detailed schematic of the ISC conversion. Reproduced with permission from Ref. 37, ©

Royal Society of Chemistry 1972.

After the photoexcitation of the PS, radiative and nonradiative deactivation occurs,
followed by internal conversion (IC), which is the nonradioactive transition between
two states of equal spin multiplicity. Then, the photons are emitted exclusively from
the lowest excited state of the given multiplicity (i.e. Kasha’s rule). Lastly, ISC, the
nonradiative transition between two states of different multiplicity, occurs. The rate at
which the triplet state is populated or depopulated plays a role in the functional
properties of a chromophore. High triplet quantum yield coupled with a slow ISC leads
to photobiological transformations, in this case, the production of '02/ROS. On the
contrary, compounds with deactivated triplet states are said to be quenchers and

thereby increase the photostability of chromophores.*°
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1.3.3. High photo and chemical stability

The PS should remain integral throughout the irradiation process. The photostability
and photosensitising ability of a chromophore may be influenced by minor changes in
its molecular structure.®’ The "heavy atom effect" is a well-known illustration of this
phenomenon, whereby swapping over a lower-atomic-number atom for a higher-
atomic-number one increases the likelihood that a triplet state would develop,
triggering a photosensitisation reaction. The qualities of a compound as a
photosensitiser are typically improved by replacing hydrogen with a halide. For
instance, the bromination of Rhodamine 123 to form tetrabromorhodamine 123 boosts
the singlet oxygen quantum yield by around 50 times. Increasing the 1-conjugation
bond length is reported to be another factor that can either stabilise or destabilise most

PS dyes.>"%?

A perfect example would be the mesomeric effect, which is the change of polarity
induced by the alternating ™ bonds and sometimes the introduction of electron
donating or withdrawing groups on the chromophore. This can result in a red shifting
of its wavelength into the infrared region.>® On the topic of polarisation, it is reported
that introducing polar/nonpolar charges influences changes in the photophysical
properties of chromophores. The other factor to consider is the conjugation of
nanomaterial to chromophores. It is reported that this improves the rigidity and thermal
stability of the chromophores. By extension, the addition of bulky groups, whether on
the ortho, para or meso positions, on cyclic chromophores decreases aggregation and
thereby reduces photobleaching, which is when a fluorophore loses its fluorescence
permanently as a result of covalent alteration and photon-induced chemical

degradation.%*
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1.3.4. High water solubility and cancer cell localisation

Amphiphilic compounds can be produced via the ester, amide, urea, hydrazone, and
carbamate bonding of polysaccharides with hydroxyl, carboxylic acid, and amino
functional groups with a variety of hydrophobic moieties.®® Small hydrophobic
compounds like bile acids, fatty acids, and cholesterol, as well as macrohydrophobic
substances like polyester and polyanhydride and hydrophobic pharmaceuticals like
paclitaxel, are among the hydrophobic moieties. The covalent chemical linkages
between polysaccharides and hydrophobic moieties may be labile for effective drug
release, such as pH-sensitive (hydrazone bond), enzyme-cleavable (ester bond), and
reductive (disulfide bond) approaches under cancer cell circumstances.®® Hydrophobic
interactions cause the resulting amphiphilic polymers to have a tendency to self-

assemble into NPs in an aquatic environment.%’

Examples of non-covalent interactions are electromagnetic contact, host-guest
recognition, 1-1r stacking, hydrogen bonding, metal-ligand interactions, and charge
transfer interactions. Such interactions are frequently weaker than covalent ones. The
resulting amphiphilic complexes are typically classified as supramolecular amphiphiles
since they are created from such non-covalent interactions (namely
superamphiphiles).>® Because of their unique characteristics, these supramolecular
amphiphiles show promise as stimuli-responsive nanocarriers. The most often
employed non-covalent interactions used to create supramolecular amphiphilic
systems in carbohydrate-based amphiphilic systems for drug delivery include
electrostatic interaction, host-guest recognition, -1 stacking, or the combined use of

these processes.%®

lonic cross-linkers use electrostatic attraction between molecules with cationic and
anionic groups to combine molecules to create polyelectrolytes, which are
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macromolecules with charges. Many NPs can be self-assembled from some
polyelectrolytic complexes.®° The less stable ionic cross-linker networks, however,
cause the resultant NPs to be labile in the external environment. In general, both
internal and external factors of polyelectrolytes, including ionic strength, temperature,
chain flexibility, pH level, and mixing method, affect the formation and stability of
complexes.®! Internal factors of polyelectrolytes include charge density, chain
flexibility, molecular weight, and charge distribution. Polysaccharides play a crucial
role in the formation of polyelectrolytes.?6'.62 For instance, negatively-charged
hyaluronan, heparin, and positively-charged chitosan can all combine with other

polyelectrolytes (polysaccharides, for example) to create complexes.

Non-covalent interactions between aromatic rings are referred to as -1 stacking.
Catalysis, interactions between proteins and ligands, and molecular recognition all
heavily rely on these interactions.®3 Intermolecular -1 stacking attraction has recently
received more interest and has been used for medication delivery. Drugs with aromatic
(tr-rich) groups, such as the anti-cancer medication doxorubicin, and aromatic (1r-rich)
groups in nanostructures, such as graphene, carbon nanotubes, fullerene, and carbon
black nanoparticles, can be used to create this kind of drug delivery system.%* These
carbon nanostructures, however, are unable to disperse in water without suitable
surface modification, which restricts their use. Because polysaccharides are often
biocompatible and biodegradable, they are well suited to be conjugated with aromatic
moieties for the intermolecular stacking attraction-based transport of aromatic
medicines.®® Conversely, non-aromatic medicines can likewise be changed into
Prodrugs that can introduce aromatic moieties through cleavable chemical bonds

suitable for drug delivery.
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In addition to -1 stacking, hydrophobic interactions can also have a synergistic effect
on drug encapsulation and self-assembly to produce nanostructures such as micelles
or vesicles.% Lastly, apart from using the delivery strategy to solubilise the PS dye,
the most recent and highly effective PS solubility strategies include quaternisation,
which is the charging of the alkyl halide functional group or conjugating with a positively
charged/hydrophilic moiety on the PS (whereby a cationic charge is introduced).®” This
does not only help with solubility but also helps with localizing and binding the PS to
negatively-charged cell membranes like E. coli during PACT, while during PDT, it is
used to exploit the fact that cancerous cells have a higher than normal negative
electrical charge.®® This is primarily because, under normal metabolic processes, the
mitochondria reduce oxygen into water molecules, which induces alkalinisation of the
inner membrane and, in turn, creates a proton gradient in the transmembrane called
the proton motive force (Ap). This comprises the pH gradient (ApH) and the electrical
membrane potential (W), resulting in a negative charge of =220 mV. For this reason,
this positively charged moiety ideally accumulates in the matrix of the mitochondria.5?
The presence of oxygen in the mitochondria maximises the production of ROS, hence

enhancing the effectiveness of PDT.

1.3.5. Low dark toxicity

Low dark toxicity refers to the ability of a PS (in this case) to be non-active/harmless
prior to photoirradiation.”® In a different investigation, Ahmed and colleagues found
that adding glycosyl units to a quaternised mono-pyridyl-triphenyl-porphyrin derivative
reduced the cytotoxicity of the compound when compared to cationic porphyrins
lacking glycosyl moieties. Due to the incorporation of the sugar residues, these
scientists suggested increasing targeting.”! Pheophorbide A was reported to be

cytotoxic when incubated with Jurkat cells by Paul and co-workers in Al-Omari.
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Therefore, pheophorbide, human serum albumin, and pheophorbide compound
cytotoxicity was discovered.”? Wieder et al. discovered dark toxicity when
porphyrinoids were covalently attached to biomolecules. Furthermore, they noted that
dark toxicity was observed when these PS compounds were present over a specific
concentration.”® This phenomenon has been observed in most PDT-mediated cancer
therapies. Some researchers argue that this indicates that PS dyes can be toxic for
use in biological processes, claiming that there are other contributors to cell death

apart from the known 02 or ROS production.”

These arguments lead to the study of other factors that might contribute to
phototoxicity. It was discovered that copper is over-expressed in cancer cells because
it plays a huge role in the production of blood components, and there is a lot of
vasculature.”® In addition to this, it is reported that copper is a crucial cofactor in the
synthesis of several enzymes involved in human physiological activities. For this
reason, Gu et al. observed that fluorescence probes they used to monitor their in vitro
and in vivo studies underwent fluorescence amplification or quenching upon
interaction with copper. Be it as it may, lots of studies have indicated that porphyrinoids
exhibit fluorescence enhancement when they react with copper (ll) complexes.’6.77.78
Al-Omari and Al-Noaimi further cautioned that from a series of metal porphyrinoid
complexes used during PDT, pyropheophorbide-a methyl ester (PPME) molecules
had the highest affinity for copper and hence fluorescence enhancement, which

resulted in elevated dark toxicity.”®

1.3.6. Minimal long-term sensitisation

This means that the PS must completely and quickly clear out of the body after the
therapeutic procedure.®? As reported above, PDT selectively destroys cancerous
tissue by using a PS (photosensitizing substance) and light in the presence of O..

19



Specialised optical equipment, such as optical fibres, are used to illuminate the sick
tissue after the PS has been allowed to build in the tissue for a period that normally
lasts between 3 to 96 h. When oxygen is present, the PS absorbs the light and creates
02 and other ROS.2" This type of ROS production damages cellular activities and
essential structures, which ultimately leads to the complete obliteration of tumour
tissue. However, if this process occurs for a prolonged period, effects include the
infiltration of macrophages, leukocytes, and lymphocytes into PDT-treated tissue due
to the immune system being activated and blocking the provision of oxygen to the
tumour.8? Photofrin is problematic in this regard because it was found that 24 h later,
post-treatment with the PS was still localised in the adrenal gland, the urinary bladder,
and the liver to a greater extent than the pancreas, kidney, and spleen. Furthermore,
the higher molecular weight components of Photofrin were partially retained in the liver
and spleen at 75 days after injection. It is postulated that elimination will likely occur
through lymphatic drainage and return to the bloodstream via the thoracic duct.?3 The
PS will be eliminated from the body. The liver excretes many PS dyes used in clinical
settings into the bile, which travels to the gut and is eliminated through faeces. The
time it takes to clear out of the body relies on but is not limited to its molecular weight,
internal metabolic interactions, membrane penetration and passage and its binding
affinity to the target area, so the excretion of PS will be different due to their

modifications.8384

1.3.7. Light source
The role of light is very crucial for the activation of the PS. The wavelength of light
used for photoactivation must be safe for host cells in order for it to produce ROS

effectively. It was previously mentioned that for deep penetration to happen during
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PDT, the PS has to absorb light in the therapeutic window, and there are a plethora of

light sources used for PDT, including the following:85:86:87.88

1.3.8. Lasers8%90°1

Light Amplification by Stimulated Emission of Radiation, or laser, is the most frequently
mentioned light source for PDT. Lasers produce highly radiant monochromatic,
coherent, and collimated light. For PDT, there are a number of popular laser options,
including argon ion lasers, metal vapour-pumped dye lasers, Nd: YAG lasers, and
diode lasers. They both have the advantage of delivering high irradiance ranging from
hundreds of MW cm™ to several W cm™. Their irradiances are greater than those of
other light sources, yet they only cover a narrow region. They can specifically target
the main absorption peak of the photosensitiser due to their limited emission
bandwidth. The use of dye lasers, which use organic dye molecules as the gain
medium to enable a wide range of wavelengths to be created to match the absorption
of various photosensitisers, is sometimes necessary due to the restricted number of

wavelengths that are currently available.

1.3.9. Lamps?0-92:93,94

Since the "Finsen lamp" was initially employed to treat lupus vulgaris in the late
nineteenth century, lamps have played a significant role in light therapy. Nowadays,
tungsten filament, Xenon arc, metal halide, sodium, and fluorescent lamps are among
the lights used for APDT. Lamps emit light irradiance from a few to hundreds of mW
cm™ and are typically less expensive and easier to handle than lasers. Contrary to
lasers, fluorescent and sodium lamps can be used to treat broad areas without
connecting to fibres. Moreover, a wide range of wavelengths is emitted from the
broadband lamps, covering the entire visible spectrum and allowing for absorption by
most of the regularly used photosensitisers. However, unfavourable consequences,
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including tissue deterioration from UV light and heat generated by infrared light, might
be problematic. Due to this, spectral filters are typically used to block wavelengths that

do not coincide with the main absorption band of the photosensitiser.

1.3.10. Light-emitting diodes (LEDs)%%96.%7
Common light sources like LEDs work by applying a voltage to a semiconductor, which
causes charges to be injected and light to be released. The semiconductor can be
organic or inorganic (like GaAs or GaN). However, in actual use, organic LEDs are
referred to as OLEDs, while the term LED is generally reserved for those based on
inorganic semiconductors. LEDs are widely utilised in lighting and displays and as light
sources for medical procedures. InGaN, AlGalnP, AlGaAs, and GaP are common
materials for LEDs. Depending on the material, the emission wavelength can range
from the ultraviolet to the infrared portions of the spectrum depending upon the band
gap of the semiconductor. When compared to other light sources, many LEDs,
particularly those that emit visible and near-infrared light, are inexpensive and capable
of producing high irradiances of up to hundreds of mW cm™. LEDs are neither
coherent nor monochromatic, like lamps, although their emission spectrum is
significantly smaller—typically 20-40 nm wide. Since most photosensitisers are
covered by the emission wavelengths of LEDs, LEDs can be chosen to match the

main absorption band of a photosensitiser so they can be used without a filter.

1.3.11.  Daylight9899,100
In recent years, PDT using daylight has been pushed as an alternative to artificial light
sources. It has a wide spectral range from the UV to the IR region, meaning that a
wide variety of photosensitisers can be used. It has a few appealing qualities, including
being cost-free, accessible without going to a clinic, and able to uniformly illuminate a
sizable area. These characteristics indicate that scalp actinic keratosis has been
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successfully treated with daylight PDT. Radiant exposure is, however, poorly managed

during daylight PDT because sunlight has a wide range of irradiance.

