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ABSTRACT

Photodynamic therapy (PDT) is emerging as a viable alternative to invasive anti-cancer
treatment  regimens such as surgery, chemotherapy or radiotherapy. A series of metal —
based phthalocyanine complexes have been discovered that may be used as a drug or
photosensitizer in photodynamic therapy for the treatment of cancers. During
photodynamic therapy the photosensitizer is administrated intravenously or topically to the
patient before laser treatment at an appropriate wavelength is delivered to the cancerous
site to activate the photosensitizer. The activated photosensitizer will react with oxygen
typically present in the cancerous tissue to produce reactive oxygen species for the
eradication of the cancerous tissue. This is the first study where gallium (GaPcCl), indium
(InPcCl) and iron (FePcCl) Pc chloride complexes were used for photodynamic research.
These metal — based phthalocyanine complexes were investigated using different cancer
cell lines (Caco-2, MCF-7, melanoma and A549). Also, the baseline cellular uptake and
photodynamic effect of these complexes were established on healthy normal cells (human

fibroblast cells).

Fluorescent spectrophotometry showed that all three photosensitizers accumulated in a
time-dependent manner in Caco-2, MCF-7, melanoma and A549 cancer cells, as well as in
healthy normal fibroblast cell in amounts which increased over a period of 24 hours, with
emission peaking at 24 hours for all cell lines. Dark toxicity effects and photodynamic
therapy efficacy were established with a MTT assay. High concentrations of inactive
GaPcCl, InPcCl and FePcCl was toxic to Caco-2, melanoma, A549 and fibroblast cells.
However, all three photosensitizers were in its inactive state at low and high
photosensitizing concentrations were highly toxic to MCF-7 cancer cells. On the other
hand, in vitro photodynamic therapy treatment with both low and high concentrations of

GaPcCl, InPcCl and FePcCl were observed to be potently cytotoxic towards all four cancer



cell lines upon exposure to laser light for 22 seconds (2.5 J/icm?), 39 seconds (4.5 J/cm?)
and 74 seconds (8.5 J/cm?). These results revealed that all three photosensitizers reacts
to photodynamic therapy in a concentration-dependent (photosensitizer) and

dose-dependent (light dose/time) manner.

At 24 hours after photodynamic therapy, the most effective treatment parameters were
laser treatment for 74 seconds with FePcCl concentrations from 60 pg/ml - 100 pg/mi
which resulted in 0% cell survival of Caco-2 cancer cells. A short laser treatment time of 74
seconds for activation of FePcCl (20 pug/ml) resulted in 0% cell survival of MCF-7 cancer
cells. Similarly, FePcCl (40 pg/ml - 100 pg/ml) activated for 22 seconds, 39 seconds and
74 seconds resulted in 100% cell death of A549 cancer cells. Photodynamic therapy
treatment with GaPcCl and InPcCl were very effective in reducing the cell viability of
melanoma cancer cells. Healthy normal fibroblast cells survived in vitro photodynamic
therapy treatment with all three photosensitizers much better than the cancer (Caco-2,
MCF-7, melanoma and A549) cells. This confirms the previously reported results that
photosensitizers such as phthalocyanines and its metal-based complexes preferentially

accumulate in cancer cells than normal healthy cells.

All three photosensitizers localized in mitochondria and lysosomes of the Caco-2, MCF-7
and A549 cancer cells. In melanoma cancer cells InPcCl also localized in the mitochondria
and lysosome, but GaPcCl and FePcCl localized in mitochondria only. Apoptosis was
identified via microscopical and flow cytometric investigations, as the dominant mode of
cell death induced by GaPcCl, InPcCl and FePcCl mediated photodynamic therapy in
cancer cell lines tested. Therefore, this study concludes that GaPcCl, InPcCl and FePcCl

are effective photosensitizers for the in vitro PDT treatment of cancer cells. The effective in



vitro PDT treatment for each cell line was dependent on the photosensitizer concentration

and illumination period for each of the different photosensitizers.
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CHAPTER 1
LITERATURE REVIEW

