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biology, and medicine. The inherent logic of physics, combined with the incredible
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my supervisor, Prof. Mikael Lindgren, introduced me to the concept of photodynamic
therapy - where quantum physics of photons meets the biology of cancer cells - the
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through a loved one. As a cancer survivor myself, it is my greatest wish to contribute
to the field of research which once saved my life. I can think of no better cause, and I
am immensely grateful for the introduction into cancer research I have had during this
project period.

This work would not be possible without the invaluable guidance of my supervisors
at the Department of Physics, Professor Mikael Lindgren and Associate Professor Odrun
Arna Gederaas. Thank you for giving me the opportunity to work on this project, for
being always available for every question, and for your unrelenting enthusiasm. I also
wish to thank Kristin Grendstad, for sharing the joy of cell experiments with me, and
for your unwavering support both in and outside the cell lab. Astrid Bjgrkgy, thank you
for all your help with microscopy and colocalization analysis, and Thor-Bernt Melg,
thank you for your assistance and input in the spectroscopy lab. And of course, a special
thanks to Prof. Peter Nilsson and Dr. Katriann Arja at Linkoping University, for providing

the chlorins and making this project possible.






Abstract

The aim of this project was to determine the potential of the KA20 family of glycosylated
chlorins as photosensitizers in photodynamic therapy (PDT) of cancer. Cancer is one
of the most common causes of death in the world. Because conventional treatments
such as chemotherapy and radiotherapy have substantial side effects, it is of interest
to explore new treatment modalities. Photodynamic therapy, where a photosensitizer
is activated by visible light to kill cancer cells, is one such new treatment. The KA20
family are new potential photosensitizers which may improve the effectiveness of PDT.

To determine the potency of the KA20 chlorins in PDT, rat bladder cancer cell line
AY27 were incubated with the compounds. Subsequent illumination with blue light
caused a reduction in cell viability of up to 80 % after 60s and 95+ % after 120s,
relative to untreated cells. Fluorescence imaging confirmed uptake in the cells, and
optical measurements confirmed singlet oxygen production. From these results, it was
found that the glycosylated KA20 chlorins were effective at causing injury to cancer

cells, and that their potential as photosensitizers in photodynamic therapy is present.






Sammendrag

Malet for dette prosjektet var & finne potensialet til KA20-familien av glykosylerte
kloriner som fotosensibiliserende forbindelser i fotodynamisk terapi (PDT) av kreft-
sykdom. Kreft er en av verdens ledende dgdsarsaker. Siden konvensjonelle behan-
dlingsmetoder som cellegift og strdlesbehandling medfgrer store bivirkninger, er det
av interesse a utforske nye behandlingsmetoder. En slik ny metode er PDT, hvor et
fotosensibiliserende stoff aktiveres av synlig lys for & drepe kreftceller. KA20-familien
er potensielle nye fotosensibiliserende stoffer som kan forbedre effekten av PDT.

For a bestemme virkningen av KA20-klorinene i PDT ble rotteceller fra blerekreftcel-
lelinjen AY27 inkubert med forbindelsene. Pafglgende belysning med blatt lys forarsaket
en nedgang i cellenes viabilitet pa opp til 80 % etter 60 s og 95+ % etter 120 s, sammen-
lignet med ubehandlede celler. Fluorescensmikroskopi bekreftet opptak av stoffene i
cellene, og optiske malinger bekreftet singlet-oksygenproduksjon. Fra disse resultatene
ble det fastslatt at de glykosylerte klorinene var i stand til & effektivt gjgre skade pa

kreftceller, og at de har potensiale som fotosensibiliserende stoffer innenfor PDT.






Acronyms

ALA Aminolevulinic Acid

BER Base Excision Repair

Ce6 Chlorin E6

DNA Deoxyribonucleic Acid

EtOH Ethanol

FBS Fetal Bovine Serum

HRS Hyper-radiosensitivity

IRR Increased Radioresistance

ISC Intersystem Crossing

MCC Mander’s Correlation Coefficients
MMR Mismatch Repair

MOC Mander’s Overlap Coefficient
NER Nucleotide Excision Repair
PBS Phosphate-buffered Saline
PDT Photodynamic Therapy

PpIX Protoporphyrin IX

vii



Acronyms

Acronyms

PS Photosensitizer

QY Quantum Yield

ROS Reactive Oxygen Species

SD Standard Deviation

SEM Standard Error Of The Mean

SNR Signal-to-noise Ratio

TCSPC Time-Correlated Single-Photon Counting
THF Tetrahydrofuran

Zn-TPP Zinc-tetraphorphyrrin
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Chapter

Introduction

Cancer is one of the most common causes of death in the western world. While great
strides have been made in the treatment of cancers through chemotherapy, radiotherapy
and surgery, the side effects of such treatments can be substantial, and some cancers are
resistant to the standard treatments. Recently, interest has increased for new treatment
modalities that may be able to treat cancer with fewer side effects than chemotherapy,
radiotherapy and surgery. Photodynamic therapy (PDT) is one such treatment modality
[1].

PDT is an advanced form of cancer treatment which uses visible light to induce
cell death. In PDT, a photosensitizer (PS) is administered to the patient which, after
activation by specific wavelengths of light, facilitates production of reactive oxygen
species (ROS). The ROS family contains hydrogen peroxide, singlet oxygen and free
radicals such as superoxide and hydroxyl radical [2]. These cause a great deal of
oxidative stress on cells. This induces malignant cell death, activates antitumor immune

response, and damages the vasculature in the tumour.

PDT improves side effects compared to conventional therapy through increased
specificity and low systemic toxicity. It achieves this through a dual selectivity. Firstly,
the PS can be engineered to have a preference for the diseased cancer cells over healthy
cells, promoting accumulation of the drug in the tumour. Secondly, the PS should be
minimally toxic to cells unless it is activated by a targeted light source, which can be
focused to confine damage to the tumour volume. Together, this means that PDT is able
to spare healthy tissue to a greater degree, and thus maintain a low systemic toxicity

while still being a non-invasive procedure.
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Evidence of the use of light in medicine has been found as far back as ancient Greece
[3]. In modern times, the mechanism behind PDT was discovered a hundred years
ago [4], but it has only been a subject of serious study since the 1970s. Since then,
a few PSs have been approved, and PDT of cancer is in use clinically, though limited
to palliative care of various tumour diseases. Though these compounds possess the
properties needed for PDT, they also have several acknowledged disadvantages. As an
example, Photofrin®, one of the most used PSs, is activated by red light at ca. 630 nm.
However, its absorption band in this region is weak, requiring extended illumination
from a high-energy source for sufficient activation, which often leads to complications.
It is also a very complicated compound that is difficult to synthesise [5]. And lastly, the
compound is cleared very slowly from healthy cells, leading to skin photosensitivity in
the patient that can persist for weeks or even months. The shortcomings of the current
PS options have inspired efforts to develop better alternatives, and there is an ongoing
search for new molecular systems for PDT [6, 7, 8]. Recently, novel PSs have been

developed from chlorin bases, some of which have shown great promise [9].

Purpose of study

This project reports the findings of in vitro experiments on a family of seven PSs
synthesised from a chlorin base (Table 1.1), developed by Dr. Katriann Arja under the
auspices of Prof. Peter Nilsson (Department of Physics, Chemistry and Biology, Linképing
University). These compounds were investigated for their effect on rat bladder cancer

cell (AY27) cultures. The main objectives of the project were to
* Characterise the photophysical properties of the chlorins,
* Investigate their cell uptake and distribution,
* Compare their efficacy as PSs in PDT.

Due to the COVID-19 pandemic, restrictions were imposed on lab work and presence
at the NTNU campus during the project period. Therefore, it was not possible to
examine all compounds in detail. A selection was made in order to accomplish a general

understanding of the systems, and to carry out the main objectives of the thesis.
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Table 1.1: Overview of compounds studied in this thesis. The compounds and their properties
were provided by Dr. Katriann Arja, Linképing University. Synthetic schemes and larger images
of the chemical structures are included in Appendix A.

Name, Structure MW Attached
chemical formula [g/mol] compound
o HN 2 /\Q

Ph 4 /\
KA20-10.2 871.02 Alkynes
Cs57H42Ng02 " K
KA20-11H 1432.83 Glucose
C73H70N14014Zn
KA20-11H-proto 1367.45 Glucose
C73H70N14014
KA20-15H 1432.83 Galactose
C73H70N14014Zn

Continued on next page
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Table 1.1 - continued from previous page

Name, Structure MW Attached
chemical formula [g/mol] compound
KA20-15H-proto 1367.45 Galactose
C73H70N14014

KA20-16H 1514.93 N-acetyl
C77H76N16014Zn glucosamine
KA20-16H-proto 1449.55 N-acetyl
C77H76N16014 glucosamine







Chapter

Background

2.1 Principles of Photophysics

Absorption

The absorption of electromagnetic radiation is how matter, especially electrons, take
up the energy of a photon, and transforms it into internal energy in the absorber [10].
Quantum mechanical particles such as electrons have discrete values of energy they may
inhibit, known as energy states. The electrons of an atom will typically exist in their
lowest energy state, known as the ground state. However, they may absorb an incoming
photon to temporarily excite to higher states (Figure 2.1.1). An excited electron will

usually quickly relax back to its ground state by releasing its excess energy.

Emission

One way for an excited electron to relax to its ground state is through the emission
of a photon. This is known as luminescence [12]. Luminescence is divided into two
categories, fluorescence and phosphorescence, depending on the nature of the excited
state. Fluorescence is emission of photons from the decay of excited singlet states, where
the excited state electron is of opposite spin to the second electron in the ground-state
orbital. Then, the return to the ground state is spin-allowed and occurs rapidly, with
a typical lifetime of around 1ns to 10ns. In phosphorescence, the emission of light
comes from triplet excited states, in which the excited electron and the remaining

ground-state electron have the same spin. This happens when the electron changes
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Figure 2.1.1: Absorption, fluorescence and phosphorescence illustrated in a Jablonski diagram.
The singlet ground state and first state are shown as black lines denoted by S, and S;, while the
triplet first state is denoted by T;. At each of these, vibrational energy levels may occur, shown as
grey lines. The dotted arrows symbolise non-radiative effects. [11]

spin after excitation through intersystem crossing (ISC), as depicted in (Figure 2.1.1).
Consequently, the transition back to the ground state is forbidden, causing slow emission
rates and lifetimes of the order of microseconds to milliseconds. Therefore, other non-
radiant relaxation mechanisms dominate, and phosphorescence is generally rare to

observe at room temperature.

2.2 Mechanisms of Photodynamic Therapy

The Photosensitizer

The photosensitizer (PS) in medicine is a drug which is delivered to the patient by
intravenous injection or topical application to the skin [1, 5]. Photodynamic therapy
(PDT) relies on a dual selectivity, where the cancer cells are targeted both by preferential
accumulation of the PS and by the controlled activation of it. The PS selectively targeting
the tumour cells can be achieved by exploiting inherent differences between tumour
tissues and healthy tissues. For example, tetrapyrroles (such as porphyrins and chlorins),

the most widely used PS type, show an inherent preference for tumour cells, thought to



CHAPTER 2. BACKGROUND  2.2. MECHANISMS OF PHOTODYNAMIC THERAPY

be caused by them binding favourably to special proteins displayed by tumour-associated
macrophages [13, 14]. In the case of aminolevulinic acid (ALA)-based PDT, the effect is
caused indirectly: ALA is one of the precursors in the heme biosynthesis pathway, and
by increasing the ALA concentration, the production of the fluorescent protoporphyrin
IX (PpIX), the next to last "step" in the pathway, is increased in turn. Here, the produced
PpIX compound possesses the photo-sensitising activity. Rapidly proliferating tumour
cells tend to exhibit increased enzyme activity in the heme synthesis pathway [15],
leading to increased levels of PpIX after ALA incubation compared to healthy tissue
[1, 16]. The selectivity of a PS could also be heightened by use of nanomaterials as
drug-delivery systems [17], or by conjugating the PS with ligands which target cell-
surface receptors over-expressed in tumour cells. Other properties of tumour cells and
environments which can be exploited for this purpose include changes in pH and pH
regulation [18], disorganised vasculature with increased vascular permeability [19],
increased tissue hypoxia [20], and increased glucose metabolism, known as the Warburg
effect [21].

After accumulating in the tumour, the PS is then selectively activated in the target
cells by shining light of a suitable wavelength on the tumour area. The wavelength
needs to be in a range where the PS has an absorption band. However, the possibilities
are restricted by the fact that visible light has very short penetration depth in tissue,
with deeper penetration at longer wavelengths [22]. To penetrate deep enough, light
in the range 600 nm to 1200 nm is needed [23]. However, as wavelengths longer than
800 nm provide too little energy to produce the reactive oxygen species that the therapy
relies on to kill the tumour, the window for effective phototherapy lies between 600 nm
to 800 nm. This allows for treatment of tumours situated up to 1cm deep in tissue
[24, 25].

To be activated by the light, the PS need to have an absorption band in this red/near-
infrared spectral region. Then, photons of a certain suitable energy will excite the PS,

allowing it to react with oxygen or biomolecules to create reactive oxygen species.