1.4 Experimental factors

As reported above, a variety of light sources can be used in PDT, but for each case,
there ought to be some consideration of the type of light source used. Below are

detailed factors to consider.

a) Spectrum of the light source, or wavelength, if a laser is involved:

The amount of light absorbed depends heavily on its overlap with the photosensitiser.
When it comes to lasers, the precise wavelength is displayed; however, investigations

employing other light sources typically involve ranges of wavelengths.%’

b) Area illuminated and distance between the light source and sample:

These parameters are useful in comprehending the experimental design, particularly

the possibility of heat transmission from the source to the sample.%?

c) Fractionation:

In some circumstances, turning the light source on and off is used to deliver the radiant

exposure of light. The specifics should be given if this is done. 03

d) lIrradiation time and temperature:

It is important to note the experimental conditions to make the data reproducible.'%4

e) Irradiance (mostly mW cm™):

Enables the estimation of radiant exposure if the exposure time is known.19°
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f) Radiant exposure (J cm™):

The quantity of radiant energy falling on or radiated from a surface over a specific

amount of time divided by the surface area.'%

g) The initial amount of the photoinactivation target (cells, CFU or PFU):

The quantity/amount of target cells used substantially affects the outcome of the PDT

procedure. %7

h) Photosensitiser concentration at the start of illumination:

While some articles mention the initial concentration, the working concentration of the

PS used should be acquired.®®

i) The solvent used for photosensitiser solutions:

Certain solvents, such as methanol and ethanol, may be hazardous to the pathogen

itself, necessitating special precautions when using them.199

i) Appropriate control experiments:

Three control experiments are required for APDT. The most basic is a control sample
kept in the same environmental conditions as the sample exposed to PDT but without
light or photosensitisers. Moreover, a control experiment without light but with
photosensitiser is required. Dark control is a common term for this. Due to the real or
potential toxicity of the photosensitiser, even in the absence of light, the dark control
is not the primary foundation for sample comparison or computations. The final control
that needs to be carried out is a "light control," which involves illuminating the sample

in the absence of the photosensitiser.1°

24



1.5 PDT mechanism

The fundamental mechanism underlying PDT is the production of ROS/'O2 by
photosensitisers in response to light stimulation. Cell death results from one too many
hindered/altered metabolic processes. It is reported that the species responsible for
apoptosis during PDT affect an array of organelles such as ribosomes, endoplasmic
reticulum, cell membranes, lysosomes, proteins and mitochondria, to name the least

Figure 7.1

Figure 7: The different molecular organelles that are affected by PDT. Reproduced with permission
from Ref. 195, © Royal Society of Chemistry 2021.

1.6 Strategies employed to increase the production of ROS/'0,

1) The use of PDT beacons where a second molecule is connected to the PS,

suppressing the photodynamic activation until a chemical interaction with the
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2)

4)

tumour occurs (e.g. enzymatic or pH cleavage of the linker or opening by
hybridisation to a complementary oligonucleotide sequence)."'?

Altering the type of PS dyes used from traditional 2" generation PS dyes by
preparing photoactive nanostructures or their conjugates with 3" generation PS
dyes.3

Modification of the tissue microenvironment, specifically by enhancing
oxygenation (usually in hypoxic environments)."4

Versatile PS dyes that have been extensively utilised in PDT treatment include
transition-metal complexes (the heavy atom effect) with long-lived T+1 states in
order to enhance the rate of ISC, which will, in turn, afford enough time for

ROS/'02 production."®

1.7 The ISC working principles

Fluorescence resonance energy transfer (FRET):

FRET is accomplished through a long-distance dipole-dipole interaction based on
donor-acceptor energy transfer. There are two main mechanisms for energy transfer:
(1) resonance energy transfer (RET), also known as Forster resonance energy
transfer (FRET), between the singlet states of the donor and acceptor; and (2) RET,
also known as the Dexter electron transfer mechanism, between the ftriplet states of
the donor and singlet states of the acceptor. FRET happens when: (1) D and A's
spectra overlap; (2) D and A's proper distance, often less than 10 nm; and (3) the
donor's relative quantum yield is high. Activatable photosensitisers can be evaluated
easily because the FRET fluorescence quenching always correlates with '0O2

quenching.'6
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i. Photoinduced electron transfer (PET):

The effectiveness of ISC can be greatly increased by PET, which will increase the 02
quantum yield. As a result, altering the PET process can influence the production of
102. Furthermore, stimuli, including ions, polarity, pH, carbohydrates and phosphates,

can control the PET process.'"”

ii.  Intramolecular charge transfer (ICT):

02 production can be efficiently suppressed by ICT. The pH level and solvent polarity
can result in the formation of a charge-transfer (CT) state of the donor and acceptor.

ICT can also affect the fluorescence and singlet oxygen quantum yields.'"®

1.8 Cell death principles

Cell death induced by PDT/PACT can occur in different ways, but the three prominent

ones are illustrated in Figure 8 below:"?

Figure 8: The three types of cell deaths that occur during photodynamic therapy action. Reproduced

with permission from Ref. 119, © Elsevier 2020

1.8.1 Apoptosis:

Apoptosis is a genetically encoded multi-pathway cell-death program that exists in all

cells. The death receptors can be activated, or cytochrome c can be released from the

27



mitochondria to start it. The activation of "executioner caspases"”, such as caspase-3,
-6, and -7, is the result of both processes. Then, in order to cause the typical
biochemical and morphological changes seen in dying cells, the active executioner
caspases break cellular substrates. Chromatin condensation and nuclear shrinkage
occur after the cleavage of nuclear lamins, while DNA fragmentation results from the
cleavage of the inhibitor of DNase CAD (caspase-activated deoxyribonuclease).
Lastly, apoptotic bodies are created when cytoskeletal proteins are cleaved, which

causes cell fragmentation.2°

1.8.2 Necrosis:

Necrosis is a fast and violent form of cell death that affects substantial portions of the
cell population. Necrosis is characterised by cytoplasmic enlargement, organelle
destruction, and plasma membrane disruption, which leads to the release of
intracellular contents, causing inflammation. It is also known as unintentional cell death
and is thought to be an ad hoc process brought on by physical or chemical injury. Its
defining features are a pyknotic nucleus, cytoplasmic enlargement, and gradual
cytoplasmic membrane disintegration. These features all cause cellular fragmentation
and material discharge into the extracellular compartment. Proteolytic activity is
primarily responsible for mediating decomposition in necrosis, although the specific
identities of the proteases and the substrates they operate on are little understood. It
is highly agreed upon that low doses of PDT tend to predispose cells to apoptotic cell
death, but high doses of PDT (either a high photosensitiser concentration or a high

light fluence or both) tend to cause necrosis.'?’
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1.8.3 Autophagy:

A catabolic cellular process known as autophagy enables the cell to balance the
creation, breakdown, and recycling of cellular products. There are numerous
autophagic processes, all of which rely on the lysosomal breakdown of cellular
proteins and organelles. The most widely recognised mechanism works as follows:
The target region is encircled by an autophagosome, a double-membrane structure
that isolates its contents from the surrounding cytoplasm and forms a vesicle. The
autophagolysosome is formed when this vesicle is transferred and fused to the
lysosome. Its contents are then broken down by lysosomal hydrolases. Under times
of hunger or stress, autophagy not only makes it easier to eliminate undesirable
proteins, organelles, and microbes but also enables a cell to redistribute nutrients from
unneeded to vital functions.'??

Deducing from the review above regarding the most versatile and effective PS, type
of light source and the type of cells being treated for either PDT or PACT. The initial
aim of this project is, therefore, to utilise bacteriochlorins conjugated to nanoparticles

for PDT and PACT applications.

1.10 The preferred PS dyes for this work

The ultimate set of target compounds in this study are bacteriochlorins (BChls), which
are porphyrin analogues. Porphyrinoids are organic molecules with heteroaromatic
tetrapyrrole macrocycles. The parent porphyrin ligand has a 22-1r electron system with
no more than 18- electrons incorporated into any one conjugative path
(delocalisation system). Porphyrinoids are chromophores that can be obtained from
natural pigments such as bacteriochlorophyll, chlorophyll, and the heme group.'%3

Phthalocyanines, texaphyrins, sapphyrins, porphycene, porphyrins, chlorins
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(dihydroporphyrins) and bacteriochlorins (tetrahydroporphyrins), as depicted by
Figure 4, are some examples of porphyrinoids that are suitable for PDT applications.
In porphyrinoid complexes, the macrocyclic core is substantially conjugated and is
reported to have effective resonance. Moreover, they are reported to follow Huckel’s

4n+2 rule (with n = 4) of aromaticity because they are cyclic and planar.124.125

Bacteriochlorins (BChls) were chosen as the main target PS dye because, unlike their
counterparts, porphyrins and chlorins, they absorb light near the infrared region (NIR)
well within the therapeutic window. This enhances tissue penetration when excited by
a complimentary light source, Figure 9. NIR photons can give direct access to
biological targets because they are the most invasive and least harmful to human
tissues. A phototherapeutic window is the region of spectra between 650 and 850 nm,

where light can penetrate tissue up to 1-3 cm. 125126
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Figure 9: The electronic absorption spectra of heme, chlorophyll a and bacteriochlorophyll a. Tissue
penetration of different portions of the visible region and NIR. Reproduced with permission from Ref.
119, © Elsevier 2020.

Another favourable feature of BChls is that, along with all the other types of
porphyrinoids, BChls have distinctive three-band absorption spectra, comprising an
intense B (or Soret) band and two spectrally distinct Q bands, Qx and Qy, with the
longer wavelength absorption band Q, band (also known as the "max band") lying
considerably above 700 nm. Furthermore, they are structurally similar to porphyrins
and chlorins. In contrast to porphyrins, which contain a complete tetrapyrrolic system,
chlorins only have one reduced pyrrole, while bacteriochlorins have two reduced
pyrroles on the other side of the macrocycle. Although the differences between these
macrocycles appear to be negligible, their spectroscopic, photophysical, and redox
characteristics are very different.’?” A chlorin is created by reducing one of the
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peripheral pyrrole bonds of a porphyrin. As a result, the symmetry is lowered. Further
reduction of another opposite peripheral bond results in a BChl with a split Soret band
and a Q band in the 720-800 nm region.'?® According to Gouterman'’s 4-orbital theory
that a fully unsaturated porphyrin has a Dsh symmetry and has a degeneracy of its two
lowest unoccupied molecular orbitals (LUMOs) along with its highest occupied
molecular orbitals (HOMOs). It is reported that transitions from these orbitals
have/require the same amount of energy and that configurational interactions remove

the default degeneracy, and as a result, the Soret and Q bands form.12°

During the reduction of porphyrins to form Chls and BChls, Figure 10 shows that two
of the four frontier MOs are unaffected, whereas the other two are destabilised. This
is because there are large Molecular orbital (MO) coefficients on the reduced bond,
while the opposite is true for the other unaffected orbitals. This property can be
exploited in the design of PS dyes that absorb at the NIR. This can be done by
attaching electron-donating or -withdrawing functional groups at specific locations on
the porphyrin structure to modify the energies of the frontier T-MOs, thereby shifting
the main absorption bands.’3® Added to this, the change in the molecular structure
causes a broadening of the pairs of transitions associated with the Soret and Q bands,

increasing the oscillator strength of the Q bands.'"®
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Figure 10: The effects of the reduction of a metal porphyrin to form chlorin and bacteriochlorin
complexes, respectively. (a) The molecular structures of the metal porphyrin, chlorin and bacteriochlorin

complexes, (b) the changes in the relative energies.

Over the years, BChls have been under heavy scrutiny and criticism due to their
instability. The reason for this is that BChls are prone to dehydrogenation, thereby
leading to the formation of chlorins, which are relatively stable. Another discouraging
factor is due to the molecular rigidity of BChls. It has proven to be difficult to extract
reasonable quantities from their natural sources, so synthetic dyes are likely to be the
best way to develop new BChl PS dyes."'32 There are a couple of strategies to remedy
these limitations, with the first one being the substitution of the peripheral carbons with

poor leaving groups to inhibit dehydrogenation.

As reported above, this not only leads to significant changes in the optical properties

like the change of symmetry from D2n to Dan, followed by the degeneration of the LUMO
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orbitals as well as a drop from four to two Q bands in the electronic absorption spectra
and lastly a batho- or hypsochromic (red or blue) shift of the Soret band is observed
and of most importance is the increase in the molar extinction coefficient which
indicates how far radiation of a specific wavelength can penetrate a substance before

being absorbed (the higher the coefficient, the deeper the penetration).’33

Another factor to consider is the solubility of the BChls. As indicated earlier, the mode
of administration of PDT is intravenous injection, so it is of the utmost importance that
the BChl is soluble in aqueous media. WST11, padeliporfin, or TOOKAD®Soluble) a
BChI PS dye with a negative charge proved to be soluble in PDT applications. It was
determined that the presence of negatively charged -SOsH groups provides WST11
with its hydrophilic properties.’™* In contrast, recent studies have reported that
porphyrinoid PS dyes can be quaternised to induce a cationic charge that enhances
aqueous solubility and the permeability of the PS in lipid biomembranes. This was
postulated to have been because the cellular surfaces are normally negatively
charged, so a positively charged PS dye will have higher permeability relative to
anionic or neutral PS dyes.'> Moreover, and advantageously, it has been reported
that cationic porphyrinoids have high affinities towards proteins such as bovine serum

albumin (BSA) and human serum albumin (HSA).136

The introduction of halogens like fluorine and chlorine in the ortho-position, on the
other hand, is reported to destabilise BChls by causing polarity, which plays a role in
accelerating the movement of physiologically active substances (in this case, BChls)
through lipid membranes.'3” In contrast, the attachments in the meta-position promote
hydrophilicity and hence solubility. Additionally, introducing a positive charge on the

BChls (cationic BChls) is reported to be the most effective solubilizing factor.38
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Nanoparticles, micelles and liposomes are reported to aid the solubility of BChls by
introducing charges that induce hydrophilicity, encapsulating the BChls and
transporting them to their designated locations without the complications of
insolubility."®® Lipophilicity describes the ability of BChls and other molecular dyes to
interact with or penetrate the lipid bilayer of an array of cells. The first option is to
introduce branched alkyl chains (swallowtail) to mimic the phospholipids around the
cell membrane, thereby helping the BChl interact with the membrane.'#° These chains
are also thought to enhance the solubility of BChls. Aggregation is the last factor
considered in the design of the BChls that are used in this study. Aggregation is said
to be brought about by the 1r-11 stacking of the orbital bonds of the chromophore
molecules. A broadening of the Soret and Q bands is observed when this occurs. 4!
To solve this problem, bulky moieties are attached to the BChl molecule to afford steric

hindrance, which also hinders 1-11 stacking.