1.1 INTRODUCTION

Light has been known for its therapeutic benefits for more than three thousand years now.
Light therapy (phototherapy) was practiced in ancient Egypt, India, Greece and China to
treat various diseases, including psoriasis, rickets, vitiligo and skin cancer. At the end of
the nineteenth century, Niels Finsen further developed “phototherapy” or the use of light to
treat diseases in Denmark. He discovered that light exposure in the red visible range
prevents the formation and discharge of smallpox pustules and can be used to treat this
disease. Niels Finsen also found that ultraviolet light from the sun could be used to treat
cutaneous tuberculosis. This was the beginning of the modern light therapy, and, in 1903,
Finsen was awarded a Nobel Prize for his phototherapy discoveries (Dolmans et al.,

2003).

In 1903, Professor Herman Von Tappeiner treated skin tumors with topically applied eosin
and white light. The term “photodynamic action” was introduced in 1904 by Professor
Herman Von Tappeiner (Dolmans et al., 2003). This term indicated the damage or
destruction of cancerous tissue by visible light in the presence of a nontoxic sensitizer or
chemical, emphasizing the requirement of oxygen for the process (Dolmans et al., 2003).
Therefore, the term photodynamic therapy (PDT) is currently used. In another study, 25
patients with a total of 113 primary or secondary skin tumors were PDT treated with
haematoporphyrin derivative (HPD). A complete response was observed in 98 tumors, a
partial response was observed in 13 tumors and 2 tumors were found to be PDT treatment

resistant (Dolmans et al., 2003). Following the preliminary successes in treating bladder



and skin tumors, Hayata and colleagues used PDT to treat obstructing lung tumors
(Dolmans et al.,, 2003). Bronchoscopic analysis showed tumor growth delay in most
patients, but only one out of fourteen patients was cured. In 1984, McCaughan and
colleagues used PDT to treat patients with oesophageal tumors; Balchum and colleagues
used PDT to treat patients with lung tumors; and Hayata and colleagues used PDT to treat
patients with gastric carcinoma (Dolmans et al., 2003). These studies displayed promising
responses in early stage patients, therefore PDT was recommended for patients with early
stage cancers that were inoperable, due to other complications (Dolmans et al., 2003).
Patients with breast, gynecological, intraocular, brain, head, neck, colorectal
intraperitoneal, mesothelioma, cholangiocarcinoma and pancreatic tumors were
subsequently treated with PDT. However, this therapy has only shown limited success in
further studies, due to issues surrounding specificity and potency of photosensitizers
(PSs). Another confounding factor is that PDT has been tested largely in patients with
advanced stage diseases that are refractory to other treatments (Dolmans et al., 2003). In
such cases, a local effect can usually not significantly alter the outcome of a systemic
disease. More selective and potent sensitizers have been developed, which are now under
investigation in clinical trials. With new lines of drugs, as well as with improved localization
methods, improved protocols and equipment, the efficacy of PDT might be enhanced

(Dolmans et al., 2003).

1.2 OVERVIEW OF CANCER AND CONVENTIONAL ONCOLOGY TREATMENTS

In modern medicine, the term malignant neoplasm (cancer) refers to the formation of an
abnormal mass of tissue (tumor) as a result of cells undergoing uncontrolled proliferation
due to gain of mutated proto-oncogenes (oncogenes) and loss of function of tumor
suppressor genes (Alison, 2001). Healthy normal cells growth is controlled by proto-
oncogenes that produce protein products which generally control how often a cell divides,
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the degree to which it differentiates (or specializes in a specific function in the body) as
well as genes that slow down cell division, repair DNA errors or instruct the cells when to
die (by a process known as apoptosis or programmed cell death), suppressing
uncontrolled cell proliferation (Alison, 2001). Generally, in damaged cells the uncontrolled
and often rapid proliferation of cells can lead to tumors that are either benign (non-
cancerous) or malignant (cancerous). The major differences between benign and
malignant tumors are (Alison, 2001):
e Benign tumors usually have a slower growth rate than malignant tumors
e Benign tumors lack the ability to invade neighboring healthy normal tissue
compared to malignant tumors which usually invade into surrounding healthy
normal tissue (locally invasive cancer) as well as distant tissue or organs