Reactions with Molecular Oxygen

An excited PS may create reactive oxygen species (ROS) in a cell through two pathways
[26]. Firstly, the excited PS may react with biomolecules to form free radicals. The free
radicals then further react with e.g. molecular oxygen (O5) to produce ROS such as e.g.
superoxide, hydrogen peroxide and hydroxyl radical. This process is known as Type 1

reactions. Type 1 reactions include several processes, and do not necessarily involve
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oxygen and/or the triplet state. Alternatively, the PS may react directly with molecular
oxygen to produce singlet oxygen (102) through Type 2 reactions (Figure 2.2.1). When
the PS is excited by a photon, it may relax back to the ground state by fluorescence, or
it can convert to a triplet state through ISC, as described in section 2.1. When the PS is
a triplet state, interaction with singlet-state compounds is forbidden. However, Q5 is
one of the very rare compounds to have a triplet ground state, allowing the transfer of
energy from the excited PS. The PS relaxes to its ground singlet state, while the oxygen
excites to a singlet state, becoming singlet oxygen. Type 1 and Type 2 reactions are
illustrated in Figure 2.2.1.

A — 02
- 7
S, 41 iVibrational Relaxation ‘\ e ROS

T

Intersystem

Crossing .
Absorption Ty “ Excited State
“ 4 Singlet Oxygen
Energy ‘l ,'
i1 Type II
[
AN
. I ~d 30 Ground State
0 ,’ 2 ) Triplet Oxygen
4
M

Ground State

Figure 2.2.1: Creation of ROS illustrated in a Jablonski diagram. The singlet ground state and
first state are shown as black lines denoted by S, and S;, while the triplet first state is denoted by
T;. At each of these, vibrational energy levels may occur, shown as grey lines. The dotted arrows
symbolise non-radiative effects. Examples of Type 1 reactions and products are depicted, but
other variants of these reactions also exist. (Figure drawn by B. Vindstad, 2019)

Both singlet oxygen and other ROS can cause damage to the cell. In addition, various
reactive nitrogen species also act together with ROS [27]. However, singlet oxygen
is the target of this study, and the discussion will therefore be limited to this species.
Singlet oxygen is very reactive and responsible for most of the lesions generated in PDT
[26]. In addition, the forbidden nature of the triplet state means that the lifetime of
this state is greatly increased compared to the singlet excited state, making a reaction

with Oy more probable. Thus, a high singlet-to-triplet ISC efficiency in the PS is very

10
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desirable for PDT.

Antitumor effects of Photodynamic Therapy

The antitumor effects of PDT are three-fold [28]. Firstly, and most importantly, PDT
will injure and kill tumour cells through the ROS produced, especially 105 [29]. ROS
are highly reactive oxygen radicals, and they are able to react with most cellular
macromolecules [30]. Thus, they can induce oxidative modifications in proteins, lipids
and deoxyribonucleic acid (DNA), all of which are crucial for cellular function. This is
known as oxidative stress. ROS are naturally generated in small amounts in the body
as a byproduct of metabolic reactions, and cells can counteract some oxidative stress
by way of neutralising agents (antioxidants) or repair mechanisms. However, with
increased production of ROS, the cell is unable to withstand the increased stress or
repair the damage caused, leading to cell damage and cell death.

Due to its high reactivity, singlet oxygen will only be able to diffuse up to 20nm in a
cell before reacting with a biomolecule [26]. Consequently, the intracellular localisation
of the damage depends on the localisation of the PS. Through selective localisation,
specific organelles such as mitochondria, the plasma membrane, the endoplasmic
reticulum or the Golgi complex could be targeted, which could influence the type of cell
death induced. For example, PSs which localise to the mitochondria have been found
to induce apoptosis to a greater degree than PSs that target other organelles [31, 32].

The second antitumor effect of the therapy is vascular damage. The ROS cause
irreversible damage to endothelial cells and the vascular basement membranes in the
tumour, leading to haemorrhages in the tissue and the collapse of vasculature [33].
This inhibits the oxygen and nutrient supply in the tumour, which in turn arrests tumour
growth and kills tumour cells [34].

Both the above effects will also contribute to the initiation of the third antitumor
effect of PDT, which is the triggering of the body’s immune system, specifically its
inflammation response. The phototoxic damage to the tumour cell membranes trigger
the local production of proinflammatory cytokines and chemokines. These, in turn,
trigger the accumulation of neutrophils and other inflammatory cells at the site, which
attack the tumour cells [34, 35].

Singlet oxygen and DNA damage

All four bases of DNA are susceptible to oxidative damage from 102 and other ROS,

due to their highly reactive nature. However, of the four, guanine has the lowest

11
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reduction/oxidation potential and is therefore more susceptible to oxidation [36]. 8-
oxo-7,8-dihydro-20-deox-yguanosine (8-oxodG) has been identified as one of the main
products of the reaction of 102 with DNA, but multiple other products may be formed,
and 10, may react further with 8-0xodG to form other final products as well [37]. This
damage has been found to directly affect several enzymes of the cell core metabolism,
and been shown to cause mutagenesis in the cell [38], especially G to T transversions
[37]. Such mutations in DNA may decrease the viability of the cell, and may cause cell

death or permanent arrestation.

12
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2.3 Cell Biology Concepts

The Cell Cycle

The cell cycle is an ordered series of events in which the cell grows, duplicates its DNA,
and divides, creating two daughter cells [39]. The growth and DNA replication takes
place in the interphase, while the act of division is denoted the mitotic phase. Interphase
is further divided into three subphases: G-phase, where the cell grows and accumulates
energy, S-phase, where the DNA synthesis takes place, and Gy-phase, where the cell
replenishes its energy stores and prepares for mitosis. Cells at different stages may be
distinguished by the amount of DNA present in their nucleus. The cycle is illustrated in
Figure 2.3.1.

Figure 2.3.1: Schematic representation of the cell cycle. Outer ring: I = Interphase, M = Mitosis;
inner ring: M = Mitosis, G1 = Gap 1, G2 = Gap 2, S = Synthesis; not in ring: GO = Gap 0/Resting.
Figure by Richard Wheeler, Wikimedia Commons, 2006 [40].

At several points in the cell cycle, checkpoints function to ensure proper division
of the cell into viable daughter cells. If DNA damage is detected at the checkpoints,
the cells’ progression through the cycle is arrested until the damage is repaired [39].
One of the most clearly defined checkpoints is the Gy-phase checkpoint, which prevents
progression to M-phase if the DNA replication is incomplete, but many other checkpoints
exists throughout the cell cycle [41].

DNA damage repair

DNA damage is an abnormal alteration in the DNA structure that may cause cellular

injury or reduce the viability of the cell [42]. DNA damage may be intentionally inflicted

13
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through cancer treatments such as radiation, chemotherapy and PDT, but also occurs
naturally through normal metabolic activity. Thus, a number of pathways to localise
and repair these lesions have evolved. In a healthy cell, repair pathways keep the cell
viable and prevent mutations in the genomic material which may lead to cancer. In
cancer therapy, the repair pathways are an obstacle, as they allow the cancer cell to
resist the treatment by repairing the damage inflicted.

DNA damage may take the form of abnormal alterations to a base site. Alternatively,
single strand breaks (SSB) and double strand breaks (DSB) may occur, where one or
both strands of the helix are cleaved. Each type of damage requires different repair
strategies. As discussed in section 2.2, the main interaction of ROS such as 102 and
DNA is the oxidation of bases, especially guanine, causing the DNA strands to be altered
but unbroken. The main DNA repair pathways implicated in the correction of such
lesions are nucleotide excision repair (NER), base excision repair (BER) and mismatch
repair (MMR). Of these, BER is thought to be the main pathway for oxidative damage.
In this process, the position of the damaged base is signaled, and repair proteins are
recruited to the site. The affected base is excised and removed, followed by renewal
by transcription using the undamaged opposite strand as blueprint. This results in
complete repair of the damage, preventing mutagenesis such as G to T transversions
[37].

Modes of cell death

If not repaired, damage caused to the cell may lead to cell death through two main
pathways: apoptosis or necrosis. Apoptosis is a programmed form of cell death, meaning
it is initiated and regulated by the cell. Cell death through apoptosis happens naturally
as a part of numerous physiological processes in the body, but may also be provoked
by malignant circumstances, such as in cancer treatment [43]. Apoptotic cell death
morphology includes cell shrinkage and membrane blebbing, followed by formation of
small, membrane-enclosed apoptotic bodies containing the organelles of the cell. These
bodies may then be phagocytosed and digested by neighbouring cells. This process,
in contrast to necrosis, is a natural death for a cell, and thus does not trigger any
inflammatory response in the body.

Necrosis, on the other hand, is the death of a cell as a consequence of external
factors such as toxins, trauma and infection. Necrotic cells will swell rapidly. The
internal structures of the cell, such as the nucleus, become fragmented, followed by the

plasma membrane collapsing. The membrane, cytoplasmic structures and nucleus will

14
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Figure 2.3.2: Illustration of the structural changes of cells undergoing necrosis and apoptosis.
(B. Vindstad, 2019)

dissolve, and fragmented DNA strands, proteins and organelles leak into the environ-
ment. The release of these products of cell death into the extracellular space triggers
an inflammation response in the tissue [44]. Apoptosis and necrosis are illustrated in
Figure 2.3.2.
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Theory and Methods

3.1 Optical Spectroscopy

Both the spectral and temporal properties of a luminescent molecule can change de-
pending on its surroundings (polarity, viscosity, pH etc.). From basic spectroscopy
measurements (absorbance, luminescence and lifetime), one can ensure that a molecu-
lar system is acting as expected, which allows for comparisons with similar systems in
literature. Besides, many spectral parameters can be measured using a fluorescence
microscope at various positions, e.g. in a cell. Therefore, it is useful to know these basic
properties of the systems prior to microscopy investigation. This section describes the

theory behind optical measurements performed in this project.

Absorption Spectroscopy

The absorbance of a material characterises the amount of radiation absorbed in relation

to the amount of radiation received. The absorbance A of a material is given by [45]:

&
t

where ®; denotes the radiant flux received and ¢, denotes the radiant flux transmitted
by the material. The Beer-Lambert law relates the absorbance of a material to its
concentration c, its molar attenuation coefficient €, and the path length [ of the light
through the material [45]:

17
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A=¢ecl (3.1.2)

As seen in Figure 2.1.1, an electron will have discrete quantum mechanical energy
levels to which it can be excited. Absorption of radiation to excite the electron is more
likely when the incoming photons’ frequencies correspond to the energy difference
between two states. Consequently, the absorbance of a material changes depending
on the wavelength of the incident light. In a spectrophotometer, the absorbance for a

range of wavelengths may be measured, and the absorption spectrum can be found.

Lamp
Monochromator
Detector Reference
Beam
/] splitter
—_— Mirror
Computer Detector = Sample

Figure 3.1.1: Schematic setup of a double beam absorption spectrophotometer. (Figure drawn
by B. Vindstad, 2019)

In Figure 3.1.1, the setup for a double beam absorbance spectrophotometer is illus-
trated. Radiation of different wavelengths is sequentially applied to a dissolved sample,
contained in a glass cell. A monochromator ensures that only a single wavelength is
applied to the sample at a time. A detector measures the light transmitted through the
sample. The absorbance is then found from equation (3.1.1). This value is the sum of

the absorption of the glass, the solvent and the molecule of interest:

Atotal =Amaterial T Asolvent TAcell (3.1.3)

In order to isolate the absorbance of the sample, a reference measurement of
an equivalent glass cell containing solvent only is measured simultaneously. When
the absorbance value of the reference is subtracted from the one of the sample, the
absorbance spectrum of the material only is obtained.

There are alternative techniques to measure an absorption spectrum. Using an
array detector, a full spectrum can be measured in one instance. This requires a broad

band light source. In order to set the absorbance A in equation 3.1.1, the spectrum

18
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must be recorded twice, with and without solute. This technique is useful for transient

experiments.

Luminescence Spectroscopy

Measuring the number of emitted photons as a function of wavelength results in an
emission spectrum [12]. As can be seen from the Jablonski diagram (Figure 2.1.1),
relaxation from a higher to a lower vibrational state within the same electronic state
does not emit a photon. Typically, vibrational relaxation in fluorescence happens very
rapidly, dissipating the excess energy and leaving the electron in the lowest vibrational
level of S1 before relaxation to the ground state, no matter the absorbed energy. Also,
the electron may relax to a higher vibrational state within the ground state. This causes
the emitted photons to typically be of lower energy than the photons absorbed to excite
the electron. The emission spectrum will thus be shifted towards longer wavelengths
compared to the absorption spectrum. Importantly, it will also generally be independent

of the excitation wavelength.

Excitation

g light Sample

Lamp Monochromator / \\

Luminescence
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— @ 454—6 Detector

Computer Amplifier

Figure 3.1.2: Schematic setup of a luminescence spectrophotometer. (Figure drawn by B.
Vindstad, 2020)

The emission is usually measured using a 90° configuration (Figure 3.1.2) to reduce
the background signal from the excitation source. Therefore, luminescence spectroscopy

is very sensitive, and single photons can be detected.
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Quantum Yield

The quantum yield (QY) of a fluorophore is the number of photons emitted relative to
number of photons absorbed. The QY depends on the fraction of fluorophores which

decay through emission versus through nonradiative decay [12]:

r

3.1.4
I'+kpr ( )

Q=

Here, I denotes the emissive rate constant, and k- the rate constant of all nonradia-
tive decay processes, grouped together. The QY may be close to unity if the radiationless
decay rate is much smaller than the rate of radiative decay.

The QY of a sample may be found through comparison to a different compound
with known QY values. The relative QY of two samples is given by

2
Px _Aref Fx M

= > (3.1.5)
Pref  Ax  FRres Mef

Where 'X’ denotes an unknown sample and and 'Ref’ a known reference sample (see e.g.
K. Rurack and M. Spieles, 2011 [46]). A is the absorbance at the excitation wavelength,
F is the corrected integrated fluorescence spectrum, and n is the refractive index of the
solvent. By measuring and integrating the fluorescence spectra for several absorbance
values for each sample, a linear relationship can be found. The gradient of the linear

fitted equation is then given by

Grad; = —!, 3.1.6
VY ( )
reducing 3.1.5 to
¢ Grad n2
X = L. X (3.1.7)
¢R€f Gl’adRef n

Ref

from which the unknown QY value can be calculated.
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Fluorescence Lifetime

A fluorophore which is excited by a photon will relax back down to the ground state
with a certain probability, based on the decay rates of the different available pathways.