Mack and coworkers stated that certain metalated porphyrinoids undergo H- and J-
aggregation because of hydrophobic -1 stacking interactions.'#? Aggregation
through exciton coupling modifies the porphyrins' electrical structure, which has a
detrimental effect on the effectiveness of PDT. Another method used to reduce
aggregation is the insertion of axial ligands bound to metallic centres such as tin (Sn**)
or phosphorus (P°*). They also demonstrated that introducing trans-axial ligands
hinders aggregation, and the presence of the heavy central metal ion efficiently
increases the population of the T+ state. In another study, they inserted bulky trans-
axial 2-naphtholate ligands, which also increased the solubility of the PS and

prevented aggregation.43
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The tailoring of PS dyes to actively target certain organelles that play a significant
role in PDT. A variety of these organelles are specifically targeted, such as the cell

membrane, nucleus, lysosome, endoplasmic reticulum and mitochondria. 44145

1.11 PDT target organelles

a) The nucleus

The nucleus is the control centre of every cell and consists of genetic material such
as chromosomes and nucleolus. Targeted sites include DNA, RNA, mRNA, nucleus-

specific ribosomes, and a range of proteins found in the nucleus only.'46

b) The endoplasmic reticulum (ER)

The endoplasmic reticulum controls both the movement of materials and the biological
synthesis of macromolecular substances. It is mainly composed of ribosomes, which
are responsible for the production of most amino acids, which, in this case, can be

targeted.#’

c) Lysosomes

Lysosomes are responsible for the degradation and recycling of cell components.
They are reported to have approximately 50 digestive enzymes, which contribute to
the degradation of sugars, lipids, DNA and RNA. Most of these enzymes are acid
hydrolases with a pH in the 4-5 range, since hydrogen peroxide plays an important
role in the degradation processes, creating byproducts such as hydroxyl radicals and

02, hence contributing to effective PDT.4®

d) Mitochondria

Mitochondria are primarily responsible for the generation of energy through oxidative

phosphorylation. In addition, it oversees control of the cell’'s metabolic activities.
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Moreover, they encourage cell division and expansion and are critical for apoptosis or
programmed cell death.'#® Mitochondria have not been studied extensively when it
comes to PDT targeting. Recently, in a study conducted by Mack and coworkers
whereby they attached a bulky cationic triphenylphosphonium (TPP*) moiety on the
meso-position of their PS of choice to target the mitochondria, this organelle was
preferred because by default, as indicated above, it regulates apoptosis and that even
though its matrix is reported to having low concentrations of oxygen (referred to as
being hypoxic).”™ The efficacy of PDT is reduced in hypoxic conditions. Due to the
availability of oxygen species in the transmembrane, it is reported that alkalisation
takes place to form water molecules, thus making this a good site for ROS and 02
generation. Furthermore, due to the regulation of apoptosis, the mitochondria have an
extremely negative membrane potential (A¥n), approximated to be ca. -220 mV. The
TPP* moiety is ideal to use in this context because it will accumulate to the negatively
charged mitochondria, so mitochondria targeting was chosen as a structural

modification strategy for this project.’>!

e) Nanoparticles (NPs)

Nanoparticles have size ranges on the nanometre scale.’5? Their discovery dates
back to the 1940s, with Hoar and Schulman reporting what they termed “a dispersion
system” (Figure 11). A considerable amount of research led to the development of
gold nanoparticles around the 1960s. NPs are used widely in medical applications,
solar energy and diagnostic procedures, to name a few. In a medical context, they
are used extensively in cancer therapy for both detection and eradication. This is
often termed theranostic.'531%* Apart from modifying the PS of choice to target the

cancerous tumours, nanoparticles can also transport the PS to the target site.
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Figure 11: The history of the discovery of NPs to date. Reproduced with permission from Ref. 153, ©
Nature Portfolio 2022.

NPs are preferred because they possess favourable chemical properties. These
include thermal stability, high surface area, biocompatibility, optical and plasmon
characteristics, low toxicity, controlled drug release, and catalytic activity.'®® They are
also easy to functionalise. NPs are grouped into the following categories.
1) Inorganic: These include quantum dots, metallic, ionic and mesoporous
NPs.1%6
2) Lipid-based: Liposomes, solid lipids and NPs.'%”
3) Polymeric: Polymersome, micelle and dendrimer NPs. 158
4) Carbon-based: Carbon quantum dots, fullerenes, carbon nanotubes and
graphenes.'®
Although the formation of gold nanoparticles is topical and tends to be preferred in the
medical field, carbon dots (CDs), which were more recently discovered, show
promising potential. CDs are said to have size ranges < 10 nm."8% This is considered

advantageous in PDT because the smaller the NPs, the more effective the enhanced
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permeability retention effect (EPR effect). The EPR effect refers to the tendency of
NPs or macromolecular drugs to accumulate more in tumours than in healthy
tissues.'®! The greater pore size of neo-vasculatures and the poor lymphatic clearance
of tumours are the main causes of the EPR effect, which is also greatly influenced by
the size of tiny molecules, including nanoparticles. The EPR effect facilitates passive
targeting as well.'®2 CDs have a quasi-spherical shape. Not only are they
biocompatible, highly stable, and exhibit efficient light harvesting, but most importantly,
they are reported to facilitate photoinduced electron transfer. This makes them ideal
candidates for PDT applications.®3 It is for this reason that CDs were selected for in

vitro PDT and PACT studies in this study.

1.12 Photodynamic antimicrobial chemotherapy

Having discussed the factors affecting PDT in-depth, it is important to also introduce
the connected field of photodynamic antimicrobial chemotherapy (PACT). PACT also
makes use of 'Oz and reactive oxygen species (ROS) to eradicate bacteria, fungi and
viruses.'® In this study, we will specifically focus on multi-drug-resistant bacteria.
Bacteria have always been problematic for human health. Some of their well-known
detrimental effects date back to 2650-2600 BC when Egyptian physicians used
mouldy bread to treat infected wounds. Typically, a fungus causes mould formation.
Penicillium, aspergillus and rhizopus are examples of common mould fungi that hinder
or alter the growth of bacteria. The Egyptians were aware of this factor and exploited

it to treat cuts and wounds.1%°

It was not until 1928 that Alexander Fleming, a Scottish bacteriologist, formally
discovered that penicillin was the compound that caused the death of bacteria in the

mould."® This marked the beginning of the antibiotic era. Human health issues
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historically caused by bacteria include the Plague of Athens. The Peloponnesian war
was affected by Salmonella enterica serovar Typhi, which also causes typhoid fever.
This bacterium was responsible for the deaths of ca. 25% of the Athenian soldiers
engaged in combat and also affected both the troops returning to Athens and the
citizens living in the city itself.'8” Bubonic plague, on the other hand, ravaged ca. 50%
of the European population. Yersinia pestis has been reported to be the bacteria that
also caused the Black Death, which was reported to have originated in China and
spread through Europe carried by rat fleas. It was reported to have taken the lives of

ca. 100 million people.'®®

The 20" century sparked the development of antibiotics to combat bacteria. Figure 12

below depicts the timeline of clinically used antibiotics.

Figure 12: The timeline of the development of antibiotics until the 21st century. Reproduced with

permission from Ref. 196, © Elsevier 2019.
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The development of antibiotics proved to be crucial for human health. However, as
bacteria evolved, some strains developed ways to elude them. This resistance
became prevalent due to bacterial replication. As observed in the figure above, in the
1960s, cases of Methicillin-resistant Staphylococcus aureus (MRSA), a family of
Gram-(+) bacteria, were recorded. Then, around the 2000s, the resistance of
Enterobacteriaceae organisms, Gram-(—) bacteria including Enterobacter, Klebsiella,
Citrobacter, Salmonella and Escherichia coli, was reported. This led to the United

Nations highlighting antimicrobial resistance as a fundamental global threat.®°

As indicated above, Gram-(+) bacteria were the first to develop resistance against
antimicrobial resistance. The Gram-(+) terminology refers to bacteria with a thick cell
wall due to the thick peptidoglycan layer, which is between 30-100 nm in diameter
(Figure 13).17° This layer is embedded with lipoteichoic and teichoic acid. Underneath
it is the cell membrane with membrane proteins. In contrast, the Gram-(-) cell wall
consists of lipopolysaccharides and membrane proteins on the outer membrane layer,
followed by the peptidoglycan layer, which is between 1.5-10 nm in diameter. Directly
below it is the periplasmic space. Then, lastly, there is the cell membrane with

embedded membrane proteins.’""
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Figure 13: The difference between a Gram-(+) and Gram-(-) bacteria cell wall. Reproduced with

permission from Ref. 197, © Springer 2019.

Around the 1900s, Oskar Raab and Hermann von Tappeiner discovered that the
staining of protozoa by acridine, followed by the irradiation of bright light, resulted in
their death. This marked the beginning of PACT."" Using PACT to tackle AMR
bacteria like Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) is
reported to be more effective because of the immediate obliteration of the microbes.
Furthermore, what is more advantageous is that the microbes are unlikely to develop
resistance towards 'O2 and other ROS.#! Therefore, studying the efficacy of PACT on

these two microbes will also be explored in this project.
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1.13 Synthesis of Porphyrins and Bacteriochlorins

1.13.1 Porphyrinoid structures

It is important to outline the nomenclature and synthesis of porphyrins before focusing
on the synthetic routes of BChls. Figure 14 below illustrates the standard porphyrinoid

nomenclature.

Figure 14: The generic structure of a functionalised porphyrin showing the nomenclature alone with the
standard Fischer numbering system. A typical UV-visible absorption spectrum is provided as an insight.

Reproduced with permission from Ref. 171, © Springer 2022.

I-1V denotes the four pyrrolic rings that make up a porphyrin, M is any metal substituent
in the core of the molecule, b is the beta position on the ring, meso is another
designated region of the ring, AR denotes a meta aryl substituent, R is any functional
group attached to the aryl substituent. The absorbance spectrum on the right depicts
a typical porphyrin with a Soret/B-band in the 400-440 nm region and the four Q bands

(Qy and (Qx).174
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1.13.2 Porphyrinoid history

The strategies of porphyrinoid synthesis have drastically evolved over the decades.
The first attempt was by Rothemund and colleagues in 1935 (Scheme 1).75 A one-
pot thermal condensation involves the reaction of choice aldehydes and pyrrole to

produce porphines or isoporphines.

2,4,6-Collidine / DDQ

1 A

Scheme 1: Rothemund’s condensation reaction of porphyrins.

Different yields can be obtained under various situations depending on the reaction
parameters for this condensation. The inclusion of heterocyclic bases, such as 2,4,6-
collidine or metal ion species like Cu(l) and Co (ll) can result in higher yields of the
porphyrin target products. The substituent on the aldehyde determines how the
reaction proceeds, with an electron-deficient aldehyde often yielding a higher yield of
porphyrin than an electron-rich aldehyde. However, the reaction has many limitations,
such as very low yields, harsh reaction conditions resulting in low conversion or
degradation of the starting material, and it is challenging to separate pure porphyrin
due to the creation of additional porphyrin analogues, including chlorins, sapphyrins,
isosmaragdyrins, ozaphyrins, hexaphyrins, and corroles. The other major

disadvantage is the requirement of large quantities of harsh oxidants such as DDQ

44



with prolonged reaction at high temperature. This led to the development of other

relatively safer reaction routes.”®

In 1965, Adler and colleagues modified Rothemund'’s reaction to make it “greener” by
reducing the hefty usage of harsh reagents (Scheme 2).'77 The one-pot acid catalysis
reaction employed an aldehyde and pyrrole reflux for about 30 min at 140 °C. This
mild route provided an enhanced yield of 20%. The omission of extremely harsh
reagents significantly increases the yield, and minimal porphyrin analogue side

products are produced.

O
ZT

Propionic acid
+ \ / Reflux 30 min

Scheme 2: Adler-Longo porphyrin synthetic route.

Although this reaction was considered to be mild and fast, there are some limitations
to be noted as well. Firstly, propionic acid can degrade acid-sensitive aldehydes and
render the reaction null or lower the yield. Secondly, purification problems are
encountered because of the tar byproduct, which interferes with the separation
process. Lastly, it is widely reported that this methodology has low batch reproducibility

because it is highly sensitive to various conditions.’’8

Synthetic route modifications continued throughout the early to mid-1980s by
researchers such as Someikin and colleagues (1983) and Gonsalves and colleagues

(1985), as indicated below by the timeline in Figure 15. Then, in 1986, Lindsey and
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coworkers introduced a more user-friendly porphyrin and readily upscaled synthetic
route, which facilitated the use of sensitive aldehydes and resulted in fewer
byproducts.’® The Lindsey method is adapted from the Adler-Longo mentioned

above, Schemes 2 and 3.

Scheme 3: The Lindsey synthesis route.

In a similar manner to the earlier developed routes, a choice aldehyde is reacted with
pyrrole in dried dichloromethane with an acid (either BF3 or TFA) at room temperature
under inert gas for an hour. This will lead to the formation of polypyrrylmethanes and
then polypyrrylmethenes. An oxidant, p-chloranil, is added. Then, the reaction is

refluxed for about an hour at 39 °C to obtain the desired porphyrin.'”®

Subsequently, too many synthetic routes have been developed to describe each one
in detail, particularly given the continuing dominance of the Aldo-Longo and Lindsey

methods, but the timeline below in Figure 15 summarises the events well.