(metastatic cancer)

Metastatic cancer is of great importance since most cancer deaths are caused by the
spread of the cancer to other secondary organs (Alison, 2001). In most cases, cancer
patients with localized cancer have a better chance of survival than those with metastatic
cancer (Alison, 2001). A histopathologist will ‘grade’ the tumor in terms of its state of
differentiation because poorly differentiated (high grade) tumors show little or no
resemblance to the tissue of origin (Alison, 2001). These tumors tend to be more
aggressive, grow faster and are more likely to have metastasized prior to diagnoses or
treatment. The presence of metastatic tumors immediately assigns the patient to the most
advanced stage of cancer, irrespective of the size of the primary tumor (Alison, 2001).
Therefore the management or treatment for cancer is dependent upon the following
information (Alison, 2001):
e The site of the primary tumor or tissue of origin

e Tumor grade and stage



e Benign or Malignant tumor (local or metastatic)

Surgery is recommended as primary treatment for the removal of benign tumors and
malignant solid tumors (Urruticoechea et al., 2010). An additional concern about malignant
solid tumors is that adjuvant (after) or neoadjuvant therapy (before) may need to be given
in combination with surgery (primary treatment) to reduce the risk of cancer recurrence.
The common adjuvant and neoadjuvant treatment options used by many specialists are
chemotherapy and radiotherapy (Urruticoechea et al., 2010). Systemic chemotherapy is
used for more diffused tumors such as leukemia with circulating tumor cells. The new
generation treatment modalities include targeted therapies or nanotechnology, hormonal
therapy, immunotherapy and cancer vaccines (Aly, 2012). Despite numerous
improvements made in cancer detection and treatment, the number of deaths from cancer
is still high worldwide and a cure is still needed. All the conventional cancer treatments
including new generation therapeutic modalities show a lack of efficiency in terms of
adverse side effects, toxicity, resistance or toxicity due to non-specific effects on normal
cells (Hu and Fu, 2012). In contrast, PDT is becoming recognized as an emerging
alternative to all previously used therapies (Konopka and Goslinski, 2007). Although still
emerging, it is now a successful and clinically approved therapeutic modality used for the
management or treatment of specific malignant neoplastic diseases (Agostinis et al.,
2011); as well as in several precancerous diseases and non-cancerous diseases (e.g.
cardiovascular, dermatological, ophthalmic and infectious diseases) (Ethirajan et al., 2011)
in several countries (e.g. United States, European Union, Canada, Russia and Japan)
(Postiglione et al.,, 2011). The major advantages of PDT over conventional anti-cancer
therapies are (Konopka and Goslinski, 2007):
e Itis non-invasive

e Convenient for the patient



o Can be performed in outpatient or day-case (inpatient) settings

e It can improve quality and lengthen survival of patients in the advanced cancer
stage

o Treatment can be repeated without compromising its efficacy

e Moderate to no sides effects

e Can have excellent cosmetic results since treatment involves in minimal or no
scarring

e Can offer organ-sparing treatment worldwide, with very little investment in

infrastructure

PDT is still considered to be an evolving and promising cancer treatment strategy. Its full
potential has yet to be revealed, and its collection of medical applications alone or in
combination with other clinically approved or experimental therapeutic approaches is
definitely not exhausted (Agostinis et al., 2011). The other advantages of PDT compared
with surgery, chemotherapy or radiation therapy are reduced long term morbidity and the
fact that PDT does not compromise future treatment options with residual or recurrent

disease (Agostinis et al., 2011).