The fluorescence emitted will decay exponentially [12]:

I(t) =Ipet/" (3.1.8)

The fluorescence lifetime 7 is the average time the molecule spends in the excited state

before returning to the ground state. T is given by:

1
T =
T +kny

The lifetime is usually measured with a configuration such as in Figure 3.1.2.

(3.1.9)

The lifetime is not only important to assess the nature of the luminescence (fluores-
cence vs. phosphorescence as depicted in Figure 2.1.1), but is also a sensitive monitor
of the environment of a luminescent molecule [47]. Dynamic polar groups usually
shorten the lifetime, whereas hydrophobic unpolar environments extend the lifetime.
Special fluorescent molecules may be designed to report such molecular properties in

proteins, membranes and various cellular compartments [12].
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3.2 Microscopy

Bright and Dark Field Microscopy

Bright-field microscopy is the simplest form of optical microscopy [48]. High-intensity
light is emitted by an illuminator and focused onto the sample by a condenser lens.
The light from the illuminator is transmitted, absorbed, reflected or refracted by the
sample depending on its properties, and the image is collected and magnified through
objective lenses and the ocular lenses of the eyepiece. The result is a bright background
image with the structures of the specimen appearing darker, depending mainly on their
thickness, density and light absorption.

In dark-field microscopy, a small, opaque disk is placed between the illuminator
and the condenser lens. The disk stops most of the light from reaching the sample,
leaving only a hollow cone of focused light. The light in this cone is not collected by
the objective lens unless it is refracted or reflected by structures in the specimen. The
result is bright objects on a dark background image, which enhances the contrast for

weakly absorbing samples.

Fluorescence Microscopy

Fluorescence microscopy is used to image fluorochromes in a sample. Excitation light
of wavelengths absorbed by the fluorochrome is transmitted to the sample, and the
resulting fluorescence is collected. The excitation light is filtered out, so that only
the fluorescence passes through the ocular lens. This produces an image with the
fluorochrome visible in bright colors against a dark background. This is the most
sensitive form of optical microscopy, and single emitters can be detected by repeated

measurement using a pulsed laser.

Confocal Laser Scanning Microscopy (CLSM)

The confocal approach to fluorescence microscopy is the use of spatial filtering techniques
to eliminate signal from outside the focal plane [49]. This way, one can capture two-
dimensional images from different depths, known as optical sections, from specimens
whose thickness exceeds the plane of focus. A confocal microscope achieves this by the
use of point illumination. In traditional wide-field fluorescence microscopy, the entire
specimen is evenly illuminated and all parts of the sample is excited at the same time.

The resulting fluorescence detected in the microscope thus includes a a large amount
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of unfocused background light. Confocal laser scanning microscopes focus the laser
at the focal plane, limiting the volume of the specimen receiving excitation light, and
block out any out-of-focus fluorescence by using a pinhole in an optically conjugate
plane in front of the detector. This greatly increases the axial resolution compared to
wide-field microscopes at the cost of decreased signal intensity. To offset the drop in
signal, CLSM microscopes utilise very sensitive detectors to acquire the light intensity,

usually photomultiplier tubes.
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3.3 Colocalization

One application of fluorescence microscopy is to see the subcellular distribution of
molecules [50]. To achieve this, antibodies and other molecules which bind to certain
organelles or biomolecules with high specificity may be marked with fluorescent dyes.
The fluorescence from these dyes may then be used to localise the molecule in the sample,
which in turn localises the organelle to which it binds. In this way, the fluorescent dye
is used to visualise the target biomolecule. Alternatively, the signal from the dye can be
compared to other fluorophores present in the cell, and used to help determine their
distribution among the organelles. As an example, if signal from a fluorophore overlaps,
or colocalizes, with signal from a dye which stains mitochondria, this may indicate that
the fluorescent molecule has a preference for mitochondria as well. An example of a
cell stained with different dyes is shown in figure 3.3.1.

Figure 3.3.1: An image of a human cancer cell dividing. The cell is fixed and imaged in an
epifluorescence microscope. DNA is stained blue, centromeres green, and microtubules red.
Image by E Lamiot, Wikimedia Commons, 2010 [51].

In order to measure this colocalization, several different approaches are possible.
The easiest, and most used, is to simply create an overlay image of e.g. the red and
green channels, and visually assess the amount of yellow pixels in the combined image
[52]. This method is quick and straightforward, but may be misleading. Intermediate
colour can only be obtained if the intensities of the signal from the fluorophores are
similar. Even small changes in the relative intensity of two probes can completely alter

the combined colour in the overlay image, and impact the perception of colocalization
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[50]. Therefore, the degree of colocalization is visually apparent in this way only under
very specific labeling conditions, where fluorescence of the different probes occurs in
equal proportion. This section will present some of the methods available to quantify

colocalization in fluorescence images.

Correlation vs. co-occurrence

What is collectively referred to as colocalization analysis actually consists of two disinct
sets of methods. These measure two separate phenomena: Co-occurrence or corre-
lation [53]. Co-occurrence describes the extent of the spatial overlap between two
fluorophores, while correlation describes the degree to which the abundance of two
spatially overlapping fluorophores are related. The difference is illustrated in figure
3.3.2. Co-occurrence measurements can be used to determine what proportion of a
probe is present in a particular area, but does not give any information on concentration
relationships between two probes. Correlation can be used to find functional relation-
ships between two overlapping probes, but does not measure their spatial co-occurrence.

Neither are direct measurements of molecular interaction.

Figure 3.3.2: Correlation vs. co-occurrence. A: An example of high correlation (PCC = 0.99)
and low co-occurrence (MOC = 0.22). B: An example of high co-occurrence (MOC = 0.68) and
low correlation (PCC = 0.1). POC and MOC are defined in equation 3.3.5 and 3.3.2. (B. Vindstad,
2020)

For the fluorescence images used in this thesis, the co-occurrence of PSs and labelling
dyes were of greatest interest. Therefore, only methods determining this property were
utilised. However, for completeness, methods for both properties and their uses will be

explored in the following sections.
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Co-occurrence: Area analysis

The simplest method for co-occurence analysis is to measure the area of the overlap
between the signals of interest. In this calculation, intensity values above a certain
threshold are set to one, while the rest of the signal is set to zero, dividing the image
into binary areas of signal or no signal. This process is illustrated in figure 3.3.3. The
signal area overlap, or intersection, from two channels may then be expressed as a

percentage of the total (union) area:

A. .
Overlap percentage = intersection x 100 (3.3.1)
AR +AG —Aintersection

Where AR designated the area of red signal (visualised in 3.3.3D), A; designated the

area of green signal (3.3.3E), and A;ptersection designates the union area of both green

and red signal (3.3.3F).

C
®

Figure 3.3.3: An illustration of simple area analysis. A: Image consisting of two channels,
separated in B and C. D, E: A binary threshold is applied to the red and green channels. F: The
intersection area of the two channels. G: The union area of the two channels. By dividing the
area of F by the area of G, the overlap for this image is found to be 15 %. (B. Vindstad, 2020)

G

As simple area analysis is an intuitive and easily implemented method to measure
co-occurrence, this is one of the methods used for the colocalization analysis in this
thesis. This method is quick, simple and the resulting percentage value is easy to
interpret. However, all information on differing intensities, or the abundance of the
probes, is discarded when the binary threshold is applied. In situations where the

relative concentrations of probes are of interest, other methods should be used. Finding
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the appropriate threshold value can also be a challenge, and is susceptible to user bias if
done manually. Thresholds appear in other methods, as well, and are discussed further

later in this section.

Co-occurrence: Mander’s Overlap Coefficient

One alternative metric is Mander’s overlap coefficient (MOC). For a red/green channel

image, MOC is given by [54]:

o 2iR)x(6y)
V2iR)? x 25:(G;)?

Here, R; and G; refer to the it" above-threshold pixel value in the red and green

MOC (3.3.2)

channels, respectively.

MOC takes into account the difference of intensities in the overlapping pixels, giving
more weight to higher intensities. This preserves more information compared to simple
area analysis. MOC is also robust against the effect of an increasing signal-to-noise
(SNR) ratio. However, the coefficient is strongly influenced by the ratio of the number of
pixels in each channel. This means that MOC is more accurate for images with roughly
equal numbers of red and green pixels, which limits its usefulness. It is also sensitive to
out-of-focus signal and other unwanted signal sources, as these increase pixel intensity
and inflate the MOC value.

It is sometimes of more interest to quantify the fraction of one probe that co-occurs
with a second probe. For this purpose, MOC may be divided into Mander’s correlation
coefficients (MCC). For two probes R and G, two MCC values are derived, M; and My
[54]:

Z'Ri,colocal R; ifG; >0,

M = l Ri colocal = ) (3.3.3)
2iRi 0 ifG;=0,
i Gi colocal G; ifR; >0,

My == Gicolocal = ) (3.3.4)
2 Gi 0 ifR;=0,

This simply gives the fraction of total R fluorescence that is found in pixels where
G fluorescence is present, and vice versa. This "split" coefficient for co-occurrence is a
better fit for images where the two probes are present in differing amounts, as is the

case for the images studied in this thesis. Therefore, Mander’s correlation coefficients
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(MCCQC) were used in addition to simple area analysis for colocalization analysis in this

project.

Correlation: Pearson’s Correlation Coefficient

To quantify correlation of two probes, Pearson’s correlation coefficient (PCC) can be
used. PCC compares the deviation from the mean intensity for each colour in each pixel.

For an image consisting of red and green channels, PCC is given by

>i(Ri—R) x (G;—G)
\/Zi(Ri —R)2 x 33:(G; — G)2

where R; and G; refer to the intensity values of the red and green channels in pixel i,

PCC =

(3.3.5)

and R and G refer to the mean intensities of the red and green channels across the entire
image [55]. PCC values range from 1 to -1, where a value of 1 represents perfectly
linearly related red/green fluorescence intensities, or complete colocalization, and -1
represents images whose fluorescence intensities are perfectly inversely related, or
complete exclusion. Values near zero reflect uncorrelated signal. The relationships
between the red and green intensities are visualised in scatterplots in figure 3.3.4.

The main advantage of PCC is its simplicity and the fact that it is independent
of signal level and signal offset [50], as the mean intensity is subtracted from each
pixel’s intensity values. However, the coefficient has some major drawbacks. Since the
deviation from the mean signal is evaluated, PCC is sensitive to differences in intensities
from different components in the image. Therefore, PCC may be inaccurate for an image
with cell-cell or organelle variability in probe intensity. The measurement is sensitive
to noise, and can be artificially inflated by the presence of background pixels. These
seemingly empty areas will contain some red and green signals significantly below their
average levels, which is interpreted as colocalization. Therefore, regions of interest
should be identified before analysis, which can be complicated and time-consuming,
and it might not be possible to account for all empty intracellular regions. Lastly, while
the meaning of PCC values near 1 and -1 are generally clear, intermediate values, in
particular negative ones, can be difficult to interpret.

Also, PCC increases when the scatterplots of the pixel intensity of two images are
linearly related. However, in some cases, the correlation may be present but non-
linear. In these situations, PCC will underestimate the correlation. To address this issue,
Spearman’s rank correlation coefficient (SRCC) can be used [56]. SRCC is equivalent to

PCC, but applied to pixel intensity ranks as opposed to the intensities themselves. The
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lowest pixel intensity is assigned a rank of 1, the second lowest a rank of 2, et cetera. If
multiple pixels have the same intensity, that value is assigned an average rank. This

linearizes the scatterplots, so that the correlation coefficient becomes applicable.

Correlation: Li’s approach

Another method to quantify correlation is Li’s approach [57][58]. First, assume that the
variations from the mean intensity for each channel sums to zero: Zi(Ri —R)=0and
>.:(G; —G) = 0. Then, for two sets with random staining intensities, the product of
these equalities should tend to zero. However, in the case of correlation, the intensity of
both channels will vary in the same direction relative to their respective mean intensity
values. Thus, (R; —R) and (G; — G) will more often be of the same sign, and the sum
of their product will tend to a positive value. Likewise, anti-correlation will cause
the variations to be of opposite signs more often, leading to a negative product value.
When the intensities of R and G are plotted as a function of the (R; —R) x (G; -G),
random distributions will have a roughly equal amount on either side of the x =0
line, dependent distributions will have a majority on the positive side, and segregated
distributions will have a majority on the negative side. This is illustrated in figure 3.3.4.

The correlation found from this analysis may be expressed by the intensity correlation
quotient (ICQ), where the amount of pixels on the positive side of the plot is simply
divided by the total number of pixel pairs. To distribute the quotients in the -0.5 to
0.5 range, 0.5 is subtracted from this value. Then, random staining gives ICQ ~ O,

correlation gives 0 < ICQ < 0.5 and anti-correlation gives 0 > ICQ > —0.5.

The Costes method for threshold determination

For the methods discussed above, it is of importance to separate the background pixels
from the signal pixels. Most are products of signal intensities, so that pixels where one
or both channels have zero value are not included. However, the value of background
pixels in fluorescence images are rarely actually zero, as they may contain signal from
light leakage, autofluorescence, out-of-focus fluorescence, or from a positive offset in
the detector stage. The easiest method for eliminating this background signal is to set
all pixels below a threshold value to zero, as is done in simple area analysis. However,
finding the appropriate threshold value may be challenging, especially for images where
the probe signal occurs in structures with fluorescence intensity similar to that of the
background. For these images, the resulting quotients can be sensitive to even small

changes in the threshold value. Thus, with a manual threshold process, the result is
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Figure 3.3.4: An illustration of the relationships between signal intensity and Li’s intensity
correlation analysis for two channel images.