46



Figure 15: The evolution of porphyrin synthesis from 1935 to 2021. Reproduced with permission from
Ref. 171, © Springer 2022.

Having explored the different synthetic routes for porphyrins, the next objective is to

discuss the synthetic routes that are available for bacteriochlorins (Figure 16).

Porphyrin

Chlorin
Isobacteriochlorin

Bacteriochlorin

Figure 16: The structural differences between porphyrins (no reduction), chlorin (one reduced pyrrolic
ring), isobacteriochlorin (two adjacent reduced pyrrole moieties), and bacteriochlorin (two oppositely

aligned reduced pyrrole moieties).

As previously indicated, porphyrins are saturated tetrapyrrole macrocycles linked by

methylene carbons. They have an 18 tr-electron system cross-conjugated with -’
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double bonds. These bonds can be reduced, leading to the formation of chlorins,
BChls or their isomers, iso-BChls.’ This reduction can be accomplished via an
addition reaction, thereby causing the B-carbons to be sp3 hybridised. Even though
the 1-system remains an 18 1r-electron system after the reduction, some significant
changes happen as a result. One noticeable difference is the large changes observed
in the UV-visible absorption spectrum, Figure 17, including a large splitting of the Q
bands and a red shift of the lower energy Q band. It has been reported that BChls are
less basic than Chls and porphyrins.’" An increase in flexibility of the conformation of

the molecule results in decreased basicity of the inner imine nitrogens.

Figure 17: The UV-visible absorption spectral differences between porphyrins, Chls, and BChls.
Reproduced with permission from Ref. 137, © Elsevier 2016.
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BChls are found naturally in photosynthetic pigments, such as bacteriochlorophylls a
(BChl a), b (BChl b), and g (BChl g). BChl a is the precursor of BChls. BChls can be

synthesised in a variety of ways, such as:'"?

Semi-synthesis of BChls from natural products'®

This process includes the isolation of BChls from natural sources, which are then
modified (Figure 18). Over the years, there have been a lot of studies in this area that
are too numerous to mention. The most common route is the extraction of chlorophyll-
a and bacteriochlorophyll-a to form this chromophore. In a study conducted by Dukh
et al., they used the above-mentioned extracts and modified them to obtain ester-

linked chlorin-bacteriochlorin dyads.

Figure 18: The semi-synthesis and modification of chlorophyll a and bacteriochlorophyll a to produce
Chl and BChl, respectively. Reproduced with permission from Ref. 180, © John Wiley and Sons 2020.

The authors reported that the bacteriopyropheophorbide (indicated by 1 in Figure18)
was extracted from Rhodobacter sphaeroides, a group of purple bacterium that are
photosynthetic. When it was reacted with N-bromosuccinimide (NBS), its 10-bromo

analogue (3) was formed. The Chls (2 and 2a), which were also extracted, were further
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modified to be linked to the BChls. Apart from the complexity of this type of reaction,
the large number of functional groups in these extracts makes the tailoring of the BChls
tedious. Furthermore, factors such as chemo and regio-selectivity make their
manipulation complex and drastically decrease the desired yield. This method is quite

tedious and hence requires improvement. 83

Total synthesis

Total synthesis refers to the complete chemical synthesis of a complex molecule,
frequently a natural product, and, in this case, the synthesis of BChils from simple
commercially available components. Lindsey and co-workers played a significant role
in the development of BChis by pioneering effective synthetic routes (Scheme 4).
These routes are mainly based on retrosynthetic mechanisms in which the target
chlorin is synthesised by combining a dipyrromethene with a gem-
dimethyldihydrodipyrrin. This is referred to as the [2+2] Chl and BChl approach. BChls,
in particular, can be obtained by the fusion of two similar gem-dimethyldihydrodipyrrin

molecules.'8* This is referred to as a head-to-tail fusion.
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Scheme 4: The retrosynthetic route of Chl and BChl synthesis.
The cyclisation of the ring occurs via an acid-catalysed condensation of the two

dihydrodipyrrin dimethyl acetals. These moieties are stirred at room temperature in a
polar solvent with the addition of an acid as a catalyst. Lewis acids are said to be ideal
for the synthesis of the BChls. This reaction route is said to produce few byproducts,
thereby yielding a largely pure product. The main drawback of this method is the
lengthy synthesis of the dihydrodipyrrin precursors, which requires about eleven

steps.'8 This is both time and energy-consuming.

Conversion of Porphyrins or Chlorins into BChls

This method is reported to be straightforward. First and foremost, it is cautioned that
the use of classical reductants such as palladium on carbon (PD-C) or platinum and
hydrogen (H2/Pt) are not ideal for this type of reaction because they reduce meso-
positions of the macrocycles, thereby not producing the desired BChls. In contrast, the

use of ascorbic acid produces dyads with Chl and BChl-like spectra, but these
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chromophores were reported to revert to their unreduced form in the dark. It was later
discovered that the use of diimide as a reductant, on the other hand, has proved to be
effective in this regard. This compound is reported to be an excellent syn-reduction
reductant for the B—p’-double bonds of porphyrins and proceeds to completion upon

producing iso-BChls or BChls.

p-Toluenesulfonylhydrazide is converted into diimide when a base such as potassium
carbonate is present. This methodology is, however, reported to produce a mixture of
Chls and BChls (Scheme 5) which can be difficult to separate due to the closeness of

their molecular weights.

Scheme 5: The reduction of a free base porphyrin using p-toluenesulfonylhydrazide and potassium

carbonate.

Reduction can also be performed under solvent-free conditions by working with a

temperature above 150 °C and excess p-toluenesulfonylhydrazide under vacuum.
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This method is reported to be faster than the one mentioned above, with the added

advantage of producing higher yields of BChls than Chls.'8

1.14 Metal insertion

Having briefly discussed the different synthetic routes for porphyrinoids, it is important
to also discuss how metals are inserted in the core of these molecules in order to

induce the much-needed heavy atom effect (Scheme 6).

To date, there are four types of routes followed for metalation.

The acetic acid acetate method.

1. The pyridine method.
2. The Buchler’'s acetylacetonate method.

3. Adler’s dimethylformamide (DMF) method.

Scheme 6: The different metalation routes that are available for porphyrinoids.

Metalating porphyrinoids is a multi-step process that begins with the deprotonation of

the free base porphyrinoids, followed by the dissociation of the metal from its salt and
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ligand coordination. This then induces charge adjustment across the newly formed
complex. Lastly, the complete coordination of the metal ion takes place. It is reported
that the deprotonation of the porphyrinoid and the complete dissociation of the metal
salt are highly dependent on the type of solvent used, since it has to solubilise both
the chromophore and the metal salt. Furthermore, it is highly cautioned that this
solvent should not be too acidic as that could lead to the decomposition of the
reactants. A wide range of organic solvents have been tested and tried for this role.
The ones that proved efficiency coupled with refluxing included acetic acid, formic

acid, propionic acid, methanol, benzonitrile and N,N-dimethylformamide.'86.187.188

The other objective is to introduce a charge to the porphyrinoids. Reports show that
inducing a charge on these chromophores significantly increases their solubility and,
thereby, their cellular uptake. This can be achieved by metalating the macrocyclic ring,
protonating nitrogen atoms on the meso-aryl or attaching a charged moiety to the
porphyrinoid. In a similar manner to metalation, the latter process relies on the solvent
used. Organic solvents such as dimethylformamide, tetrahydrofuran and toluene are
preferred to fulfil this purpose.’® A study conducted by Magadla et al. (Scheme 7)
and an MSc thesis by Choonzo Chiyumba illustrated this phenomenon

excellently. 151,188
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Scheme 7: Different routes taken to induce a charge on porphyrinoids. Reproduced with permission
from Ref. 150, © Royal Society of Chemistry 2021.
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Aims and Rationale

The aim of this project is to prepare novel structurally modified porphyrin-type dyes
that absorb far into the near-infrared region. ldentifying suitable dyes that absorb
significantly in the 700-800 nm region is particularly important from an African
perspective, since melanin significantly limits the penetration of laser light into human
tissue in the 600-700 nm region, where the first and second-generations of
photosensitiser dyes usually absorb. The porphyrin analogues that will be investigated
in this regard are bacteriochlorins (BChls), which are known to have suitable optical
properties that are potentially suitable in this regard. The reduction of two peripheral
pyrrole bonds modifies the energies of the frontier T-MOs and results in a marked red
shift of the main spectral bands. My motivation will be to conduct research that will
provide novel photosensitiser dyes that will enhance the use of PDT and PACT in an

African context as a treatment for a wide range of different cancers and microbes.

The second step would be to metalate the BChls in order to introduce a heavy central
metal to increase the singlet oxygen quantum yields for high production of reactive
oxygen species and singlet oxygen and further red shift the lowest energy absorption
band of the BChls in the therapeutic window for deep tissue penetration for effective
PDT. Thirdly, the dyes will be positively charged to promote solubility and lipophilicity.
Then, the last step will be to conjugate the BChls with nanoparticles to transport them

to the target site via the enhanced permeability and retention effect.
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Objectives

1. Synthesis, purification, characterisation and photophysicochemical studies of the
porphyrins and BChls.

2. Molecular modelling studies.

3. Synthesis and characterisation of the nanoparticles and their conjugation to the
dyes.

4. PDT studies against MCF-7 breast cancer cells.

5. PACT studies against Gram-(+) and Gram-(-) bacteria.
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2.EXPERIMENTAL
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REAGENTS USED
3-Quinolinecarboxaldehyde, 4-quinolinecarboxaldehyde, 2,3,4,5,6-

pentafluorobenzaldehyde, propionic acid, nitric acid, pyrrole, sodium hydroxide,
pyridine, potassium carbonate, p-toluenesulfonylhydrazide, dimethysulfoxide
(DMSO), hexane, Tin(Il)Chloride, CDCIs, DMSO-ds and D20 were obtained from
Sigma-Aldrich. Chloroform was obtained from Minema. Type |l water for the in vitro
studies was sourced from an Elga Purelab Chorus 2 (RO/DI) system. Dulbecco’s
modified Eagle’s medium (DMEM) and phosphate-buffered saline (DPBS) were
supplied by Lonza®. MCF-7 cells were obtained from Cellonex®, while heat-inactivated
fetal calf serum (FCS), 100 upg/mL streptomycin-amphotericin B, penicillin-
streptomycin-amphotericin B mix, and 100 units/mL penicillin at tissue culture grade
were obtained from Biowest®. Photodynamic antibacterial studies were carried out
with S. aureus and E. coli (ATCC® 25923™ and 25922™). Pyrrole and pyridine were
distilled before use. Soot was collected from a generator exhaust. The synthesis of (4-
bromobutyl)triphenylphosphonium that is used to introduce a TPP* moiety has been

reported previously by Mack and coworkers. '’

INSTRUMENTATION
e Bruker AMX 600 and 400 MHz and 85 MHz benchtop NMR spectrometers

were used to obtain the '"H NMR data. The spectra were measured at ambient
temperature using deuterated solvents (CDCIs3, DMSO-ds and D20).

e Mass spectra were obtained using a Bruker Auto-FLEX Il Smartbeam MALDI-
TOF mass spectrometer using a-cyano-4-hydroxycinnamic acid as a matrix in

either negative or positive ion mode with an m/z range of 400—-1500 amu.
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A Shimadzu UV-2550 spectrometer was used to measure ground state
electronic absorption spectra at room temperature with a wavelength range of
300-800 nm in a 1 cm path length cuvette.

A Varian Eclipse spectrofluorimeter was used for fluorescence quantum yield
studies.

An Ekspla NT 342B-20-AW laser with an Nd:YAG that pumps a 420-2300 nm
optical 30 parametric oscillator (OPO) (355 nm, 2.0 mJ/7 ns, 20 Hz) to provide
monochromatic light at a crossover wavelength for the standard and sample
for singlet oxygen quantum yields.

The Eskpla NT342B-20-AW laser also provided the pump beam for an
Edinburgh Instruments LP980 transient absorption spectrometer fitted with a
PMT-LP (Hamamatsu R928P) and ICCD camera (Andor DH320T-25F03). This
instrument was used to determine the triplet state lifetime values.

A Modulight® Medical Laser (ML) 7710-680 system, fitted with a Thorlabs LED
for PDT and PACT studies.

A Scan® 500 automatic colour colony counter was used for the PACT activity
studies.

Synergy 2 multi-mode microplate reader (BioTek®) was used for the PDT
activity studies.

Porvair 25 cm? vented flasks were used during MCF-7 cell culture preparations.
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SYNTHESIS

Free Base Porphyrins

To synthesise the porphyrins, the Adler-Longo method was utilized (Scheme 8). The
reaction process entailed refluxing at a 1:1 molar ratio of the appropriate benzaldehyde
(2 g), which in this instance were 3-quinoline carboxaldehyde, 4-quinoline
carboxaldehyde, and 2,3,4,5,6-pentafluorobenzaldehyde, respectively, with distilled
pyrrole for roughly 2 h or more depending on the aldehyde used, at 140°C in 50 mL
propionic acid. Then, the cooled mixture was neutralised with a solution of sodium
hydroxide pellets, gravity filtered, and the filtered porphyrin product was purified on a
silica column chromatography with 50:50 Hexane/Chloroform eluent. Scheme 8 below

depicts the reaction process.

R-CHO + 1. Propionic acid
1 a-c 2. Reflux, 140°C ,ca2 h
H
0 H (]\ H
~ F F
Y
N i i
N
1a 1b 1o
Porphyrin=  3QP 4QP PentaP

Scheme 8: The synthesis of free base porphyrins.

The synthesised free base porphyrins were as follows:
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5,10,15,20-tetra(quinolin-3-yl)porphyrin (3QP) — Brown crystals yield (1.50 g, 52.3%
yield) "H NMR (80 MHz, DMSO-ds) & 9.84 (s, 2H), 8.95 (s, 8H), 8.49 (s,2H), 8.07 (s,
2H), 7.95 (s, 4H), 7.30 (s, 8H), 7.02 (s, 2H), 6.38 (d, J = 15.3 Hz, 4H), -2.58 (s, 2H)

ppm. (MALDI-TOF) = 819.71 m/z [M+H]" obtained, 818.71 m/z calculated.

5,10,15,20-tetra(quinolin-4-yl)porphyrin (4QP) — Black crystals yield = (2.00 g, 69.7%
yield) 'H NMR (80 MHz, DMSO-ds) & 9.75 (s, 2H), 9.36 (s, 2H), 8.52 (s, 2H), 8.34 (s,
2H), 7.72 (s, 8H), 7.08 (s, 8H), 6.45 (s, 8H), -2.36 (s, 2H) ppm. (MALDI-TOF) = 819.59
m/z [M+H]* obtained, 818.71 m/z calculated.

5,10,15,20-tetrakis(perfluorophenyl)porphyrin (PentaP) — Red crystals (1.00 g, 37.3%
yield) "H NMR (80 MHz, CDCls) & 9.40 (s, 8H), 2.43 (s, 8H), -2.43 (s, 2H) ppm.

(MALDI-TOF) = 975.71 m/z [M+H]* obtained, 974.06 m/z calculated.

Sn(lV) Porphyrins

For the insertion of Sn(ll) chloride, quantities of 3:1 metal salt and 1 g of the relevant
porphyrin, respectively, were refluxed in 15 mL pyridine at 170 °C for 2 h, then cooled,
washed with deionised water and lastly purified by a silica column chromatography

using 100% chloroform. Scheme 9 below depicts the reaction.
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1. Pyridine o
2. Reflux, 170°C ,ca2 h

y
N F F
N
2a 2b 2¢c
SnPorphyrin = Sn3QP Sn4QP SnPentaP

Scheme 9: The synthesis of metal porphyrin complexes.

5,10,15,20-tetra(quinolin-3-yl)porphyrin tin(ll)-dichloride (Sn3QP) - Green crystals
(0.61 g, 20.3% yield) "H NMR (80 MHz, DMSO-de) & 9.75 (s, 2H), 9.36 (s, 2H), 8.52
(s, 2H), 8.34 (s, 2H), 7.72 (s, 8H), 78H), 6.45 (s, 8H) ppm. (MALDI-TOF) = 971.49 m/z

[M-CI]* obtained, 1006.53 m/z calculated.

5,10,15,20-tetra(quinolin-4-yl)porphyrin tin(ll)-dichloride (Sn4QP) - Green crystals
(1.00 g, 33.3% yield) '"H NMR (80 MHz, DMSO-ds) & 9.75 (s, 2H), 9.36 (s, 2H), 8.52
(s, 2H), 8.34 (s, 2H), 7.72 (s, 8H), 78H), 6.45 (s, 8H) ppm. (MALDI-TOF) = 971.49 m/z
[M-CI] obtained, 1006.53 m/z calculated.

5,10,15,20-tetrakis(perfluorophenyl)porphyrin  tin(ll)-dichloride ~ (SnPentaP) -
Blue/Purple crystals (0.85 g, 28.3% yield) '"H NMR (80 MHz, CDCI3) & 9.39 (s, 8H)

ppm. (MALDI-TOF) = 1127.39 m/z [M-CI]* obtained, 1162.15 m/z calculated.
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Quaternised Porphyrins

In order to induce a cationic charge on the porphyrins, TPP* moieties were conjugated
to the quinoline-substituted porphyrins at the nitrogen atom of the meso-groups via
butyl linkers. This was done by stirring (4-bromobutyl)triphenylphosphonium (4.00 g,
90 mmol) with the metalated porphyrin (1.00 g, 10 mmol) in DMSO for 72 h. The
solvent was removed under vacuum, and the product was obtained in near quantitative

yield. Scheme 10 below depicts the reaction.

1. DMSO
>
2. Stirring, rt,ca72 h

3a-b
SPh
R= ~Ph
f N / N
NZ NZ
Ny O%0
__ p |
\
3a 3b
Quaternised porphyrin = Sn3QM Sn4QM

Scheme 10: The synthesis of quaternised porphyrins.

5,10,15,20-tetra(quinolin-3-yl)porphyrin  tetra(butyltriphenylphosphonium)  tin(ll)-
dichloride (Sn3QM) — Milky Green crystals. "H NMR (80 MHz, D20 + DMSO-ds) 5 9.74
(s, 11H), 7.91 (s, 44H), 5.04 (s, 13H), 3.84 (s, 21H), 2.58 (s, 16H), 2.31 (s, 24H) ppm.

(MALDI-TOF) = 2222.31 m/z obtained, 2222.66 m/z calculated.
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5,10,15,20-tetra(quinolin-4-yl)porphyrin  tetra(butyltriphenyl-phosphonium)  tin(ll)-
dichloride (Sn4QM) — Creamy crystals. "H NMR (80 MHz, D20 + DMSO-ds) 6 9.74 (s,
11H), 7.91 (s, 44H), 5.04 (s, 13H), 3.84 (s, 21H), 2.58 (s, 16H), 2.31 (s, 24H) ppm.

(MALDI-TOF) = 2222.66 m/z obtained, 2222.66 m/z calculated.

Bacteriochlorins

The solvent-free method was utilised with slight modifications to obtain optimal yields
while minimising destabilisation/degradation of the desired product. Firstly a 3:1 p-
toluenesulfonylhydrazide / porphyrin(0.50 g) mixture was ground for 30 min with 10
min UV-visible absorption monitoring intervals to constantly check the disappearance
of the chlorin peak around 650 nm and a subsequent increase in the BChl peak at ca.
740 nm. When this peak becomes more intense than that of the chlorin, the mixture
was heated with constant stirring at 80°C instead of at reflux. It took 15 min to obtain
the stable BChl target product. The product was purified by silica column

chromatography with chloroform as the eluent. Scheme 11 depicts the reaction route.
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Scheme 10: The synthesis of free base BChls.

5,10,15,20-tetra(quinolin-3-yl)-7H,8H,17H,18H-porphyrin (3QBChl) — Brown crystals
(0.5 g, 41.7% yield) were obtained. '"H NMR (80 MHz, CDCl3) & 7.94 (s, 6H), 7.84 (s,
4H), 7.49 (s, 4H), 7.38 (s, 6H), 7.24 (s, 4H), 7.14 (s, 2H), 6.32 (s, 4H), 2.54 (s, 8H)

ppm. (MALDI-TOF) = 823.31 m/z [M+H]* obtained, 822.32 m/z calculated.

5,10,15,20-tetra(quinolin-4-yl)-7H,8H,17H,18H-porphyrin (4QBChl) — Black crystals
(0.43 g, 35.8% yield) were obtained. 'H NMR (80 MHz, D20) & 7.83 (s, 4H), 7.72 (s,
2H), 7.68 (s, 2H), 7.58 (s, 4H), 7.49 (s, 4H), 7.34 (s, 4H), 7.24 (s, 4H), 7.10 (s, 4H),
2.43 (s, 8H), -2.67 (s, 2H) ppm. (MALDI-TOF) = 822.32 m/z obtained, 822.32 m/z

calculated.

5,10,15,20-tetrakis(perfluorophenyl)-7H,8H,17H,18H-porphyrin (PentaBChl) — Black
crystals (1 g, 83.3% yield) were obtained. '"H NMR (80 MHz, CDCls) & 9.39 (s, 8H)
ppm, 7.46 (s, 2H), 7.16 (s, 2H), 2.34 (s, 8H), —2.74 (s, 2H) ppm. (MALDI-TOF) = 978.09

m/z obtained, 978.40 m/z calculated.
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Sn(lV) Bacteriochlorins

The insertion of tin(ll) chloride into the BChis proved to be futile for the quinoline-
substituted porphyrins. The methodology followed to metalate PentBChl involved
refluxing the BChl (1.00 g, 0.43 mmol) dissolved in Methanol with the metal salt (2.00
g, 10 mmol) dissolved in chloroform at 15 °C for 24 h in, the solvent ratio was 1:1 (v/v).
This was then followed by vacuum drying and silica chloroform column

chromatography. Scheme 12 depicts the reaction route.

Scheme 11: The synthesis of metal BChl complexes.

5,10,15,20-tetrakis(perfluorophenyl)-7H,8H,17H,18H-porphyrin  (SnPentBChl) -
Green crystals (500 mg, 16.7% yield) were obtained. 'H NMR (80 MHz, CDCl3) 8 7.53
(s, 2H), 7.38 (s, 2H), 2.41 (s, 8H) ppm. (MALDI-TOF) = 1164.65 m/z, [M—-H]~ obtained,

1166.17 m/z calculated.
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Quaternised Bacteriochlorins

The quinoline-substituted BChls were quaternised in the same manner as the
porphyrins above (Scheme 13), with the only difference being the duration of the

reaction, which was 4 h, to avoid destabilisation of the BChls.

1. DMSO
>
2. Stirring, rt,ca4 h

~Ph Ph
R= f N f N
N= N=

Quaternised BChl = M3BChl M4BChl

Scheme 12: The synthesis of quaternised BChls.

5,10,15,20-tetra(quinolin-3-yl)-7H,8H,17H,18H-porphyrin tetra(butyltriphenyl-
phosphonium) (M3QBChl) — Brown crystals were obtained. "H NMR (80 MHz, D20) &
7.63 (dd, J = 8.1, 3.9 Hz, 18H), 7.40 (s, 10H), 7.33 (s, 10H), 7.22 (s, 10H), 7.09 (s,
8H), 7.02 (s, 6H), 6.90 (s, 6H), 3.37 (s, 10H), 2.68 (s, 44H), —2.85 (s, 2H) ppm. (MALDI-
TOF) = 2040.23 m/z [M+H]* obtained, 2038.87 m/z calculated.

5,10,15,20-tetra(quinolin-4-yl)-7H,8H,17H,18H-porphyrin tetra(butyltriphenyl-
phosphonium) (M4QBChl) — Black crystals were obtained. '"H NMR (80 MHz, D20) &

7.63 (dd, J = 8.1, 3.9 Hz, 18H), 7.40 (s, 12H), 7.33 (s, 6H), 7.22 (s, 10H), 7.09 (s, 6H),
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7.02 (s, 6H), 6.90 (s, 6H), 3.37 (s, 10H), 2.68 (s, 44H), —2.85 (s, 2H) ppm. (MALDI-

TOF) = 2038.18 m/z obtained, 2038.87 m/z calculated.
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Failed Syntheses
As has been indicated previously, the solvent method and metal insertion reactions of
the quinoline-substituted BChls were unsuccessful. Schemes 14 and 15 below

illustrate the failed synthetic routes explored.

Scheme 13: Solvent method of 3BChl synthesis as well as its metalation.
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Scheme 14: Solvent method of 4BChl synthesis as well as its metalation.

The synthesis of the carbon dots involved the refluxing of black carbon (5.00 g)
collected from a generator exhaust, which was then dissolved in 200 mL 5 M Nitric
acid and refluxed at 100 °C at varying temperatures for 12, 24 and 50 h. Their
morphology and sizes were inconsistent, so they were not used in the study. Figure
19 provides the SEM images of the NPs at the above-mentioned temperatures

respectively.

Figure 19: NPs obtained at 12, 24 and 50 hours of refluxing in 5 M Nitric acid.
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2.3.1PHOTOPHYSICOCHEMICAL MEASUREMENTS

UV-VISIBLE ABSORPTION SPECTROSCOPY: To get the absorbance spectra of a
substance in solution or as a solid, ultraviolet-visible (UV-vis) spectroscopy is used.
The absorbance of electromagnetic radiation or light energy, which excites electrons
from the compound or material's ground state to its first singlet excited state, is what
is actually being detected spectroscopically. The wavelength range of the UV-visible
portion of the electromagnetic spectrum is 800 to 200 nm, and Beer-Lambert’s Law in

Equation 1 depicts the principle of this spectroscopy:
A = ¢bc [1]

A is the absorbance, ¢ is the molar extinction coefficient with the units (M-'cm™), b is
the path length of the sample holder or cuvette (1 cm), and c is the molar concentration

of the sample solution.

MASS SPECTROMETRY: This a spectroscopic tool that is used to measure the mass-
to-charge ratio (m/z) of molecules present in a sample. This is done by separating
ionized particles like atoms, molecules or compounds by using the differences in the
ratios of their charges with respect to their masses, and this is used to determine the

molecular weight of the molecules.

TH NMR SPECTROSCOPY: Proton nuclear magnetic resonance ('H NMR)
spectroscopy is used to study the radiofrequency interactions of molecules and
electromagnetic interactions with the nuclei of the molecules analysed. This tool is
used not only to provide information about the molecular structure of a sample but also

to provide insights into how pure the sample is.
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PHOTOSTABILITY STUDIES: The goal of stability testing is to define a time frame
for repeat testing of a compound by demonstrating how its quality and reproducibility
changes over time and in response to various environmental conditions, including
temperature, humidity, and light. As with the UV-visible absorption spectra mentioned
above, the principle governing stability studies is also Beer-Lambert’'s law, but in this

case, the scrutiny is on the molar extinction coefficient instead of absorbance.

FLUORESCENCE QUANTUM YIELD (®¥): This is the ratio between the number of
photons emitted and absorbed. The fluorescence quantum yield defined by Equation

2 below outlines the variables considered in the calculation of this parameter.

F. A
O = Dstg) —— D1 [2]

(std). A. nfq

F is the integrated fluorescence intensity of the sample, whereas the Fstq is that of the
standard. A and Astd, on the other hand, are the absorbance values of the sample and
standard, respectively. Usually, the standard utilised for the calculation is zinc
tetraphenylporphyrin (ZnTPP), which is reported to have a value of ®r = 0.039 in

DMSO. "1

FLUORESCENCE LIFETIME (Tr): This is the time the dye spends in the excited
singlet state before returning to the ground state by fluorescence. In calculating the
lifetimes, a time-correlated single photon counting technique (TCSPC) is used to
measure the time-dependent fluorescence intensity profile. The light is emitted after
the sample is excited by a pulsed laser. The time elapsed between excitation by laser
pulse and the detection of a fluorescence photon is measured. Repeating this process

establishes the distribution of the time differences. Fitting an exponential curve to this
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distribution can be used to calculate the 1F value, which is the time taken for the

intensity to fall to the ratio of 1/e of the initial value.