A: Random distribution of red and green values. The plot of green vs red pixel intensities show
no relationship. Li’s ICA gives equal amounts on either side of x = 0.

B: A dependent distribution of red and green values. The plot of green vs red intensities show a
clear linear relationship. Li’s ICA shows a majority on the right side of x = 0.

C: An inversely related distribution of red and green values. The plot of red vs green intensities
show a negative linear relationship. Li’s ICA shows a majority on the left side of x = 0.

(Figure by B. Vindstad, 2020)
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vulnerable to user bias, and may vary depending on the person deciding the threshold
value.

In order to avoid this subjectivity, Costes’ method for automatic threshold deter-
mination can be used [59]. By iteratively calculating the PCC for different threshold
values, this method determines the thresholds for which the PCC for the pixels below
the thresholds equals zero. Then, the pixels above the threshold have correlation >
0, while the pixels below the threshold have none or anti correlated intensities. The
Costes method is fully reproducible, and will yield similar threshold for similar datasets,
eliminating the unreliability of manual thresholding.

While automatic threshold determination would lead to greater dependability for
the colocalization analysis, Costes’ method was not implemented in this project due to

time limitations. Instead, thresholds were set manually for each image.
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3.4 Statistical analysis

This section details the statistical methods utilised in analysis of the data gathered in
the thesis. The specific methods used for each data set are denoted in figure legends in

the Results section.

Standard error

The standard deviation (SD) is a measure of the amount of variation within a set of

values. The SD of a sample may be estimated by

N
1
~ [ )2
o~ N 1i_gl(xl X) (3.4.1)

where xq, X2, ..., Xy are the observed values, X is the mean value of the observed
values, and N is the number of observations in the sample.

The standard error of the mean (SEM) can be found from the SD:

= 3.4.2
o% Wi ( )

where o is the SEM, o is the SD and N is the number of observations in the sample

from which the mean is found.

Non-parametric bootstrap confidence interval

The bootstrap is a data resampling methodology for assessing the accuracy of estimates
and making inferences about unknown parameters in statistical analysis [60, 61]. The
method is based on drawing independent samples from the same data-set from which
the target statistic was calculated. It then re-calculates the target statistic on each draw,
and the resulting empirical distribution is used as an estimate for the true distribution
of the target statistic. Consequently, the method can be used to estimate confidence
intervals without making assumptions about the shape of the population distribution.
The standard methodology, in contrast, relies on the assumption of normally distributed
data, then uses the SD to estimate confidence intervals. However, the distribution of cell
viability, which was studied in this project, is truncated, which an assumption of normal
distribution would not account for. Moreover, the overall shape and symmetry of the

distribution is unknown, making the standard methodology potentially misleading. The
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non-parametric bootstrap avoids the assumption of normal distribution while being
relatively simple to implement.

The procedure for estimating the (1 — a) bootstrap confidence interval for a statistic
6 is as follows:

1. Generate b boostrap samples by sampling with replacement from the data set

from which the target statistic 6 was found.
2. For each bootstrap sample, calculate sample the statistic 6*.

3. Estimate the % and 1— % percentiles of the distribution of éi*, denoted by 0%
2

and é;‘ > respectively.
2

4. A (1—a) x 100% bootstrap percentile confidence interval for 6 is given by

[é;, éj_g]. (3.4.3)
2 2

Error propagation

For a function f (x, y), where two independent variables x and y each have an associated
uncertainty Ax and Ay, Af is given by [62]:

o) +(35ar)
Af = —A +| —A 3.4.4
f \ ( 5. Ax 5y 2 (3.4.4)
This is know as Gauss’ law of error propagation. For any function on the form
e, y) =AxyP, (3.4.5)
3.4.4 simplifies to
A Ax)? Ay\?
Af _ (a_x) +(b_y) (3.4.6)
f x y
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Chapter

Materials and Methods

4.1 Chlorins

The chlorins investigated in this project were synthesised and supplied by Dr. Katriann

Arja at Department of Science and Technology, Linkoping University. An overview of

chlorins, including chemical formula and properties, are summarised in Table 4.1 and

presented in full in Table 1.1. Synthethic schemes and larger images of the chemical

structures are included in Appendix A.

Table 4.1: Properties of the chlorins investigated in this project, supplied by Dr. Katriann Arja,
Linkoping University. The chemical structures of the chlorins are shown in Table 1.1, and included
in larger size in Appendix A.

Attached Chemical Molecular
compound formula weight [g/mol]
KA20-10.2 Alkynes C57H42N802 871.02
KA20-11H Glucose C73H70N14014ZH 1432.83
KA20-11H-proto Glucose C73H79N14014 1367.45
KA20-15H Galactose C73H79N14014Zn 1432.83
KA20-15H-proto Galactose C73H79N14014 1367.45
N-acetyl
KA20-16H glucosamine C77H76N16014Zn 1514.93
N-acetyl
KA20-16H-proto glucosamine C77H76N16014 1449.55
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4.2 Optical measurements

Absorption Spectroscopy

To account for any difference in beam intensity of the two paths of light in the spectrome-
ter (see Figure 3.1.1), a baseline measurement was made before finding the absorbance
spectrum of the chlorins. This was done by measuring two equal glass cuvettes with
the solvent tetrahydrofuran (THF), one as reference and one as sample cuvette. After
the baseline measurement was performed, the chlorin was dissolved in THF in the
sample cuvette, and measured against the same reference cell. To calculate the molar
attenuation coefficient of the compound, the absorbance values were divided by the
concentration and path length in accordance with the Beer-Lambert Law (equation
3.1.2) and common procedures for absorption spectroscopy.

Emission Spectroscopy

To measure the emission spectrum, the chlorins were dissolved in ethanol (EtOH) was
excited at A = 422 nm. Emitted photons were collected at a wavelengths from 400 nm
to 800 nm. To account for any emission from the solvent and wavelength dependent
sensitivity in the detection system, a baseline measurement of solvent only was made
with identical excitation wavelength and machine settings. This baseline was found to

be very weak, but was anyway subtracted from the final emission spectrum.

Quantum Yield Calculation

In this project, zinc-tetraphorphyrrin (Zn-TPP) was chosen as reference for the in-
vestigated molecules, due to its structural and optical similarities to chlorins. First,
measurements of sulforhodamine 101 were taken. This compound has a known quan-
tum yield value of 0.95+0.02 [63]. From this, the quantum yield of the reference
molecule Zn-TPP was calculated to 0.0278 £ 0.0006 using equation 3.1.7, and Gauss’
law of error propagation (equation 3.4.6). The quantum yields of the chlorins were
then found using Zn-TPP as reference compound in the same way. It was assumed that
the QY of Zn-TPP is independent of excitation wavelength, allowing the value found to
be used for measurements at frequencies suitable for the chlorins. To reduce inner-filter
and re-absorption effects, the absorbance values of the samples used were kept near or

below 0.1. In all QY measurements, EtOH was used as solvent.
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Lifetime Measurements

The lifetime measurements of the samples were conducted using Time-Correlated
Single-Photon Counting (TCSPC). The principle of the TCSPC technique is the detection
of single photons and the measurement of their arrival times in respect to a reference
signal, usually the light source. The statistical probability distribution for the emission
of these photons is equivalent to the actual intensity versus time distribution for all
photons emitted. From this, the exponential decay rate constant, or the lifetime of the
molecules is found [12].

The chlorins were dissolved in THF and were excited at A = 403 nm. To avoid
multi-photon events, the solutions were diluted until the photon rate from the samples
were less than 1% of the photon rate from the exciting lamp. The experiments were
continued until the peak channel reached 5000 counts.
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4.3 Cultivation of AY-27 cells

For the cell experiments, the cell line AY-27 was used. This cell line originates from a
transitional cell carcinoma in a rat bladder, and was supplied by Professor Steven H.
Selman from the Medical College of Ohio, Toledo, USA in 2004. The cells were grown
in sterile 75 cm? culture flasks, in RPMI-1640 growth medium (Catalogue No. R0883,
Sigma Aldrich). The medium was supplemented with 10% fetal bovine serum (FBS)
(Catalogue No. F-7524), 0.33% L-glutamine (200 mM, Catalogue No. G-7513), and 1%
penicillin/ streptomycin (10 U/mL/10 g/mL. Catalogue No. P-0781). All supplements
were obtained from Sigma Aldrich. The cells were kept in a incubator at 37 °C in a
humidified atmosphere containing 5% CO».

Twice a week, after reaching 80-90% confluence, the cell cultures were split into
new flasks, one with 2- 10° cells and one with 0.5-10°. The flasks with the larger initial
populations were used for the subsequent sub-culturing, while the others were kept
for two weeks as backup in case of infection of the main population. When splitting
the cultures, they were first observed in a microscope to visually confirm their health,
growth and confluence, to make sure there was no infection or contamination. Then,
the medium was removed from the flask, and the cells were washed once in phosphate-
buffered saline (PBS) to discard dead cells and traces of old medium. The cells were
detached from the flask by adding 3 mL typsin/EDTA solution (0.25%/0.02%, Catalogue
No. T-4049, Sigma Aldritch) and incubating at 37 °C for 5 minutes. The trypsinated
cells were then transferred to a test tube and centrifuged at 1500 RPM for 5 minutes,
causing the formation of a cell pellet in the bottom of the tube. This allowed for the
removal of the trypsin/EDTA while leaving the cells. Simultaneous to the centrifuging,
a small amount of the suspension was transferred to a Biirker chamber and counted
in a microscope, to find the total number of cells in the cell pellet. This process is
described in Appendix B. Then, the cell pellet could be resuspended in the tube with an
amount of new medium corresponding to a final concentration of 10° cells/ml. From
this suspension, the two new flasks of 2- 10° and 0.5-10° cells were sown, and medium
was added for a total of 15mL per flask. In addition to the sub-culturing, the cells

underwent medium change and washing in PBS once a week.
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4.4 Cytotoxicity Assay

The cytotoxicity of chlorins KA20-11H-proto, 15H-proto and 16H-proto (Table 1.1) was
measured by alamarBlue cell viability assay. This section presents the experimental

design and the different stages of this experiment.

AlamarBlue® cell viability assay

The alamarBlue reagent contains a cell permeable, non-toxic compound called resazurin
[64]. In its initial state, resazurin is a weakly fluorescent blue indicator dye. In response
to cellular metabolic reduction (REDOX), resazurin is reduced to resosurfin, which is
pink and highly fluorescent. The intensity of the fluorescence is proportional to the
number of respiring, i. e. living, cells. Due to the light sensitive nature of the reagents,
the assay was performed under dark conditions.

Day 1 - Seeding of cells

The cells were trypsinated, centrifuged, and counted by the same procedure as described
in section 4.3. Then, cells diluted in growth medium 0.015 x 10° cells /mL were seeded
in a 96-well black plate (Costar® Corning Incorporated, Catalogue No. 3603, Sigma
Aldrich), with 200 pL. (3000 cells) per well. The outermost rows of the plates were left
empty to act as reagent-only baselines. The cells were incubated for 24 hours (37 °C,
5% COy).

Day 2 - Incubation with PS

The next day, the medium in the wells was removed, and cells washed once with PBS
(150 uL). The PSs was then mixed with new growth medium in 8 different concentra-
tions, ranging from 0.05 uM to 100 uM. For each concentration, 200 pL was added to 8
of the 96 wells in the plate. Of the remaining 32 wells, 16 were refilled with growth
medium to act as control group, and the 16 outermost wells were kept empty. From
this point on, the wells were kept covered by aluminium foil when not handled, and

otherwise kept in minimal lighting. The cells were again incubated for 24 hours.

Day 3 - Removal of PS

To remove the PS, the cells were washed thrice with PBS (150 uL). Fresh medium
(200 pL) was added, and the cells were incubated for 24 hours to allow any damage
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inflicted time to manifest.

Day 4 - AlamarBlue assay

The medium was removed to prepare for the alamarBlue assay. Then, fresh medium
with 10 % alamarBlue reagent (Catalog no. DAL1025, Invitrogen) was added to each
well. The cells were incubated at 37 °C in darkness for 3 hours. Then, the fluorescence
(exitation wavelength 570 nm, emission wavelength 585 nm) of each well was read
in a plate reader (SpectraMax i3, Molecular Devices). By plotting the fluorescence
emission intensity versus compound concentration, cell viability for each group could
then be determined. First, the average value of the reagent only (no cells) wells were
subtracted from the average values of all other groups. The average fluorescence
intensity measured from the control wells was assigned to correspond to 100 % cell
viability. The cell viability for each treated group was then calculated using the formula

below.

I
% Cell viability = —23d 1009 (4.4.1)

Control
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4.5 Photodynamic therapy (PDT)

Investigations were made to determine the photosensitizing effects of selected chlorins
(KA20-10.2, -11H, -11H-proto, -15H-proto, -16H-proto) on AY-27 cells. This section
presents the experimental design and the different stages of this experiment.

LumiSource® lamp

For the illumination of the AY-27 cells, a LumiSource® lamp from PCI Biotech, Oslo,
was used. The lamp is designed specifically for homogeneous illumination of cell dishes,
which were placed on top of the lamp and illuminated from below. The light emitted
from the lamp is in the range of 400 nm to 550 nm, with a peak at 435 nm. The emission
spectrum of the lamp is included in Appendix G. The intensity of the lamp has previously
been measured by Prof. M. Lindgren (NTNU, Trondheim, Norway) to 13 mW/ cm?.