SINGLET OXYGEN QUANTUM YIELD (®a): It is pivotal to quantify the formation of
102 because PDT and PACT heavily rely on their activity and the efficiency of the PS
used. This particular quantum yield is defined by the ratio between the number of 'O2

molecules generated for every particle of photon absorbed by a PS Equation 3 below.

Do = @y 2 3]

abs

Where labs is the rate of light absorption by the sample whilst lass$® is the rate of light
absorption by the standard. ®a is the known (standard) 'O2 quantum yield. Zinc
tetraphenylporphyrin (ZnTPP) is often used as the standard (®a = 0.53) in the
context of the comparative method using the degradation of the quencher 9,10-

dimethylanthracene (DMA). 192
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PDT ACTIVITY STUDIES

The cells used for the PDT activity studies were MCF-7 breast cancer cells. Since
several of the compounds were not cationic and had limited solubility in aqueous
solution, these preliminary proof of principle anticancer investigations were carried out
using 1% and 5% DMSO for the free base, quaternised, and metalated compounds,
respectively. This was necessary due to issues with solubilizing the dyes. Additionally,

for dependability, validity, and repeatability, they were completed in triplicate.

A substance's ability to inhibit a particular biological or biochemical process is
measured by its ICso value, which also shows how much of a pharmacological agent
is needed to reduce biological activity by half. In order to calculate this value, After the
cells were treated with the compounds, either with or without light irradiation, the cell
viability was assessed using the WST-1 assay. Toxicity under both light and dark
conditions was also assessed to evaluate whether these compounds would be ideal
photosensitisers, which are only active when exposed to radiation. Equation 4 below

was then used to calculate percentage viability.

% Cell viability = 22477€4ment 400 [4]

ODjControl

The malignant cell lines were grown in separate T75 cm? cell culture flasks using
DMEM, which contained 10% FBS and 0.01% antibiotics (penicillin and streptomycin-
amphotericin B). The cells were grown to 100% growth confluence by incubating them
at 37°C under a 5% CO:2 supply. After that, the cells were seeded in DMEM medium
in 96-well plates, and were incubated for 24 h under a 5% CO2 atmosphere in an
incubator. Following this incubation, the cells were once more incubated in the dark
for 24 h, this time in a fresh DMEM mixture with varying quantities of the compounds

(0, 20, 40, 60, 80 and 100 uM).
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A different set of 96-well plates served as controls; these plates were loaded with new
DMEM devoid of the synthesised compounds. The media containing the chemicals
was removed once the specified incubation period had passed, and fresh DMEM free
of phenol red was introduced. The cells were then exposed to light for 30 min using a
Thorlabs LED fitted onto the casing of a Modulight 7710-680 medical laser and having
a wavelength suitable for the compounds under study. The LEDs used were an
M595L3 (250 mW/cm?) for free base porphyrins, an M625L3 (240 mW/cm?) for
metalated and quaternised porphyrins and an M730L4 (160 mW/cm?) for the BChls.
The cells were cultured for a further 24 h after the clear DMEM medium was discarded
and replaced with fresh DMEM with 10% FBS. An extra batch of cells treated with the
compounds was prepared; no irradiation was applied to conduct dark toxicity studies.
Following a 24-hour incubation period, the media was removed, DMEM-10% FBS was
added, and the cells were left to incubate for a further 24-hour period. Following a 24-
hour incubation period for both cell sets, the media was properly disposed of, and each
well was filled with 25 uL (5 mg/mL) MTT diluted in PBS (phosphate-buffered saline).
The cells were then incubated for 3 h in the absence of light. After that, the medium

was cautiously disposed of.

A Molecular Devices Spectra Max M5 plate reader was used to measure the formazan
absorbance at 545 nm. The percentage ratio of treated cells' absorbance to that of
untreated control yields provides the cytotoxicity measurement. Using GraphPad

Prism, nonlinear regression analysis was used to derive the ICso values.
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PACT ACTIVITY STUDIES

For the antibacterial activity investigations, multidrug-resistant Gram-(+)
Staphylococcus aureus (S. aureus) and Gram-(—) Escherichia coli (E. coli) were
utilised. In a similar manner to the PDT assay above, these antimicrobial investigations
were carried out using 1% and 5% DMSO for the free base compounds, on the one
hand, and quaternised and metalated compounds, on the other. In a similar manner
to the PDT activity studies, this was necessary due to issues with solubilizing the dyes.
Additionally, for dependability, validity, and repeatability, they were completed in
triplicate. Added to this, toxicity under both light and dark conditions was also
assessed to evaluate whether these compounds would be ideal photosensitisers that

are only active when exposed to radiation.

The cultured bacterial colonies were inoculated into the nutritional broth and allowed
to agitate for 24 h at 37°C in a rotating shaker. Afterwards, the culture aliquots were
transplanted to 5 mL of fresh broth and cultured until they reached a mid-logarithmic
phase (OD 620 nm = 0.8). To determine the log reduction values in CFU.mL"", the
optical density (OD) of the bacterial culture was measured using a Ledetect 96 from
Labxim Products. Using PBS, the bacterial broth was centrifuged for 10 min at 4000
rom to wash it. The collected bacteria were resuspended with a dilution factor of 10-2
in 100 mL PBS, which served as the bacterial stock solution. Different concentrations
of fresh stock containing bacteria-compound stock solutions were made, ranging from

0, 20, 40, 60, 80 and 100 pM.

Following a 30 min incubation period to allow the compounds to internalise, 3 mL of
the bacteria-PS stock solution, which had a volume of 6 mL, was pipetted onto each
of two distinct 24-well plates. A Modulight 7710-680 medical laser fitted with a Thorlabs

LED of the appropriate wavelength was used to irradiate one of the 24-well plates for
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60 min, while the other was left in the dark. The LEDs used were an M595L3 (250
mW/cm?) for free base porphyrins, an M625L3 (240 mW/cm?) for metalated and
quaternised porphyrins and an M730L4 (160 mW/cm?) for the BChls. Following this,
100 uL of each sample concentration was pipetted onto nutrient agar-coated Petri
dishes. The plates were left in the dark for 24 h at 37°C. To calculate the CFU/mL
numbers for the colonies that formed, a Scan 500 Automatic Colony Counter from
Healthcare Technologies was utilised. For the purpose of choosing an appropriate
compound concentration that demonstrated the best antimicrobial activity
characteristics for later time-dependency investigations, a concentration-dependence

analysis was carried out.

The bacteria-compound solution was prepared for the time-dependent investigations,
and the solution was introduced to a 24-well plate using the same process described
above. 100 pL of the sample was pipetted onto nutrient agar-coated Petri dishes after
each 10 min of radiation. The samples were then incubated for 24 h, and CFU/mL
counting was done using the protocol described above. Survival fractions were
determined by contrasting the control (Petri dishes containing only bacteria) with those
treated with the PS dye. The investigation was conducted in triplicate in order to

calculate the standard deviation.
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3. SYNTHESIS & CHARACTERISATION
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"H NMR SPECTOSCOPY & MALDI-TOF MS

All of the dyes synthesised were characterised by '"H NMR spectroscopy and MALDI-

TOF MS.

Free base porphyrins
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Figure 20: '"H NMR spectrum of PentaP in CDCls.

The 'H NMR spectrum for PentaP (Figure 20) exhibited the expected peak at -2.43

ppm for the two inner NH protons, the solvent peak at 7.26 ppm, and then, lastly, a

peak in the aromatic region at 9.40 ppm, which arises from the eight protons on the

outer ligand perimeter.
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Figure 21: Mass spectral data for PentaP.

The obtained MALDI-TOF MS parent

corresponding to an [M+H]* peak.
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Figure 22: 'H NMR spectrum of free base 3QP porphyrin in DMSO-dé.
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3QP had the expected two proton peak at -2.58 ppm for the inner NH protons (Figure

22). Other peaks totalling to the anticipated thirty-two protons were observed in the

aromatic region.
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Figure 23: Mass spectral data for 3QP.

The obtained MALDI-TOF MS parent peak was 819.71 m/z (Figure 23),

corresponding to an [M+H]* peak. The characterisation data for 4QP were broadly

similar to those of 3QP.
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Sn(lV) porphyrins
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Figure 24: '"H NMR spectrum of SnPentaP in CDCls.

The only significant difference between the "H NMR spectrum of a free base porphyrin
and its metalated counterpart is the disappearance of the peak at ca. —2.5 ppm (Figure

24). This was the case for SnPentaP.
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Figure 25: Mass spectral data for SnPentaP.
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Figure 26: '"H NMR spectrum of metalated Sn3QP in DMSO-db.
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For Sn3QP, 'H NMR peaks for the anticipated thirty-two protons are observed in the

aromatic region (Figure 26).
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Figure 27: Mass spectral data for Sn3QP.

The MALDI-TOF MS peak obtained at 971.49 m/z (Figure 27) is consistent with an

[M-CI]* peak. The characterisation data for Sn4QP were broadly similar.
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Quaternised porphyrins
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Figure 28: 'H NMR spectrum of Sn3M in D20 + DMSO-db.

The introduction of the TPP* moiety induced aggregation because of the bulky
attachment. Additional peaks corresponding to the TPP+ moiety were clearly observed
in the 'TH NMR spectrum (Figure 28), providing direct spectroscopic evidence that
quaternisation had occurred and that the effect of this quaternisation could be studied

in proof of principle terms in the context of the PDT and PACT activity studies.
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Figure 29: Mass spectral data for Sn3M.

The obtained MALDI-TOF MS parent peak was 2222.31 m/z (Figure 29), while the
calculated molecular mass was 2222.66 amu. The analysis of the data for Sn4M was

broadly similar.
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Bacteriochlorins
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Figure 30: '"H NMR spectrum of PentaBChl in CDCls.

PentaBChl exhibited the expected peak at —2.74 ppm for the two inner NH protons
(Figure 30). Then, at ca. 2.34 ppm, the eight proton peak for the reduced pyrrolic
bonds is observed, with peaks corresponding to four protons observed in the aromatic

region along with the CDCIs solvent residual peak.
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Figure 31: Mass spectral data for PentaBChl.

The calculated molecular mass was 978.09 amu, while the obtained MALDI-TOF MS

parent peak was 978.40 m/z (Figure 31).
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Figure 32: '"H NMR spectrum of 3BChl in CDCls.

The anticipated eight proton peak at ca. 2.50 ppm due to reduction of the porphyrin
ligand was observed for 3BChl (Figure 32), and the rest of the peaks provide the
anticipated thirty-eight protons. It was difficult to integrate the inner NH peak possibly

due to exchange with the CDCIs solvent.
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Figure 33: Mass spectral data for 3BChl.

The calculated molecular mass was 822.32 amu, and the obtained obtained MALDI-
TOF MS parent peak was 823.31 m/z, corresponding to a [M+H]" peak (Figure 33).

The characterisation data for 4BChl were broadly similar to those for 3BChl.
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Sn(lV) Bacheriochlorins
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Figure 34: '"H NMR spectrum of SnPentaBChl in CDCls.

The "H NMR spectrum of SnPentaBChl had no signal ca. -2.5 ppm. The peaks for the

anticipated protons in the aromatic region were observed (Figure 34).
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Figure 35: Mass spectral data for SnPentaBChl.

The calculated molecular mass was 1166.17 amu, while the obtained mass was

1164.65 m/z, corresponding to an [M-H]~ peak.
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Quaternised bacteriochlorins
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Figure 36: 'H NMR spectrum of M4BChl in D20.

It was particularly difficult to obtain strong '"H NMR peaks for the quaternised BChls
due to solubility issues (Figure 36). However, additional peaks were clearly observed
corresponding to the TPP* moiety, providing direct spectroscopic evidence that
quaternisation had occurred and that the effect of this quaternisation could be studied

in proof of principle terms in the context of the PDT and PACT activity studies.
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Figure 37: Mass spectral data for M4BChl.

The parent peak obtained by MALDI-TOF MS (Figure 37) was 2038.18 m/z relative

to the calculated value of 2038.87 amu. Broadly similar characterisation data was

obtained for M4BChl.
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Photophysicochemical methods

3-Quinoline-substituted series

Figure 38: UV-visible absorption spectrum of 3-quinoline-substituted porphyrins (left) and BChls (right).

The photophysicochemical properties for the 3-quinoline substituted series of
compounds are tabulated in Table 1. The anticipated Q and B bands were observed

in the UV-visible absorption spectra (Figure 38).

Table 1: The photophysicochemical properties of 3QP, Sn3QP, Sn3M, 3BChl and M3BChl in DMSO.

Abs (Amax) Emission (012 (O] Tr (US) Photostability
(Amax)
3QP 426, 518, 556, 594, 615 654,725 0.09 0.31 14 98%
Sn3QP 436, 564, 607 665 0.03 0.33 18 73%
Sn3QM 435, 564, 608 672 0.06 0.32 16 87%
3QBChl 428, 529, 658, 753 - - 0.35 68 97%
M3QBChl 428, 529, 658, 753 - - 0.02 59 98%
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4-Quinoline-substituted series

Figure 39: UV-visible absorption spectra of the 4-quinoline-substituted porphyrins (left) and BChls
(right).

The photophysicochemical properties of the 4-quinoline substituted series of
compounds are tabulated in Table 2. The anticipated Q and B bands were observed
in the UV-visible absorption spectra (Figure 39). A typical data set for the ®a

determinations is provided in Figure 40.

Figure 40: The comparative method for the ®a calculation of 3QP providing spectra for the degradation
of the DMA quencher DMA at 20 s time intervals (LEFT) and the associated linear best-fit plot (RIGHT).
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Table 2: The photophysicochemical properties of 4QP, Sn4QP, Sn4M, 4BChl and M4BChl in DMSO.

Abs (Amax) Emission ®¢ (O Tr (MS) Photostability
(Amax)
4QP 419, 515, 586 712 0.04 0.01 123 97%
Sn4QP 432, 558, 626 655 0.03 0.30 30 92%
Sn4QM 431, 556 -- 0.01 0.17 62 97%
4QBChl 422, 521, 656, 747 -- - 0.53 207 85%
M4QBChl 419, 515, 600, 656, 748  -- - 0.80 131 99%

Pentafluorophenyl-substituted series
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Figure 41: UV-visible absorption spectra of the free base pentafluorophenyl porphyrins (left) and the

analogous BChls (right).

The photophysicochemical properties of the 4-quinoline substituted series of
compounds are tabulated in Table 3. The anticipated Q and B bands were observed
in the UV-visible absorption spectra (Figure 41). A typical data set for the 1T analyses

is provided in Figure 42.
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Table 3: The photophysicochemical properties of PentaP, SnPentaP, PentaBChl and SnPentaBChl

in DMSO.
Abs (Amax) Emission ®¢ (O Tr (MS) Photostability
(Amax)
PentaP 406, 503, 584, 654 703 0.06 0.37 39 98%
SnPentaP 422, 553 666 <0.01 0.79 26 99%
PentaBChl 345, 375, 410, 508, -- -- 0.21 74 98%
657, 687, 753
SnPentaBChl 341, 374, 424, 503, -- -- 0.61 25 98%
553, 687, 749
Penta
0.06 4 Exopnential Decay fit
0.05 4 Model ExpDec1
] Equation y = AT*exp(-x/t1) + y0
Plot B
0.04 y0 0.00118 + 1.44384E-5
A1 0.13633 + 3.93445E-4
t1 39.16902 + 0.08123
0.03 Reduced Chi-Sqr 1.07708E-6
< R-Square (COD) 0.99105
< Adj. R-Square 0.99105
0.02
0.01 1
0.00
-0.01 T T T T
0 100 200 300 400
Time /ps

Figure 42: Triplet exponential decay of pentafluorophenyl porphyrin in DMSO under an N2 atmosphere.

Log € summary.

When molar extinction coefficients were calculated (Figure 43 and Table 4) it became

clear that there was a significant intensification of the Q bands of the BChls. The

reasons for this will be explored in the Molecular Modelling chapter.
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Figure 43: PentaBChl log ¢ serial dilutions in DMSO.

Table 4: Log € values of the porphyrinoids at the various band maxima.

Compound A, nm(Log ¢)
3QP 426(5.01) 518(3.62) 556(3.40) 594(2.98) 607(2.98)
Sn3QP 436(5.12) 564(3.73) 607(3.64)
Sn3M 435(5.46) 564(4.11) 608(4.03)
3QBChl 428(5.018) 529(462) 658(4.17) 753(4.66)
M3QBChl 428(5.41) 529(4.99) 658(4.55) 753(5.00)
4QP 419(5.03) 515(4.17) 586(3.88)
Sn4QP 432(5.16) 558(4.08) 626(3.60)
Sn4M 431(5.52) 556(4.80)
4QBChl 422(4.91) 521(4.73) 656(4.27) 747(4.64)
M4QBChl 341(5.36) 374(4.73) 424(4.21) 503(4.65) 553(4.64) 687(4.66) 749(4.64)
PentaP 406(5.15) 503(4.27) 584(3.85) 654(3.33)
SnPentaP 422(5.22) 553(4.10)
PentaBChl 345(5.16) 375(5.08) 410(4.61) 508(4.53) 657(3.76) 753(4.77)
SnPentaBChl 341(5.31) 374(5.23) 424(5.08) 503(4.69) 553(4.19) 687(3.87) 749(4.84)

Conclusions

The photophysicochemical studies demonstrate that dyes studied are potentially

suitable for singlet oxygen biomedical applications, since they have moderate to high
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singlet oxygen quantum yields. With the exception of Sn3Q, the other compounds
exhibited high photostability under the conditions used for the PDT and PACT activity
studies. Generally, the BChls have higher triplet state lifetimes than the porphyrins
4QP, an outlier with a lifetime of 123 ys, while in contrast, the lifetime of 3QP is 14 ps.
Lifetimes on the microsecond timescale are crucial for effective photodynamic activity,

since it results in more generation of singlet oxygen leading to more cell death.
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4.PDT ACTIVITY STUDIES
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4.1 PHOTODYNAMIC THERAPY

The following sigmoid graphs (Figure 44) depict the relationship/trend represented by
the I1Cso0 values (Table 5) that were observed when the MCF-7 cells were treated with
the synthesised compounds over the 0 to 100 uM concentration range under unexcited

(dark) and excited (light) photodynamic conditions.
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Figure 44: Sigmoid curves for the respective compounds showing the relative ICso values in units of
log [uM] during the dark toxicity (DARK) studies and when under illumination (LIGHT) with a Thorlabs
LED.

The curves indicate that none of the dyes exhibit significant dark toxicity, Table 5. The
lowest ICso value for the PDT activity studies was PentaBChl with 7.59 uM followed
by SnPentaBChl with 8.12 yM and SnPentaP with 11.2 pM. In the context of
quinoline-substituted dyes, 3QBChl had the lowest ICs0 value of 12.3 yuM, while
Sn4QP had a value of 13.5 yM. It is evident from this that the pentafluorophenyl-
substituted porphyrinoids were the most effective against MCF-7 cells and merit
further in-depth follow-up studies. Interestingly, significant improvements were not
observed in the ICso values for Sn3QM, Sn4QM, M3QBChl and M4QBChl with
mitochondria-targeting functionalisation relative to the corresponding Sn3QP, Sn4QP,
3QBChl and 4QBChl non-quaternised dyes. This suggests that this structural

modification strategy needs to be carefully reassessed.
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Table 5: ICso values of the compounds against MCF-7 cells with and without light.

1Cs0 (LM)

Compound LIGHT DARK Pl2
3QP 32.4 > 100 >3.1
Sn3QP 58.9 >100 >1.7
Sn3M 22.9 > 100 >4.4
3QBChl 12.3 >100 > 8.1
M3QBChl 12.6 > 100 >7.9
4QP 31.6 > 100 >3.2
Sn4QP 13.5 > 100 >74
Sn4aM 38.0 > 100 >2.6
4BChl 14.1 > 100 >7.1
M4QBChl 18.6 > 100 >54
PentaP 20.9 > 100 >4.8
SnPentaP 11.2 >100 >8.9
PentaBChl 7.6 > 100 >13.2
SnPentaBChl 8.1 > 100 >12.4

a Phototoxicity ratio is a ratio of the IC50 values obtained during the light and dark
studies.

Figures 45-48 illustrate the comparative differences in trends between the respective

compounds and their varying concentrations against MCF-7 cells.

Figure 45: Free base, metalated and quaternised porphyrins against MCF-7 cells during dark toxicity

studies.

105



—
A OO O O N
o o o o o

Cell viabilityl (%)

N
o

o

0 20 40 60 80 100
Concentration (UM)

B Sn4QP

@ PentaP
Sn3M

B Sn3QP
4QP

m3QP
Sn4M
SnPentaP

Figure 46: Free base, metalated and quaternised porphyrins against MCF-7 cells during PDT activity

studies.
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Figure 47: Free base, metalated and quaternised BChls against MCF-7 cells during dark toxicity

studies.
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Figure 48: Free base, metalated and quaternised BChis against MCF-7 cells during PDT activity

studies.

The ICso0 values in Table 5 provide the half-maximal inhibitory concentrations. Lower
ICs0 values demonstrate that the dye is more effective from a PDT activity standpoint.
The general trend observed is a steady decrease in the ICso value as the porphyrins
are metalated and reduced to form BChls, with the lowest value being 7.59 uM of the
PentaBChl and the highest being 58.9 uM for the Sn3QP porphyrin. Figures 45-48
show the detailed cell death response against the different compound concentrations
used, with the greatest cell death observed at the highest concentration of 100 pM.
The most effective porphyrin was SnPentaP, with an ICso value of 11.2 yM, followed
by Sn4QP, with a value of 13.5 uM. All the other porphyrins studied had values > 20
MM. As for the BChls, PentaBChl and SnPentaBChl were found to be the most
effective, with values of 7.6 and 8.1 yM, while M3QBChI and M4QBChl had higher
ICs0 values than M3QBChl and M4QBCHhl. Figure 49 provides microscopy images of

the cells before and after light treatment.
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Figure 49: Microscope images of MCF-7 cells before and after their treatment. From left to right, 1:
depicts the confluent and control cells, respectively; 2: depicts the light studies 3QP and PentaP
treatment cells; 3: depicts the SnPentaBChl and M3QBChl light treatments.

108



Concluding remarks

The ICs0 values demonstrate that the compounds were significantly more active under
light conditions than during the dark toxicity studies, with the BChls performing better
than the corresponding porphyrins. The activities of the quaternised porphyrins and
BChl’'s activities were inconsistent. Due to time constraints, uptake studies could not
be performed. This will be done in future and will provide additional insights about the

suitability of the dyes for PDT.
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5.PACT ACTIVITY STUDIES
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PACT studies against S. aureus

The first type of bacteria to be studied was S. aureus (Figures 50-59). A concentration
of 80 uM was selected for study, based on concentration studies. The Logio CFU/mL
values are tabulated in Table 6. In the context of the free base porphyrins, PentaP
has the highest Logio CFU/mL value of 2.22 (Figure 51) followed by 3QP and 4QP
with values of 1.38 and 0.92. Typically, a value > 3 is necessary for a dye to be
regarded as an effective antibacterial agent. In a similar manner, SnPentaP with a
Log1o reduction of 2.05 is more effective than Sn3QP and Sn4QP (Figure 53). A
slightly higher Log+o reduction of 2.07 was induced by Sn4M relative to the value of
1.87 for Sn3M (Figure 55). In a similar manner to what was observed for the free base
porphyrins, PentaBChl has a higher Log1o reduction value of 3.49 than the values of
2.89 and 2.28 for 3BChl and 4QBChl (Figure 57). The quaternised and Sn(IV) BChls
were highly active with Log1o reduction values of 6.39 (Figure 59) and hence have the
most potential as PS dyes in this context. Typical images from the bacterial colony

counting process are provided in Figure 60.
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Figure 50: Bacterial viability data for free base porphyrins against S. aureus. D and L refer to the dark

and light studies, respectively.
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Figure 51: Logio CFU/mL values for free base porphyrins against S. aureus. D and L refer to the dark

and light studies, respectively.
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Figure 52: Bacterial viability data for metal porphyrins against S. aureus. D and L refer to the dark and

light studies, respectively.
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Figure 53: Logio CFU/mL values for Sn(IV) porphyrins against S. aureus. D and L refer to the dark and

light studies, respectively.
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Figure 54: Bacterial viability data for quaternised porphyrins against S. aureus. D and L refer to the

dark and light studies, respectively.
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Figure 55: Logio CFU/mL values for quaternised porphyrins against S. aureus. D and L refer to the

dark and light studies, respectively.
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Figure 56: Bacterial viability data for free base BChls against S. aureus. D and L refer to the dark and

light studies, respectively.
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Figure 57: Logio CFU/mL values for free base BChls against S. aureus. D and L refer to the dark and

light studies, respectively.
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Figure 58: Bacterial viability data for Sn(IV) and quaternised BChls against S. aureus. D and L refer to

the dark and light studies, respectively.
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Figure 59: Log1o CFU/mL values for Sn(IV) and quaternised BChls against S. aureus. D and L refer to

the dark and light studies, respectively.

Table 6: A summary of the log reduction values against S. aureus.

S. aureus
PS LIGHT DARK
3QP 1.38 0.47
Sn3QP 1.62 0.39
Sn3M 1.87 0.29
3QBChl 2.89 0.39
M3BChl 6.39 (@ 60 min) 0.39
4QP 0.92 0.17
Sn4QP 1.49 0.29
Sn4M 2.07 0.39
4QBChl 2.28 0.69
M4BChl 6.39 (@ 60 min) 0.39
PentaP 2.22 0.68
SnPentaP 2.05 0.29
PentaBChl 3.49 0.69
SnPentaBChl 6.39 (@ 60 min) 1.39

@ The irradiation time at which full eradication of the bacteria is achieved is provided
in parentheses where relevant.
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Figure 60: Images of the S. aureus and E. coli plates before and after their treatment. From left to right,
1 provides the S. aureus and E. coli controls, respectively, 2 provides the light treatments of
SnPentaBChl and M4BChl at 45 min, and 3 provides the light treatments of SnPentaBChl and
M4BChl at 60 min.
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PACT studies against E. coli

The second bacteria to be studied was E. coli (Figures 61-70). A concentration of 80
MM was selected for study, based on concentration studies. The Log1o CFU/mL values
are tabulated in Table 7. In the context of the free base porphyrins, PentaP has the
highest Log1o CFU/mL value of 6.39 (Figure 62) followed by 4QP and 3QP with values
of 1.75 and 1.39. In contrast, the Log1io reduction value of SnPentaP of 2.05 is
comparable to the 1.94 and 2.06 values of Sn3QP and Sn4QP (Figure 64). A higher
Log1o reduction of 6.39 was induced by Sn4M relative to the value of 1.97 for Sh3M
(Figure 66). The free base, Sn(IV) and quaternised BChls all have Log1o reduction

values of 6.39 (Figures 68 and 70) and hence merit further in-depth study in this

context.
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Figure 61: Bacterial viability data for free base porphyrins against E. coli. D and L refer to the dark and

light studies, respectively.
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Figure 62: Log1o CFU/mL values for free base porphyrins against E. coli. D and L refer to the dark and

light studies, respectively.
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Figure 63: Bacterial viability data for Sn(IV) porphyrins against E. coli. D and L refer to the dark and

light studies, respectively.
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Figure 64: Logio CFU/mL values for Sn(lV) porphyrins against E. coli. D and L refer to the dark and

light studies, respectively.
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Figure 65: Bacterial viability data for quaternised porphyrins against E. coli. D and L refer to the dark

and light studies, respectively.
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Figure 66: Logio CFU/mL values for quaternised porphyrins against E. coli. D and L refer to the dark

and light studies, respectively.
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Figure 67: Bacterial viability data for free base BChls against E. coli. D and L refer to the dark and light

studies, respectively.
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Figure 68: Logio CFU/mL values for free base BChls against E. coli. D and L refer to the dark and light

studies, respectively.
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Figure 69: Bacterial viability data for Sn(IV) and quaternised BChls against E. coli. D and L refer to the

dark and light studies, respectively.
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Figure 70: Log1o CFU/mL values for Sn(IV) and quaternised BChls against E. coli. D and L refer to the

dark and light studies, respectively.