Day 1 - Seeding of cells

The cells were trypsinated, centrifuged, and counted by the same procedure as described
in section 4.3. Then, cells diluted in growth medium (0.01 x 100 cells /mL) were seeded
in 8 x 96-well black plates, with 200 uL (3000 cells) per well. The outermost rows of
the plates were left empty to act as reagent-only baselines. The cells were incubated
for 24 hours (37 °C, 5% CO»).

Day 2 - Incubation with PS

The next day, the medium in the wells was removed, and cells washed once with PBS.
PS was then mixed with new growth medium in to the desired concentrations (0 uM to
50 uM. Medium or medium-PS solution (200 uL) was added to each well, according
to the experimental setup. An example is shown in Figure 4.5.1. From this point on,
the wells were kept covered by aluminium foil when not handled or illuminated, and

otherwise kept in minimal lighting. The cells were again incubated for 24 hours.

Day 3 - Illumination

Prior to illumination, the medium containing PS was removed from the dishes, and the
cells were washed thrice with PBS (150 uL) to remove any extracellular traces of the
PS. Then, PBS (150 uL) was added to cover the cells during the illumination process.
Immediately after the removal of the PS and adding of PBS, the cells were placed on the
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Baseline: Baseline:
reagent 0n|y Control PS C] PS Cz PS C3 Control reagent 0n|y
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00000000 )
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Figure 4.5.1: An example of the experimental setup of each plate when investigating the PDT
effect of three different concentrations of the same PS.

LumiSource® lamp (435 nm, 13 mW/ cm?) for differing amounts of time, ranging from
10s to 600s, as specified by the experimental design. The 0s groups were not placed
on the lamp, but still brought into the room with the other cells to ensure comparable
conditions. When removed from the lamp, the dishes were quickly covered to avoid any
excess illumination. After exposure to the lamp, the PBS was removed from the dishes
and the cells were resupplied with growth medium. The cells were again incubated for
24 hours.

Day 4 - AlamarBlue assay

To determine cell viability after the PDT treatment, an alamarBlue assay was performed

for all plates as described in section 4.4.
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4.6 Fluorescence microscopy

In this project, the ability of the PSs to enter cells was investigated through fluorescence
microscopy, using the excitation and emission wavelengths found from the optical
measurements detailed in section 5.2. A Leica TCS SP8 MP confocal laser scanning
microscope was used for the analysis. The colocalization of the PSs with various cellular
components was also investigated through dyeing of the cell membrane, nucleus, and
lysosomes. The properties of the dyes used, bought from Thermo Fisher Scientific, are

presented in table 4.2.

Table 4.2: Properties of the dyes used in colocalization analysis of the chlorin PSs. The values
for concentration, incubation times, excitation and emission wavelengths were provided by the
supplier. All dyes were bought from Thermo Fisher Scientific.

Dye Structure Incubation

(Catalogue No.) stained [C] time Ex. A Em. A
CellMask Green . _

(C37608) Cell membrane ImM 5minto 10min 522nm 535nm
LysoTracker Blue

(L7525) Lysosomes 50nM 0.5hto2h 393nm 420nm
brag> DNA 10uyM 1minto3min 646nm 697nm
(DR50050) W

Day 1 - Seeding of cells

The cells were trypsinated, centrifuged, and counted by the same procedure as described
in section 4.3. Then, cells diluted in growth medium (0.5 x 100 cells/mL) were seeded
in 8-well plates (Catalogue No. 80826, Ibidi), with 300 wL (15000 cells) per well. The
wells were situated on top of objective glass, allowing for direct imaging at the end of
treatment without needing to remove the cells first. The cells were incubated for 24
hours (37 °C, 5% CO>).

Day 2 - Incubation with PS

The next day, the medium in the wells was removed, and cells washed once with PBS.
PS was then mixed with new growth medium in the desired concentration. The PS-
containing or pure growth medium (300 pL) was added to the wells, according to the

experimental setup. From this point on, the wells were kept covered by aluminium
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foil when not handled, and otherwise kept in minimal lighting. The cells were again

incubated for 24 hours.

Day 3 - Staining and imaging

Prior to staining, the medium containing PS was removed from the dishes, and the cells
were washed thrice with PBS to remove any extracellular traces of the PS. Suitable
staining solutions were prepared according to the specifications of each dye (shown in
table 4.2), and was added to the wells according to the experimental design. The cells
were then incubated for the amount of time specified for each dye. After incubation, cells
were washed two times with PBS and immediately imaged in the confocal microscope.

During imaging, both the dye and PS of each well was illuminated, and their emis-
sions detected in separate channels. In addition to the double-stained wells containing
both dye and PS, wells containing only dye, only PS or neither were illuminated with
the same wavelengths to check for fluorescence bleed-over in the detection channels.
When analysing multiple plates in the same experiment, the other plates were kept in

the incubator when not imaged to avoid damage to the cells before analysis.

Colocalization analysis

The methods of simple area analysis and MCC (section 3.3) were performed to find
the co-occurrence of the probes tested. These calculations were implemented in a
script written in Python 3, in which the threshold could be manually set for each image
analysed. This script, along with all images used in the analysis, is included in Appendix
C.
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Results

5.1 Overview

An overview of the experiments performed according to the seven chlorins is presented
in table 5.1. This section will give a short explanation of the timeline and the thought
process behind the experiments.

At the beginning of the project, only KA20-10.2, -11H, -15H and -16H were available
for experiments, while the proto-forms of the chlorins were still under synthesis. At
this stage, the focus of the experiments was to characterise the basic photophysical
properties of these chlorins, and to determine appropriate wavelengths to be used in
subsequent fluorescence imaging and PDT experiments. To achieve this, absorption and
emission spectra, QY and lifetime measurements were carried out. Then, fluorescence
images were taken of the chlorin-incubated AY27 bladder cancer cells. In the first rounds
of imaging, the plasma membranes of the cells were stained, to confirm the uptake
of the compounds into the cells. From these images, additional dyes of interest were
identified and imaged in later rounds. From the results gained from this first phase of
the project, the Zn-forms of the chlorins were observed to exhibit nearly identical optical
properties. Due to the limited time available, it was not possible to continue running
all experiments on all chlorins, and KA20-11H was chosen to act as a representative
for the Zn-forms for the following PDT experiments. In the first round of the PDT cell
survival assays, several concentrations of KA20-10.2 and KA20-11H were tested, as the
potency of the chlorins as PSs in PDT was unknown.

At this point, the proto-forms of the chlorins were ready, and the plan was to repeat
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Table 5.1: Overview of experiments performed for each chlorin. PDT refers to blue-light illumi-

nation.
Chlorin Optical Fluorescence Cell
measurements microscopy experiments
KA20-10.2  Absorbance/ With labelled AlamarBlue
emission spectra - Cell membrane assay (PDT):
Quantum yield - Lysosomes - lum
Lifetime -5um
Singlet oxygen yield* - 10um
- 50uM
KA20-11H Absorbance/ With labelled AlamarBlue
emission spectra - Cell membrane assay (PDT):
Quantum yield - Nucleus - 1lpm
Lifetime -5um
Singlet oxygen yield* - 10um
- 30 uM
KA20-11H-  Absorbance/ Not performed Dark toxicity
proto emission spectra* AlamarBlue
Lifetime* assay (PDT):
Singlet oxygen yield* c1uM
-5uM
- 10 pM
KA20-15H Absorbance/ With labelled Not performed

emission spectra
Quantum yield

Lifetime

- Cell membrane

- Nucleus

Continued on next page

* Experiments performed by Prof. M. Lindgren, Department of Physics, NTNU.
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Table 5.1 — continued from previous page

Chlorin Optical Fluorescence Cell
measurements microscopy experiments
KA20-15H-  Absorbance/ Not performed Dark toxicity
proto emission spectra* AlamarBlue
Lifetime* assay (PDT):
Singlet oxygen yield* S 1uM
KA20-16H  Absorbance/ With labelled Not performed
emission spectra - Cell membrane
Quantum yield - Nucleus
Lifetime
KA20-16H-  Absorbance/ Not performed Dark toxicity
proto emission spectra*® AlamarBlue
Lifetime* assay (PDT):
Singlet oxygen yield* -1pM

* Experiments performed by Prof. M. Lindgren, Department of Physics, NTNU.

the basic photophysical measurements and fluorescence imaging for these, as well, to
gain a good foundation for comparison with the earlier chlorins. However, due to the
COVID-19 outbreak, lab access became limited, and would remain so for the rest of
the project period. Because of this, it was decided that the author should concentrate
her efforts in the cell lab, while supplementary optical measurements were performed
by Prof. M. Lindgren (Department of Physics, NTNU). Some of the supplementary
measurements, noted (*) in table 5.1, are included in Appendix E.

During the first round of PDT experiments, 5 uM was found to be a suitable concen-
tration of KA20-11H-based PDT. In subsequent experiments, PDT with KA20-11H-proto
was tested for this concentration. However, as the proto-forms were new, and their
behaviour relative to the Zn-forms not known, supplementary concentrations (1 p.M,
10 uM) were included. As the proto-form was found to be more effective than its Zn-form
counterpart, the later experiments with KA20-11H-proto, -15H-proto and -16H-proto

were performed at 1 pM, instead.
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5.2 Optical measurements

Absorption and emission

The molar attenuation coefficients of KA20-10.2, 11H and 11H-proto as a function of
incident wavelength are presented in Figure 5.2.1. The real and normalised emission
as a function of wavelength are presented in Figure 5.2.2. The spectra of 15H and 16H
were also measured, and found to be identical to those of 11H. Likewise, the spectra of
S5H-proto and 16H-proto were found to be identical to that of 11H-proto. All optical
measurements of the proto-versions of the chlorins were provided by Prof. M. Lindgren,
NTNU, and included in the master’s thesis for comparison. The A, -values for the

chlorins are presented in table 5.2.
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5.2. OPTICAL MEASUREMENTS
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Figure 5.2.1: Molar attenuation coefficients € of 10.2, 11H and 11H-proto in THF solution. Not
shown are the € of 15H and 16H, or 15H-proto and 16H-proto, which were identical to 11H and
11H-proto, respectively. The measurements of 11H-proto were provided by Prof. M. Lindgren,

NTNU.
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Figure 5.2.2: Real and normalized emission spectra of 10.2, 11H and 11H-proto in EtOH solution,
excited at A = 422nm. A baseline measurement of EtOH emission was subtracted from the
fluorescence values. Not shown are the spectra of 15H and 16H, or 15H-proto and 16H-proto,
which were identical to 11H and 11H-proto, respectively. The measurements of 11H-proto were

provided by Prof. M. Lindgren, NTNU.
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Quantum Yield

The measurements of fluorescence used to calculate the QY of the chlorins are shown
in Figure 5.2.3, and the resulting values found are presented in Table 5.2. KA20-10.2
was found to have the highest QY value at 19.1 %, while the glycosylated chlorins had
reduced QYs of around 5 % to 6 %.
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Figure 5.2.3: Linear regression applied to measurements of integrated fluorescence of different
concentrations of KA20-16H, KA20-15H, KA20-11H and KA20-10.2. Also included is the reference
measurements of TPP-Zn, with known QY of 2.8 %. The samples were excited at a wavelength of
422 nm, and EtOH was used as solvent for both chlorins and reference. A baseline measurement
of the fluorescence of the solvent at 422 nm was subtracted from the values of the fluorescence
of the chlorins and reference.

Lifetime Measurements

The experimental decay intensity spectrum for KA20-16H and KA20.10.2 is shown
in Figure 5.2.4, together with the single-exponential fit. Similar spectra were found
for the other chlorins as well. In table 5.2, the resulting 7 values are presented. For
chlorins KA20-11H, 15H and 16H, the lifetimes were found to be close to 1.5 ns, while
KA20-10.2 displayed a lifetime of more than 10 ns.
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Decay of KA20-16H and KA20-10.2
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Figure 5.2.4: Intensity of decay as a function of time for KA20-16H and KA20-10.2, after
excitation at A = 403nm. Emission was measured at 625 nm for KA20-16H and 650 nm for
KA20-10.2. Both decay curves are single-exponential fits. Not included are the measurements of
KA20-11H and KA20-15H, which were very similar to KA20-16H.

Table 5.2: Summary of results from spectroscopy measurements of the chlorin PSs.

Absorption Emission
. . Quantum e o
maximum maximum e Lifetime [ns]**
N Yield**
[nm]* [nm]*
KA20-10.2 412 652 0.191 £ 0.005 10.30 + 0.03
KA20-11H 422 622 0.060 £+ 0.001 1.503 + 0.004
KA20-15H 422 622 0.061 £+ 0.001 1.495 £ 0.004
KA20-16H 422 622 0.052 £ 0.001 1.508 + 0.004

*+ 1nm.
** error estimation is based on the root mean squared error of the regressional fit, given
uncertainties of table values and Gauss’ law of error propagation.
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5.3 Fluorescence imaging

Fluorescence images were taken of cells incubated with KA20-10.2, KA20-11H, KA20-
15H and KA20-16H, and stained with various dyes (table 4.2). Of these, KA20-10.2
had the largest fluorescence yields, and was the easiest to capture in the microscope.
Example images of KA20-10.2 fluorescence with stained cell membranes or lysosomes
are presented in figure 5.3.1. Several images from each group were analysed to find
the co-occurrence between the two, presented in table 5.3. All images analysed are

included in appendix C.

Figure 5.3.1: Fluorescence images showing AY27 cancer cells, incubated with 1 um KA20-10.2
(red channel). A) and B): Cells stained with CellMask Green (green channel), which marks the
cell membrane. C) and D): Cells stained with LysoTracker Blue (blue channel), which marks
lysosomes. Images were taken in a CLSM microscope.
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While KA20-10.2 was easily imaged in the fluorescence microscope, KA20-11H, -15H
and -16H turned out to be more challenging. Most attempts at imaging the fluorescence
of these compounds proved unsuccessful, with the exception of a group of cells also
stained with Draq5, which targets the nuclei and DNA of cells. Images from this group
are presented in figure 5.3.2.

Figure 5.3.2: Images showing the fluorescence of A) KA20-11H and B) KA20-16H (green channel)
in AY27 cancer cells, taken in a CLSM microscope. Cells in both images were incubated with
10 uM of the chlorin compound. The nuclei of the cells were stained with Draq5 (red channel).

For the colocalization analysis, finding if there was any co-occurrence of the chlorins
and the organelles was of greatest interest at this point. Therefore, determining coeffi-
cients indicating co-occurrence were prioritised over intensity correlation coefficients.
First, the highest-quality images were chosen, and simple area analysis was performed
as described in section 3.3. The overlap percentage of the channels was calculated
from equation 3.3.1. Simple area analysis has the advantage of being intuitive and easy
to implement, however, information on the intensity distributions of the fluorescence
is lost when using this method. To address this, Mander’s correlation coefficients M1
and M2 were found, as well. Here, more weight is given to areas of greater signal
intensity, but the resulting coefficients are harder to interpret. These coefficients and
their differences are explored more in-depth in section 3.3. For both methods, the
thresholds were set manually. The results from the analysis are presented in table 5.3.
The script written to perform the calculations for both methods is included in Appendix
C.
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Chlorin Stain Cf (%) M1 M2 N
KA20-10.2 LysoTracker Blue 24.6 £ 6.7 0.33+£0.14 045+£0.05 5
KA20-10.2  CellMask Green 48+28 0.24+0.11 0.06 £0.03 4
KA20-11H  Drag5 9.8 +0.3 0.38+0 0.28+0.01 2
KA20-16H  Drag5 10 0.18 0.29 1

Table 5.3: Resulting values from colocalization analysis of cells incubated with chlorin PSs in
combination with stains. C; is the overlap percentage, found from simple area analysis. M1
and M2 are Mander’s correlation coefficients, where the PS is set as channel 1, and N shows
the number of images analysed. The standard deviation of the values is given where N > 1. All
thresholds were set manually.

5.4 PDT experiments

The results from the PDT cell survival assays (alamarBlue) of KA20-10.2, KA20-11H
and KA20-11H-proto (5uM) are presented in Figure 5.4.1. The results from PDT assays
of the proto-forms of the chlorins (KA20-11H-proto, -15H-proto, 16H-proto, 1um)
are presented in Figure 5.4.2. The results for KA20-10.2 are based on two biological
replicates, while the results for all other chlorins are based on three biological replicates.
The values for the control group (light only) are the mean values of controls from all
experiments shown in each plot. To find the cell survival ratio, the values for each
compound were divided by the mean control value (no light, no PS) for that experiment.
For each value, a baseline measurement of the fluorescence from the reagent only (no
cells) was subtracted.

The 95 % confidence interval was found by non-parametric bootstrapping analysis,
as described in section 3.4. For each data point, all relative survival values from all
experiments were collected. From this sample, 1000 new samples of the same size were
drawn, and the confidence interval was found from the distribution of the mean values
of these samples. This process was repeated for every time point of each group.

In addition to the results shown in Figure 5.4.1 and 5.4.2, additional measurements
were made of KA20-10.2 (1 uMm, 10 um, 50 um), KA20-11H (10 um, 30 um) and KA20-
11H-proto (10 uM). These results are included in appendix D. Measurements were
also made for longer illumination times than what is included in the figures: 240s
for KA20-10.2, where the cell survival was measured at 40 %, and 600 s for all other
compounds and light only groups, which all measured at less than 5% and around

100 %, respectively.
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Figure 5.4.1: The relative cell survival of AY27 cells after treatment with PS and blue light
(435 nm), or light only, compared to untreated cells. The error bars show the 95 % confidence
interval of the mean values.
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Figure 5.4.2: The relative cell survival of AY27 cells after treatment with PS and blue light
(435nm), or light only, compared to untreated cells. The error bars show the 95 % confidence
interval of the mean values.
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Chapter

Discussion

This project aimed to study the potential of the KA20 family of chlorins as photosen-
sitizers (PSs) in photodynamic therapy (PDT), and arose as a collaboration between
Department of Physics, NTNU, and Department of Physics, Chemistry and Biology,
Linkoping University, where the chlorins were synthesised. There were 7 novel chlorins
in this family to investigate (as outlined in Table 1.1). Due to time limitations, this
work focused on the essential properties for PDT applications: Basic photo-physical
properties, intracellular uptake and distribution, and effects on cell viability when used
as PS in PDT on rat bladder cancer cells (AY-27). Suggestions for further study are

summarised in section 6.3.

6.1 Discussion of the results

Basic photophysical properties of the PSs

The absorbance and emission of the chlorins, listed in Table 1.1, are presented in Figure
5.2.1 and 5.2.2. The spectra show features common to chlorin-based molecules, as
discussed in e.g. Zhu et al., 2018 and Pereira et al., 2018 [65, 66]. The absorbance
spectra show a global maximum for blue light, around 420 nm, and a local maximum
for longer-wavelength red light, at around 650 nm. The emission maximum appears
at 652nm. With the introduction of a zinc atom in the chlorin ring (KA20-11H, -
15H and -16H), both the lowest-energy wavelength absorption maximum and the

emission spectra were shifted towards shorter wavelengths, to around 620 nm and
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625 nm, respectively. Quantum yield (QY) measurements of KA20-10.2 and the Zn-
form glycoconjugates showed that fluorescence emission was substantially reduced by
the introduction of the sugar groups, from 19.1 % to around 6 %. Lifetime measurements
showed a corresponding reduction in fluorescence lifetime, as well, from 10.3 ns to
around 1.5 ns.

Due to time constraints, the spectra for the proto-form was not measured for the
same concentrations as the previous chlorins, and the QY values were not determined.
Therefore, any differences in the magnitude of the absorbance or fluorescence cannot
be stated with certainty. However, measurements made of singlet oxygen yield by
Prof. M. Lindgren, included in Appendix E, showed similar values for both the Zn-
and the proto-forms. In addition, cell survival assays proved the proto-forms to be
effective at killing cells in blue-light PDT, indicating significant reactive oxygen species
(ROS) production. In light of this, it seems likely that the proto-forms would exhibit a
reduction in fluorescence yield compared to KA20-10.2, like the Zn-forms, but quantum

yield measurements of the proto-forms should be performed to confirm this.

Fluorescence microscopy and colocalization analysis

The chlorin KA20-10.2 has a relatively large quantum yield and was easily imaged in the
fluorescence microscope. When staining the cell membrane, signal from the compound
was observed at various spots inside the cells to a large degree, confirming that AY27
cells exhibit uptake of the chlorin. However, interestingly, it was observed that the signal
from the chlorin would vary between regions. Some regions, such as Figure 5.3.1 A),
presented relatively large amounts of fluorescence in nearly every cell, while for others,
as shown in Figure 5.3.1 B), mostly empty cells and only a small amount of scattered
fluorescence were observed. This could be caused by poor solubility of the chlorin
in the medium, causing uneven concentrations across the cell layer. Moreover, the
fluorescence was not distributed evenly throughout the cells, but seemed to accumulate
into high-signal clusters. This could indicate that the chlorin does not diffuse freely in
the cytoplasma. Instead, it may be contained in lysosomes, or it may exhibit a preference
for a specific organelle.

To shed some light on this, images were also taken of cells with stained lysosomes
with LysoTracker Blue. Visually, the signals from the lysosome dye and the chlorin
seemed to have some correlation. As outlined in section 3.3, there are ways to quantify
the localisation of a fluorophore by comparison to dyes which are known to localise

within specific cell compartments. In this project, two such methods were utilised:
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Simple area analysis and Mander’s correlation coefficients (MCC). Simple area analysis
was chosen due to its simplicity and intuitiveness, providing a quick and easy way
to quantify the correlation of two probes. Then, to provide more information on the
influence of intensity difference, MCC was determined for the same images. Simple area
analysis of the two channels gave a mean overlap percentage of 24.6 %. Meanwhile, a
mean value of 4.8 % was determined for the cell membrane/KA20-10.2 overlap. This
indicates that co-localization of the chlorin with the cell membrane is very limited,
perhaps even anti-correlated. For the lysosomes, the value is significantly higher. While
it is not large enough to draw any conclusion about co-localization, anti-correlation
between the two can be ruled out. Thus, it can be confirmed that some of the chlorin
fluorescence coincides with the lysosomes. When looking at the MCC M1 and M2,
where the intensity in the overlapping areas is taken into account, the colocalization
value increases further. Nearly half of the signal intensity from the lysosomes origi-
nates from areas where KA20-10.2 signal is present, implying that nearly half of the
lysosomes contain some amount of the chlorin. Meanwhile, about one third of chlorin
fluorescence originates from areas also containing lysosome fluorescence, implying that
approximately 30 % of the PS absorbed by the cells are trapped in lysosomes. However,
these results are vulnerable to error, due to the thresholds for the analysis being set

manually. This is discussed further in section 6.2.

Fluorescence images of the Zn-forms of the chlorins (KA20-11H, -15H, 16H, Table
1.1) were also performed. This was associated with much greater difficulty, as the
fluorescence yields of the Zn-forms are significantly reduced compared to KA20-10.2,
as indicated by the lower QY values (Table 5.2). However, after increasing the con-
centration from 1uM to 10 uM, signals from the Zn-forms could be captured. These
images did not show the uneven uptake present in the KA20-10.2 images, as all cells
seemed to show equal amounts of signal, evenly distributed within the cytoplasma. The
introduction of sugar groups seems to have facilitated increased uptake in the cells.
Additionally, confinement to lysosomes seem unlikely, as the signal was not clustered
but spread across the cytoplasma. Colocalization analysis also showed low, but present,
overlap with the nucleus stain, indicating that a small amount of the PS sat on the
nuclear membrane or had leaked into the nucleus itself. Overall, the addition of sugar
groups in KA20-11H, -15H and 16H seem to increase the solubility, uptake and cellular
distribution of the chlorins, resulting in increased potential as PSs. This is also in line
with the initial intentions of the study, and was previously observed by Arja et al. for
similarly labelled porphyrins [67], although more details and comparisons between

different sugar moieties should be carried out. However, it must be kept in mind that
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the increased concentrations used in the imaging process may not give representative
results for the lower concentrations used in the actual PDT treatment on AY27 cells.

Cell viability after blue-light PDT treatment

PDT experiments were initially done on AY27 cells incubated with different concen-
trations of KA20-10.2 (1 uM to 50 uM) and KA20-11H (1 M to 30 uMm) (Figure 5.4.1).
AlamarBlue cell viability assays showed a strong PDT effect for KA20-11H. For 5 uM,
the viability of the treated cells dropped to 50 % of the untreated cells after about
40, and to less than 20 % after 120s. The illumination point at 240 s, not included in
Figure 5.4.1, showed less than 10 % survival. In other words, the illumination of the
treated cells had a strong effect on their viability for this compound, indicating that a
photodynamic effect is present.

In contrast, for the viability of cells incubated with KA20-10.2, a comparable depen-
dency on light exposure was not present. For illumination times of Os to 120, the cell
survival stayed between 60 % to 80 %, and only dropped further to 40 % after 2 min of
light exposure. Additionally, viability of cells exposed to only the compound without
light was only 70 %. This indicates that much of the damage seen is due to dark toxicity,
and not a photodynamic effect. This trend held true for the other concentrations of
KA20-10.2 tested, as well (Appendix D, Figure D.1).

The differences between the two chlorins corroborates findings from the previous
photophysical results. As KA20-10.2 was found to have a significantly higher fluores-
cence quantum yield than the glycosylated KA20-11H, its potential for singlet oxygen
production is correspondingly lower. As explained in section 2.2, while other ROS
from other pathways exist, 102 accounts for most of the damage to cells in PDT. In
addition, as discussed in the previous section, the fluorescence images taken of KA20-
10.2-incubated cells showed only varying uptake, and indicated some overlap with
lysosomes. From this, it seems like the glycosylation of the chlorin helps its PDT po-
tential in the following ways: it increases its uptake in cells, improves its distribution
into the cytoplasma, and increases its ROS production. All of this together elevates the
chlorin from having nearly no photodynamic properties to being an effective PS. In
addition to this, the viability results imply that the addition of sugar groups actually
decreases dark toxicity, as well, though the mechanism behind this change is not known.
Regardless of the reason, a low dark toxicity is crucial in a PS meant for PDT, as this is
part of what shields healthy cells from damage.

In Figure 5.4.1, results from the experiments with KA20-10.2 and KA20-11H dis-
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cussed above are shown with results from PDT experimens with KA20-11H-proto of the
same concentration. Here, it is shown that the removal of the zinc atom from the chlorin
ring increases the effectiveness of the treatment even further. There could be several
reasons for this. For example, increased absorption of the incident wavelengths or a
larger overlap with the lamp emission spectrum could increase photodynamic effect for
the same illumination times. While the absorption spectrum for the proto-form does not
differ much from the Zn-form, they are not identical, which could mean that one had a
more favourable absorption of the incident wavelengths than the other. To investigate
this, measurements were made of the LumiSource lamp spectrum (Appendix G), which
showed the overlap percentages of area-normalised spectra to be very similar for KA20-
11H and KA20-11H-proto (8.1 % vs 7.4 %). However, the spectra of the proto-forms
were not taken at the same concentrations as the other chlorins, meaning that their
magnitude compared to the Zn-form is not known. An overall higher optical density
could lead to increased photosensitizing activity, despite the similar overlap values of
the chlorins with the lamp. A decreased fluorescence quantum yield could also lead to
an increase in the ROS production, and thus greater photodynamic effect, if the singlet
oxygen yield increases correspondingly. However, singlet oxygen yield measurements
supplied by Prof. M. Lindgren showed no significant difference between the Zn- and
proto-forms of the chlorins, suggesting that it is not a greater 102-generation efficiency

that causes the increased PDT-effect for the proto-forms.