Table 7: A summary of the log reduction values against E. coli.

E. coli
PS LIGHT? DARK
3QP 1.39 0.39
Sn3QP 1.94 0.38
Sn3M 1.97 0.38
3QBChl 6.39 (@ 45 min) 0.13
M3BChl 6.39 (@ 30 min) 0.23
4QP 1.75 0.57
Sn4QP 2.06 0.19
Sn4M 6.39 (@ 45 min) 0.23
4QBChl 6.39 (@ 45 min) 0.39
M4BChl 6.39 (@ 60 min) 0.38
PentaP 6.39 (@ 45 min) 0.87
SnPentaP 2.05 0.28
PentaBChl 5.89 0.21
SnPentaBChl 6.39 (@ 60 min) 0.13

@ The irradiation time at which full eradication of the bacteria is achieved is provided
in parentheses where relevant.
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Concluding remarks

From the trends observed in the PACT activity data, it can be concluded that the
compounds were generally most effective against the Gram-(-) E. coli bacteria, with
complete eradication being observed with 3QBChl, M3BChl, Sn4M, 4QBChl,
M4BChl, PentaP and SnPentaBChl. It is noteworthy that this was observed even in
the absence of the introduction of positively charged moieties in the context of
3QBChl, 4QBChl and SnPentaBChl. This is unusual in the context of Gram-(-)
bacteria. Similar data have been reported for chlorins in recent years by Mack and
coworkers.3' During treatments of Gram-(+) S. aureus bacteria, only the Sn(lV) and
quaternised BChls resulted in complete eradication. These studies demonstrate that
the PACT activity properties of synthetic tetraarylbacteriochlorins merit further in-depth

study.
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6.MOLECULAR MODELLING
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Geometry optimisations were carried out for 3QP, 4QP, PentaP, SnPentaP,
PentaBChl and SnPentaBChl at the B3LYP/SDD level of theory by using the
Gaussian 09 software package'® on the Lengau cluster of the Centre for High
Performance Computing in Cape Town. The default SDD basis sets were selected so
that the results for the free base ligands can be readily compared to those of the Sn(IV)
complexes. Time-dependent density functional theory (TD-DFT) calculations were
carried out at the CAM-B3LYP/SDD level of theory to further analyse the molecular
implications of the structural modifications of the porphyrinoids selected for this study.
The CAM-B3LYP functional was selected since it contains a long-range correction.%4
One of the aims of this study was to assess whether the position of the quinoline
nitrogen atoms has an effect on the molecular properties. For this reason, the Free
base 3QP and 4QP dyes were modelled to determine the effect of the meso-aryl rings
on the frontier MO energies and the calculated Q and B band regions (Figure 71). The
entire pentafluorophenyl-substituted series was studied to determine the effect of the

reduction of the ligand along the y-axis to form BChls.
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Figure 71: The four frontiers m-MOs derived from the HOMO and LUMO of a C1eH16%~ parent perimeter
are referred to as the a, s, -a, and -s MOs in the context of Michl’'s perimeter model."%® The MO plots
are provided at an isosurface of 0.02 a.u. The y-axis is aligned vertical to the page for all dyes except
PentaBChl.

Conceptual frameworks such as Gouterman’s 4-orbital model’®® and Michl’s perimeter
model'®® can be used to identify trends in the energies of the four frontier orbital MOs
that are derived from the HOMO and LUMO of a parent C1sH162~ parent perimeter. For
these studies, the energy splitting of the a and s MOs is described as a change in the
AHOMO value in the context of Michl’s perimeter model,’®® while the energy splitting

of the -a and -s MOs is described by the change in the ALUMO value.
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Changes in the electronic absorption bands across a range of porphyrinoids with
varying molecular symmetries can be explained on the basis of modifications to the
relative energy of the four frontier orbitals and the AHOMO and ALUMO values. There
is a slight stabilisation of the frontier MOs of 4QP relative to those of 3QP, since the
electronegative nitrogen atom lies further from the meso-carbon atom. PentaP with
twenty electronegative fluorine atoms on the meso-rings has lower a, s, -a and -s MO
energy values than 3QP and 4QP. This implies that reduction will be favoured, which
was observed during the PentaBChl synthesis. Upon metalation of PentaP and
PentaBChl, there is a further stabilisation of the frontier MOs due to the tetravalent

central metal ion.
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Figure 72: MO energies of 3QP, 4QP, PentaP, SnPentaP, PentaBChl and SnPentaBChl. The
HOMO-LUMO gaps are plotted against a secondary axis and are denoted by red diamonds. Red circles

highlight the s and -s MOs, while small black squares denote lower-lying occupied MOs.

As depicted in Figure 75, the frontier MOs of 3QP are slightly destabilised relative to
those of 4QP, with little difference in the HOMO-LUMO gaps of these compounds. An

analysis of the pentafluorophenyl-substituted series illustrates that there is a marked
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narrowing of the HOMO-LUMO gaps of PentaBChl and SnPenBChl due to the large
relative destabilisation of the a MO, which has large MO coefficients on the ligand

periphery where reduction takes place (Figure 72).
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Figure 73: The calculated TD—-DFT spectra of optimised geometries of 3QP, 4QP, PentaP, SnPentaP,
PentaBChl and SnPentaBChl at the CAM-B3LYP/SDD level of theory. The Q and B bands are

highlighted with yellow diamonds. Details of the calculations are provided in Table 8.

The calculated spectroscopic difference between 3QP and 4QP is negligible. The Q
and B bands lie in the same range, corroborating the experimental data. For PentaP,
upon metalation, the Q and B bands are blue-shifted relative to those of 3QP and 4QP
(Figure 74 and Table 8). In contrast, the Q bands of BChls are red-shifted, while the
B bands are blue-shifted. This is related to the lifting of the orbital degeneracies of

both the a and s MOs and -a and -s MOs (Figure 73), since the reduction of the ligand
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along the y-axis markedly destabilises the a and -a MOs, which have large MO

coefficients on the ligand periphery along this axis (Figure 72).

Table 8: Calculated and experimental electronic excitation wavelengths of 3QP, 4QP, PentaP,
SnPentaP, PentaBChl, and SnPentaBChl, and their respective calculated wavenumbers and

wavefunctions were calculated at the CAM-B3LY/SDD level of theory.

# Band® v.103(cm™)°  Acac(nm)?  Aexp(nm)e  ff Wavefunction =°
3QP
1 Q 16.7 599 594 001 ©61%s — -s;38%a— -a; ...
2 Q 18.7 534 556 0.01 55%s —-a;44%a — -s; ...
3 B 26.6 376 496 1.17 56% a— -a;29% s — -s; ...
4 B 27.6 363 1.82 55%a—-s;42% s — -a; ...
4QP
1 Q 16.7 596 586 0.00 61%s —-s;39%a— -a; ...
2 Q 18.8 532 515 0.01 54%s — -a;54% s — -a; ...
3 B 26.7 375 419 113 55% a— -a;29% s — -a; ...
4 B 27.7 361 1.77 55% a— -s;42% -s — a; ...
PentaP
1 Q 17.0 589 584 0.00 55%s — -s;45% a — -a; ...
2 Q 19.0 526 503 0.00 51%s —-a;49%a— -s; ...
3 B 26.8 373 1.00 48% a— -a;31%s — -s; ...
4 B 28.2 355 406 164 51%a—-s;47%s — -a; ...
SnPentaP
1 Q 17.8 563 553 0.00 54%s — -a;46% a — -s; ...
2 Q 17.8 563 0.00 54%s — -s;46% a — -a; ...
5 B 26.2 377 492 1.08 51%a—-s;39%s — -a; ...
6 B 26.3 377 1.08 51%a— -a;40% s — -s; ...
PentaBChl
1 Q 14.8 678 687 0.33 90%a — -s; ...
2 Q 19.9 502 508 014 74%s — -s;25% a — -a; ...
3 B 30.2 332 375 149 76%a— -a;27% s — L+3; ...
4 B 325 308 345 1.09 63%s —-a;27%a — -s; ...
SnPentaBChl
1 Q 13.9 720 749 0.36 95%a— -s; ...
2 Q 18.5 540 553 012 80%s — -s;18% a — -a; ...
9 B 241 332 374 093 47%s —-s;37%a— -a; ...
11 B 26.9 303 341 1.01 91%s — -a; ...

a Excited state number of TD-DFT calculations. b Porphyrin band assignments. ¢ Wavenumbers
obtained from TD-DFT calculations. d Calculated wavelengths in nanometers. e Experimental
wavelengths in nanometers. f Calculated oscillator strengths. e Using eigenvectors predicted by TD-
DFT, the wavefunctions define the MOs participating in the transition are described. Only 10%

contributions or greater are included.

The last focal point of the modelling was to calculate the energies of the Q and B-

bands of Gouterman’s 4-orbital model'®® using TD-DFT studies (Table 8). According
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to the Gouterman four-orbital model,'®® the four frontier molecular orbitals that
determine the UV-visible spectra of porphyrins under Dsn symmetry are a doubly
degenerate LUMO (a and s) and a pair of accidentally degenerate HOMO and
HOMO-1 (-a and -s) that are derived from the HOMO of the parent C1eH16?~ parent
hydrocarbon perimeter. The calculated wavefunctions of the compounds illustrate that
the Free base and metalated porphyrins follow this model. The percentage
contributions of the one-electron transitions between the a, s, -a and -s MOs for the Q
and B bands are ca. 50% (Table 8). The electron dipole transition moments cancel in
the case of the Q transitions,% resulting in nearly fully forbidden bands, while they
add together in the case of the B transitions, resulting in fully allowed spectral bands.
When the porphyrins are reduced to BChls, the one-electron transition percentages
increase (Table 8) due to the large splittings of the -a and -s MOs (i.e. the ALUMO
value) when the ligand periphery is reduced along the y-axis. This results in an
intensification of the lowest energy Q band since the electron dipole transition

moments no longer cancel.

Concluding remarks

The molecular modelling data depict the same general trends observed experimentally
but provide more insights. The only difference between the MO energies for 3QP and
4QP that might explain the spectral and molecular differences that are observed
experimentally is the destabilisation of the frontier MOs of 3QP, since the
electronegative nitrogen atom lies closer to the meso-carbon atom. The
pentafluorophenyl-substituted series illustrated that when the porphyrin is reduced to
form a BChl, the HOMO-LUMO gap narrows significantly due to a relative
destabilisation of the a MO that has large MO coefficients at the ligand periphery. As
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a result, a red shift of the B and Q bands is observed. The lifting of the degeneracies
of the MOs derived from the HOMO (i.e. a and s) and the LUMO (i.e. -a and -s) of the
parent CisH16>~ hydrocarbon perimeter results in an intensification of the lowest

energy Q band, which further enhances the suitability of the dyes for use in PDT.
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7.CONCLUSIONS
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The aim of the project was to first study whether the position of the quinoline
induces any significant changes in properties by comparing 3- and 4-quinoline-
substituted porphyrins. Then, the other evaluation was to compare the quinoline
EDGs and EWG of the pentafluorophenyl to synthesise novel BChls for PDT and
PACT. Significantly lower ICso values were obtained for BChls relative to
porphyrins, with the highest PDT activity being observed against MCF-7 breast
cancer cells for PentaBChl and SnPentaBChl.

v It was observed that the position of the quinoline nitrogen atom does induce
significantly different photophysicochemical properties.

v' The comparison of the EDG and EWG groups illustrated that the EWG
played a large role in stabilising the BChls. Therefore, it was easier to
synthesise pentafluorophenyl BChls compared to the quinoline BChls. This
was also observed in the insertion of the metal to the core of the BChls with
the quinoline-substituted dyes degrading, while the pentafluorophenyl-
substituted dye did not.

v' Since the carbon nanodot nanoparticle synthesis did not succeed,
incorporating the TPP* moiety was scrutinised to evaluate whether cell
permeability would be enhanced. This was only true for the cases where
this moiety was conjugated to BChls. In future, lipophilicity studies should
be carried out to further evaluate the potential utility of this approach and
determine whether mono-substitution with a TPP* moiety would address
significant solubility issues that were encountered that led to the need to use

5% DMSO to solubilise the dyes in PBS.

It was concluded that the position of the quinoline nitrogen atom does have a

significant impact on the PDT and PACT activities of porphyrinoids. BChls with
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EWGs are more stable and are mostly likely to perform well in photosensitiser
studies. It was particularly noteworthy that high Log1o reduction values were
obtained against Gram-(-) E. coli bacteria with free base and Sn(IV) BChls
even in the absence of positively charged moieties in a similar manner to what

has been observed recently by Mack and coworkers for chlorins.*’

The PDT and PACT activity studies demonstrated that tetraarylBChls and their
Sn(lV) complexes merit further in-depth study as photosensitiser dyes for PDT
and PACT. In future, what would be interesting to ascertain is the photoactivity
of BChls with different EWGs at the meso positions. Another interesting
endeavour would be to introduce polar moieties to the BChis to make them
more water-soluble. Surprisingly, the introduction of TPP* moieties to porphyrin
and BChl ligands did not achieve this and did not enhance the PDT activity
properties of the dyes. Lastly, instead of using metals for nanomaterials, the
use of BChls as protein coronas can be explored for compound delivery to
increase permeability and provide stable targeting materials that are small

enough to keep their structural integrity to the targeted cells.
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