Another possibility could be increased cellular uptake of the proto-forms relative
to the Zn-forms, or alternatively a more preferable intracellular distribution. It is well
known that the singlet oxygen lifetime (and thus diffusion length) is strongly depending
on solvent polarity. For example, the lifetime is around 1 s in water [68], but more than
200 us in CHCI3, as documented by measurements performed by Prof. M. Lindgren,
included in Appendix E. PSs in more hydrophobic regions thus has longer time available
to react and damage a biomolecule. Thus, if the proto-form chlorin absorbed by the
cell targeted such vulnerable regions to a greater degree, this could lead to increased
cell death from PDT even if the chlorin had the same production of 102 as the Zn-form.
That said, no fluorescence microscopy or any quantitative measurement of cell uptake
or distribution was performed for the proto-forms, as informed in Table 5.1, so the true
mechanism behind the increased effects will have to await further studies.

As optical measurements of the chlorins showed that proto-forms were more or
less optically identical, any difference in PDT effects between the three were likely
to be caused by cellular response to their sugar groups. Finding out if any particular

sugar had a better effect was the motivation behind comparing viability assays for

61



6.1. DISCUSSION OF THE RESULTS CHAPTER 6. DISCUSSION

KA20-11H-proto, KA20-15H-proto and KA20-16H-proto in PDT, for which the results
are presented in Figure 5.4.2. As expected, the viability curves for these chlorins were
very similar. That said, some small statistically significant differences between the
glucose and galactose-glyconjugates (11H-proto and 15H-proto) were found from the
measurements. Compared to galactose, glucose made the chlorin less PDT effective after
105 of illumination, but more effective after 1 min. This difference may be caused by
variations in cellular uptake and distribution for the two sugars. However, the observed
difference only amounts to a few (less than 5) percentage points, at two of eight data
points. This could also be explained by natural variation skewing the results, as the
confidence interval accuracy follows the quality of the input data. To confirm any cell
preference for one sugar group or the other, the difference should be confirmed by

repeated experiments.

Increased PDT effects post short illumination times

Looking at the plots of the cell viability assays (Figures 5.4.1, 5.4.2, Appendix D), an
interesting observation can be made. For nearly all groups, including the control groups,
a sharp drop in cell viability is seen for low illumination times, immediately followed
by a recovery. For treated groups, the viability then drops further, while the control
groups stay near 100 % for the longer illumination times (30s to 120s), including
measurements after 600 s (not included in the results). While the magnitude of the
drop varied, this phenomenon was clearly seen for all the experiments run during the

project, the only exceptions being the steepest survival curves.

This effect is also seen in conventional radiotherapy, where cancer cells treated
with radiation doses lower than 0.3 Gy have a lower survival rate than higher doses
[69][70], as illustrated in Figure 6.1.1. This is known as the hyper-radiosensitivity
(HRS)/increased radioresistance (IRR)-transition. The generally accepted explanation
is that some threshold of damage amount must be met to induce the repair processes
in the cells. As explored in section 2.3, the cells will initiate repair mechanisms in
response to deoxyribonucleic acid (DNA) damage. This damage is detected at various
checkpoints in the cell cycle, and the cell is arrested at the checkpoint until the damage
is repaired. This stops a damaged cell from attempting mitosis and dying in the process.
Evidence suggests that the metabolic cascade which initiates the G2/S-phase checkpoint
(described in section 2.3), in particular, is not triggered for low radiation doses. This
causes non-viable cells to proceed to DNA synthesis. If the dose is increased, the

checkpoint is triggered, and the same cells will be repaired before proceeding.

62



CHAPTER 6. DISCUSSION 6.1. DISCUSSION OF THE RESULTS

RS
.. - HRS _ LQMODEL
"

g 0.9-

3 0 0 0.2 03 04 0.5 0.6 Gy

£ I ! ! ! ! Ls

2

&

2038

[2]
Mitotic entry with DNA repair
DNA damage |

0.7 y sarly survival
0 05 1 1.5 2 ) G2 arrest
Dose/Gy Apoptosis
(a) Surviving fraction of cells as a function of dose (b) Current understanding of the processes regulat-

according to linear quadratic model (1) (dashed line) ing the HRS/IRR transition. [70]
and with the HRS/IRR phenomenon (solid line).
[71]

Figure 6.1.1: Illustrations of the HRS/IRR-transition, as it is observed in conventional radiother-
apy.

While PDT and conventional radiotherapy are not equivalent, they work based on
many of the same principles. The end goal of both is to cause damage to DNA or other
critical organelles, and they both utilise ROS generation to do so [72]. It is therefore not
surprising that the HRS/IRR-transition known in radiation therapy shows up in PDT. It
seems likely that, if more measurements were made for illumination times shorter than
10, the effect would have been found for the steeper curves, as well. An interesting
observation is that this effect is also found in the light only control groups. This implies
that light from the lamp alone is enough to both cause up to 20 % cell death in the
HRS region, and to trigger the repair pathways of the IRR region. However, after this,
control groups stayed at around 100 % viability for all longer illumination times, up
until the last measurements made at 10 min of blue light exposure. This shows that
once the repair pathways are initiated, the light alone cannot induce enough damage to
overwhelm them, the way the presence of a PS does - at least not within the parameters

tested in this project.

The KA20 family of chlorins as PSs in PDT

The experiments carried out in this thesis show several properties suitable for PDT by
the KA20 family of chlorins. Cellular uptake and PDT effects on cells of the PSs have
been confirmed by fluorescence microscopy and cell survival assays. The photo-physical
properties of the chlorins are promising, as well. As explained in section 2.2, a high
absorbance of red/infrared light is important, as higher-energy photons do not penetrate

tissue sufficiently. The area between 600 nm to 800 nm is generally regarded as the
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effective region of PDT, and one of the currently most frequently used PS Photofrin®
activates at 630 nm [5]. With strong absorption maxima at 650 nm, the chlorins studied

in this project can be excited at suitable wavelengths for PDT.

However, one of the weaknesses of the first-generation PS Photofrin® is the fact that
its absorbance is much greater for blue light than for red light. This causes the PS to
also be activated by other light sources to a large degree. The fact that the investigated
chlorins show a clear peak in the red light region at all is an improvement on the very
weak absorption bands of Photofrin®, but this could be a challenge for these chlorins
as well, as their absorbance maximum at around 420 nm is of much greater magnitude

than the local maximum in the red light region.

That said, the spectra found for the KA20 family are partly similar to chlorin deriva-
tives such as Chlorin e6 (Ce6) [73] than the porphyrrin derivative active in Photofrin®.
Some second-generation PSs based on Ce6 have been approved, and other are under
development. Reports on these indicate increased selectivity, phototoxicity and clear-
ance in patients, resulting in mild photosensitivity for only up to one week [9, 74]. It
seems likely that the chlorins tested in this project would show similar results, due to
the large similarities in both optical properties and structures. If so, they would greatly
improve the side effects caused by Photofrin, despite of their large absorbance of blue
light.

Another interesting observation is that the fluorescence of the compounds decrease
greatly in magnitude with the introduction of sugar groups in KA20-11H, 15H and
16H, compared to KA20-10.2. As discussed earlier in this chapter, the proto-forms
are expected to exhibit a similar decrease, as seen from Figure 2.1.1 and 2.2.1, with
fluorescence and ROS production as competing processes. Therefore, a high quantum

yield of fluorescence is directly detrimental to the effectiveness of a PS.

Lastly, preliminary cytotoxicity assays were performed for KA20-11H-proto and
KA20-16H-proto, the results of which are included in appendix D. As only a single
assay was performed, and relatively large variations within the groups were observed,
this experiment should be repeated for greater accuracy. However, it is implied by the
results that the dark cytotoxicity for PDT-relevant concentrations is low, as the viability
for 1 uM for both compounds was well above 90 %. A low dark toxicity is crucial for an

effective PS, and these preliminary results are promising in this regard.
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6.2 Evaluation of procedures

Experiments conducted on living organisms, lasting several days, will always be associ-
ated with uncertainties due to the numerous factors which may influence the outcome.
The cells’ environment and treatment throughout in vitro experiments cannot be kept
exactly identical, and small differences will occur both from one experiment to the
next and between populations of the same experiment. The condition of the cells
may vary from one day to the next, and abnormalities may not be caught by visual
inspection, particularly if the inspector has limited previous experience in cell laboratory
work, as is the case for the author. Contamination by foreign, harmful entities such as
bacteria, virus or fungi is also always a concern when working with cell cultures, but
such infections were luckily not observed during this project.

Consequently, several steps must be taken to minimise these uncertainties and
produce reliable results. In this project, the same set procedure (alamarBlue) was
followed as closely as possible for the experiments to make sure that the outcomes could
be compared. By verifying the condition of cells from different dishes in a microscope at
various points throughout the experiments, the chance of detecting any contamination
of the cells was increased. And, in order to ensure as similar conditions as possible for
the populations, all cells were given the same treatment and kept together whenever
possible. Lastly, the most important measure to ensure reliable results is to repeat
the same experiment multiple times, and to include many parallels in each repetition.
Therefore, with a few exceptions due to time constraints, three biological replicates
of the experiments were performed. These are measurements repeated in the same
way for biologically distinct samples, meaning they are performed on cells seeded in
separate instances. This is intended to limit the influence of random biological variation
on the results.

While the above precautions help in limiting the uncertainties associated with cell
experiments, some potential sources of errors or inaccuracies were present during the

experiments. These are discussed below.

Colocalization analysis

As touched upon in earlier sections, KA20-10.2 was easily imaged in the fluorescence
microscope, while the reduced fluorescence yields for the Zn-forms of the chlorins
caused some difficulties in this regard. While several rounds of images were taken,
most showed only very low signal which required substantial amplification to be seen

clearly. When signal is amplified, noise is, as well, potentially leading to images of poor
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quality with a low signal-to-noise ratio (SNR). As discussed in section 3.3, such images
are poorly suited for colocalization analysis, as noise will significantly influence the
results. Choosing suitable thresholds and regions of interest can mitigate this, but in
the end, the quality of the analysis can only be as good as the quality of the input image.
Of the images taken of KA20-11H, KA20-15H and KA20-16H, only three were deemed
to be of good enough quality to perform colocalization analysis, and the signal in these
had to be amplified to a significant degree, as well. Thus, the quality of the analysis is
affected both by the relatively poor quality of the images, and the fact that only one or
two images were analysed in each group.

In addition, the thresholds used in the analysis were set manually. As explained in
section 3.3, the thresholds set can have a large impact on the outcome of the analysis.
When set manually, they make the methods vulnerable to user bias, and make the results
less reliable. Ideally, unbiased methods for threshold determination such as Costes’

method should be implemented to avoid this subjectivity in the results.

The alamarBlue assay

The cell viability assay used in this project was not known to the cell lab at Department
of Physics before the chlorin studies. Introducing new protocols in this manner is always
associated with some risk of error, as the best practises and any pitfalls of a method
often are learned by experience. With the assay being new to the supervisors, as well,
the probability of identifying any recurring mistakes made during the procedures was
lessened. The accuracy of the assay for measuring cell viability was also an unknown.

While lack of experience cannot be entirely mitigated, the accuracy and dependability
of the new protocol can be investigated with comparison to a known method. In this
case, cell viability had previously been measured by MTT assays [75] at Department
of Physics for the AY27 cell line. To confirm alamarBlue’s accuracy, an additional
assay was carried out for a boron dipyrromethene-based PS which had previously been
investigated by MTT assay for the same concentration. The results from the two assays

were then compared, and no significant differences were found between the two.
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6.3 Future work

The time allotted for this thesis project was limited, and was further impacted by the
COVID-19 situation. Consequently, some experimental work remains to be done. Some

suggestions for future experiments are listed below.

* A full characterisation of photophysical properties, including quantum yields of

fluorescence and singlet oxygen, have to be completed for all chlorins.

* Fluorescence images of the proto-forms in dye-labelled cells should be recorded,
for comparison with the Zn-forms. However, more investigations should be carried
out to ensure better quality images, and new images should be taken of the Zn-
forms, as well. For example, the concentrations of the chlorins could be increased
further to reduce the need of amplification of the signal. In this case, one should

assess if the resulting images would be representative for a PDT situation.

* Colocalization analysis could be done using Costes’ threshold determination, or
other accepted unbiased methods, rather than estimating suitable thresholds

manually.

* Cell viability assays for dark toxicity, with at least three biological replicates,

should be completed for all chlorins.

* The results from the experiments done on the AY27 cell line should be compared
with results of similar experiments on a cell line of healthy bladder cells, to

investigate if the chlorins show any preference for cancer cells.
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Chapter

Conclusions

1. Adding sugar groups of glucose, galactose or N-acetyl gluocsamine to the KA20-
10.2 chlorin decreased the fluorescence quantum yield, and improved cellular
uptake and intracellular distribution in the AY27 bladder cancer cell line.

2. PDT effects in AY27 cells exposed to blue light were limited for KA20-10.2, but

greatly increased for all its glycoconjugates.

3. The proto-forms of the chlorins were significantly more effective as PSs in blue-
light PDT than their Zn-form counterparts.

4. Only minimal differences in PDT efficiency were found for KA20-11H-proto,
15H-proto and 16H-proto.
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Appendix
Synthetic schemes

Figures A.1, A.2 and A.3 show the synthetic schemes for the preparation of the chlorin
compounds studied in the thesis. Figure A.4 show enlarged chemical structures of the
final chlorin compounds. All schemes and structures were provided by Dr. Katriann

Arja, Linkoping University.
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Figure A.1: Scheme 1. Synthesis of S,S-dioxo-pyrazolothiazole 4.
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Figure A.2: Scheme 2. Synthesis of 4,5,6,7-tetrahydropyrazolo[ 1,5-a]pyridine fused chlorin 5
(KA20-10.2).
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Figure A.3: Scheme 3. Synthesis of glycoconjugates of KA20-10.2.
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Figure A.4
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Figure A.4: Chemical structures of the chlorins studied in the thesis. Provided by Dr. Katriann
Arja, Linkoping University.
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Appendix

Biirker chamber

Prior to seeding in dishes or wells, a Biirker chamber was used to manually count the

cancer cells (Figure B.1).

fe— Il
0.2 mm 0.05 mm

1 mm 1 mm 1 mm

Figure B.1: Sketch of a Biirker chamber used for cell counting. One chamber consists of 3x3
A-squares, marked in red. Each A-square is 1 mm x 1 mm x 0.1 mm, giving a volume of 0.1 pL
per square. (Figure drawn by B. Vindstad, 2020)
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To determine the number of cells per mL, at least three A-squares (marked in red in
figure B.1) were counted. Each square contains 0.1 pL of cell suspension, giving the

following formula for cell concentration:

N N -10%
NC = =
Ny -0.1-106 Ny
where N, is the number of cells per mL in the cell suspension, N is the total number

of cells counted and Ny is the number of A-squares counted.

(B.1)
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Appendix

Images and script used in

colocalization analysis

Images C.1 through C.4 show all images used in the colocalization analysis of chlorins
KA20-10.2, KA20-11H and KA20-16H. Images were stained with CellMaks Green,
LysoTracker Blue or Draq5 dyes, marking the cell membrane, lysosomes or nuclei
of the cells. All images were taken in a Leica TCS SP8 MP confocal laser scanning
microscope. Figure C.5 shows the script used to calculate the coefficients used in the
thesis (overlap percentage, MCC), written in the Python 3 programming language.
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(@ (b)

(@ (d

Figure C.1: Fluorescence images of AY27 cells incubated with KA20-10.2 (1 uM, 24 h, 37 °C) and
stained with CellMask Green, taken in a CLSM microscope.
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(b)

(0 (d

(e)

Figure C.2: Fluorescence images of AY27 cells incubated with KA20-10.2 (1 uM, 24 h, 37 °C) and
stained with LysoTracker Blue, taken in a CLSM microscope.
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(@ (b)

Figure C.3: Fluorescence images of AY27 cells incubated with KA20-11H (10 uM, 24 h, 37°C)
and stained with Draqg5, taken in a CLSM microscope.

(a)

Figure C.4: Fluorescence image of AY27 cells incubated with KA20-16H (10 uM, 24 h, 37°C)
and stained with Draq5, taken in a CLSM microscope.
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# D:\Master\scripts\Colocalization\Overlap-MCC-Cooccurrence.py
001| import cv2

002| import numpy as np

003| from tkinter import Tk

004| from tkinter.filedialog import askopenfilename

005

006| def nothing(x):
007 pass

008

009| root = Tk()

010| root.withdraw()

011| root.wm attributes('-topmost', 1)
012
013| ## read image, separate channels

014| filenamel = askopenfilename() # show an "Open" dialog box and return the path to the
selected file

015| image = cv2.imread(filenamel)

016| image cv2.resize(image, (512,512), interpolation = cv2.INTER AREA)

017
018| red channel = imagel[:,:,2]

019| channel2='green' #choose color of second channel
020| if channel2=='blue':

021 second channel = imagel[:,:,0]
022| elif channel2=='green':

023 second_channel = imagel[:,:,1]
024

025| ## find average of all nonzero values
026| red channel copy=imagel[:,:,2]

027| second_channel_copy=second_channel
028
029| red mask = np.ma.masked equal(red channel copy,0)

030| second_mask = np.ma.masked_equal(second_channel_copy,0)
031| redmean = np.mean(red_mask)

032| secondmean= np.mean(second mask)

033
034| ## manually set threshold for both channels
035]| cv2.namedWindow('Colorbars"')

036| hh='Threshold"'

037| wnd='Colorbars'

038
039| cv2.createTrackbar("Threshold", "Colorbars",0,100,nothing) #create trackbar for threshold
value

040| refimg = cv2.resize(red channel, (0,0), fx=0.5, fy=0.5) #reference (no threshold) image
041| Imagel = cv2.resize(red_channel, (0,0), fx=0.5, fy=0.5) #thresholded image

042| cv2.imshow('FirstImgTitle', refimg)

043

044| while(1):

045 hull=cv2.getTrackbarPos("Threshold", "Colorbars") #get trackbar position
046 ret,thresh red = cv2.threshold(red channel,hull,255,cv2.THRESH TOZERO) #set threshold
to trackbar value, get threshold value

047 cv2.imshow("threshl",thresh_red) #update thresholded image

048 k = cv2.waitKey(1l) & OxFF

049 if k == 27: #repeat until ESC is pressed

050 break

051| cv2.destroyAllWindows()

052

053| #repeat for second channel

054| cv2.namedWindow('Colorbars')

055| cv2.createTrackbar("Threshold", "Colorbars",0,100,nothing)
056| refimg = cv2.resize(second channel, (0,0), fx=0.5, fy=0.5)
057| Image2 = cv2.resize(second_channel, (0,0), fx=0.5, fy=0.5)
058| cv2.imshow('SecondChannel', refimg)

0591

Figure C.5: Script used for calculation MCC and simple area analysis overlap percentage, page 1.
Written in the Python 3 programming language.
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060 |
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079

while(1):
hul2=cv2.getTrackbarPos("Threshold", "Colorbars")
ret,thresh_second = cv2.threshold(second_channel,hul2,255, cv2.THRESH_TOZERO)
cv2.imshow("thresh2",thresh _second)
k = cv2.waitKey(1l) & OxFF
if k == 27:
break
cv2.destroyAllWindows ()

## find overlap of thresholded images and calculate overlap percentage
imgl_nonzero_after_thresh = np.nonzero(thresh_red)
img2 nonzero_after thresh = np.nonzero(thresh second)

imgl tuple_lst = imgl nonzero_after_thresh[0]
img2 tuple 1st = img2 nonzero after thresh[0]

ImagelValue= len(imgl tuple 1st) #total number of non-zero pixels, channel 1
Image2Value= len(img2 tuple 1st) #total number of non-zero pixels, channel 2

multipliedmatrix = np.multiply(thresh red,thresh second) #multiply to set all non-overlap

pixels to zero

080
081
082
083

nonzero = np.nonzero(multipliedmatrix)
ColocValue=len(nonzero[0]) #find number of resulting non-zero (=overlap) pixels

OverlapCalc= ((ColocValue/(ImagelValue+Image2Value-ColocValue))*100) #calculate overlap

percentage

084
085
086
087
088
089
090
091
092
093
094
095
096
097]
098]
099
100
101
102
103
104
105
106
107
108
109
110

## iterate over thresholded channels and calculate MCC
M1lnum=0
M2num=0
Mlden=0
M2den=0

for i in range(len(red channel)):
for j in range(len(red channel[i])):

Mlden=Mlden+thresh red[i,j]
M2den=M2den+thresh second[i,j]

if thresh _red[i,j] != 0 and thresh_second[i,j] != 0:

Mlnum=Mlnum+red_channel[i,j]
M2num=M2num+second channel[i,j]

Mlcalc=Mlnum/Mlden
M2calc=M2num/M2den

## print resulting values

print("Overlap percentage: " + str(OverlapCalc))
print("M1 value: " + str(Mlcalc))

print("M2 value: " + str(M2calc))

root.destroy()

Figure C.5: Script used for calculation MCC and simple area analysis overlap percentage, page 2.
Written in the Python 3 programming language.
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Additional results

Figures D.1 through D.3 show the results for PDT experiments from all tested concen-
trations of KA20-10.2, KA20-11H and KA20-11H-proto. The control (light only) group
in these figures are the overall average values of all experiments.

Figure D.4 show the results from a viability assay on AY27 cells incubated with
KA20-11H-proto or KA20-16H-proto, with concentrations ranging from 0.05uM to
100 pMm.
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Figure D.1: The relative cell survival of AY27 cells after treatment with various concentrations
of KA20-10.2 and blue light (435 nm), or light only, compared to untreated cells. The error bars
show the 95 % confidence interval of the mean values.
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Figure D.2: The relative cell survival of AY27 cells after treatment with various concentrations
of KA20-11H and blue light (435 nm), or light only, compared to untreated cells. The error bars
show the 95 % confidence interval of the mean values.
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Figure D.3: The relative cell survival of AY27 cells after treatment with various concentrations
of KA20-11H-proto and blue light (435 nm), or light only, compared to untreated cells. The error
bars show the 95 % confidence interval of the mean values.
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Figure D.4: The relative cell survival of AY27 cells incubated with various concentrations of
KA20-11H-proto and KA20-16H-proto, compared to untreated cells.
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Appendix
Complementary measurements

Complementary photo-physical measurements performed by Prof. M. Lindgren, Depart-
ment of Physics, NTNU are presented in Figures E.1 through E.4.

Figure E.1 shows measurements of transient singlet oxygen luminescence cefore
and after Argon-bubbling treatment. Initially, a singlet oxygen signal is present (black
curve). Upon flushing the sample cell with Argon for 8 min, and thus removing oxygen
from the sample, the signal diminishes (red curve). After subsequently opening the
sample cell for air, allowing oxygen to re-enter the sample, the singlet oxygen signal
reappears (blue curve).

Figure E.2 shows measurements of transient singlet oxygen luminescence for KA20-
11H-proto in different solvents. The resulting lifetimes, varying from 10.9 p.s to 206 s,
are presented in Table E.1. Figure E.3 shows the absorbance spectra of KA20-11H-proto
for the different solvents used in Figure E.2.

Figure E.4 show measurements of singlet oxygen signal of KA20-15H and KA20-
15H-proto. These measurements, together with measurements of reference molecule
phenatrone, were used to determine the singlet oxygen QYs to 68 % for both the Zn-form

and proto-form of the chlorin.
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Figure E.1: Transient singlet oxygen luminescence of KA20-11H (denoted "F") for different
Ar-bubbling treatments, using Acetonitrile (ACN) as solvent. The chlorin is excited at 594 nm in

the Q-band, and the concentration is approx. 6 uM.

Table E.1: Results for the lifetimes T of singlet oxygen luminescence of KA20-11H-proto in
different solvents, found from the exponential fit of the curves in Figure E.2.

Solvent \];:v);cvl;?;lr?gr}(h [nm] Lifetime 7 [us]
ACN 594 87.6 £ 0.5
CHCI3 596 206 £1
MeOH 540 10.9 = 0.07
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APPENDIX E. COMPLEMENTARY MEASUREMENTS
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Figure E.2: Transient singlet oxygen luminescence of KA20-11H-proto in different solvents. The
chlorin is excited at the Q-band. The concentrations are in the range 5uM to 7 uM. The solid
magenta lines are he single-exponential fits. The excitation wavelengths and resulting lifetimes

for each solvent are presented in Table E.1.
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Figure E.3: Absorption spectra for KA20-11H-proto for different solvents.
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APPENDIX E. COMPLEMENTARY MEASUREMENTS
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Figure E.4: Singlet oxygen emission spectra used to estimate the singlet oxygen quantum yield
for KA20-15H (denoted "Chloro D") and KA20-15H-proto (denoted "Chloro A"). "PH" denotes
phenantrone, the reference molecule. The singlet oxygen QYs for both chlorins were found to be
68 % (the same within experimental uncertainty).
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Appendix

Comparison of MTT and

alamarBlue cell viability assays

Figure E1 and Figure E2 show the results of PDT experiments performed on AY27
cells incubated with the PS BAD-3 (10 uM). Figure E1 shows results from a MTT assay,
performed by S. Callaghan, University of Dublin. Figure E2 show results from an
alamarBlue assay performed as part of this project for the same PS, for the purpose of

comparing the two assays.
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APPENDIX E COMPARISON OF MTT AND ALAMARBLUE CELL VIABILITY ASSAYS
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Figure E1: MTT assay results for the relative cell survival of AY27 cells incubated with 10 uMm of
BAD3, compared to untreated cells. Courtesy of S. Callaghan, University of Dublin.

120%

Cell survival, % of untreated cells

0%

100% A

80%

60% -

40% A

20%

—f— Control (light only)
—7— BAD3 10 pM

0 20

10 60 80 100 120 140
Seconds of illumination with blue light

Figure E2: AlamarBlue assay results for the relative cell survival of AY27 cells incubated 10 um
of BAD3, compared to untreated cells.
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Appendix

LumiSource® lamp

The spectrum of the PCI Biotech LumiSource® lamp was measured by a Jaz Spectrometer
Module (Ocean Optics, USA) array spectrometer. The area-normalised spectrum is
presented in Figure G.1, along with the area-normalised spectra of KA20-11H and
KA20-11H-proto. The overlap percentages of the spectra were calculated to 8.1 % for
KA20-11H and 7.4 % for KA20-11H-proto.
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Figure G.1: Area-normalised emission spectrum of the LumiSource lamp and area-normalised
absorption spectra of KA20-11H and KA20-11H-proto.

107






@ NTNU

Norwegian University of
Science and Technology

SISay] S,J21Se