1.3 PRINCIPLES OF PHOTODYNAMIC THERAPY

PDT is a photochemistry-based approach that uses an inactive photosensitizer (PS), light
from a laser source emitting at an appropriate wavelength and oxygen to impart
cytotoxicity via the generation of reactive molecular species such as reactive oxygen
species (ROS) and excited state singlet oxygen in cancerous tissue (Celli et al., 2010). In
clinical settings, the inactive PS is typically administrated intravenously or topically, which
is preferentially taken up by rapidly proliferating tissue such as cancerous tissue rather

than healthy normal tissue. This may be due to the fact that cancerous tissues have leaky
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neovasculature allowing for enhanced permeability and accumulation of the PS specifically
in the tumor region (Celli et al., 2010). A time interval (drug-light interval) is required to
allow PS uptake ranging from a few minutes up to twenty four hours or more depending on
the specific PS and the disease to treat. This is followed by light treatment (irradiation) or
PS activation using a laser delivery system suitable for the anatomical site being treated
(Celli et al., 2010). Typically, the applicable range of wavelengths for therapeutic activation
of the PS is from 600 nm to 800 nm to avoid interference by endogenous chromophores
within the body (Celli et al., 2010). During laser treatment, the activated PS can directly
react with a substrate (e.g. cell membrane or molecule) and transfer a proton or hydrogen
atom to form free radicals (Juarranz et al., 2008). These radicals will react with oxygen
present in the tissue to produce ROS. Alternatively, the activated PS can transfer its
energy directly to molecular oxygen (a triplet form in the ground state), to form an excited
state singlet oxygen (Juarranz et al., 2008). This highly reactive form of oxygen (excited
state singlet oxygen) will react with many biological molecules (e.g. lipids, proteins or
nucleic acids). Both these photochemical reactions can occur simultaneously to generate
ROS and excited state singlet oxygen (Juarranz et al., 2008). PDT efficiency is highly
dependent on several factors including the amount of ROS and excited state singlet
oxygen produced, which are the primary cytotoxic agents responsible for the eradication of
cancerous tissue by inducing irreversible tumor cell death via necrosis, apoptosis or
autophagy (Juarranz et al., 2008). Other factors influencing efficacy include the type of
photosensitizing agent, its preparation and characteristics, the concentration of and
administration of the photosensitizing agent, the type of light used for tumor irradiation and
its parameters (energy intensity or light dose, power, fluence rate or power intensity,

wavelength and time exposure) (Mihaela et al., 2009).



Compared with conventional oncology treatments, PDT can achieve equivalent efficacy in
the treatment of certain cancers, particularly in the head, neck and mouth as well as skin
lesions and basal cell carcinoma with great reduced morbidity and excellent cosmetic
outcomes (Cabuy, 2012). Due to the ability to offer endoscopic delivery of light to hollow
structures, PDT has been successful in the treatment of early gastrointestinal cancers,
such as oesophageal cancer and lung cancer (Cabuy, 2012). Current evidence suggests
that there are no major safety concerns associated with PDT, with no reports on the
production of second malignant neoplasms. Laser treatment during PDT is a cold
photochemical process which does not cause tissue heating or damage to connective
tissues such as collagen and elastin (Cabuy, 2012). However, PDT is not yet an
established treatment option in most countries and for many cancers presumably due to
the lack of large randomized clinical trials (Cabuy, 2012). Researchers continue to explore
ways to improve the effectiveness of PDT and expand it to other cancers. Other ways to
improve PDT include optimization of PDT protocols such as fractionation of light or PS,

well designed clinical trials and the development of new PSs (Cabuy, 2012).

1.4 BASIC COMPONENTS OF PDT
Clinically, PDT is relatively simple to perform. In reality PDT requires complex interaction
between three components (PS, light and oxygen) to be available during treatment. Below

is a review two key components of PDT (i.e. PSs and light sources).

1.4.1 PHOTOSENSITIZERS

Nontoxic, fluorescent and photosensitive chemical compounds, drugs or dyes are used as
PS agents during PDT. Each PS molecule with the absorption of a single photon of light is
promoted to an excited singlet state (e.g. Si), and higher excited states can also be

produced depending on the PS as well as the excitation wavelength used (Sharman et al.,

7



1999) as illustrated in Figure 1.1. This electronic excitation state of a PS can stimulate
cytotoxic effects as well as emit fluorescence during relaxation from its excited singlet
state back to its ground state (Celli et al., 2010). Therefore, in addition to therapeutic
agents for PDT, PSs can be used as diagnostic imaging agents for selective visualization
of tumors as PSs preferentially accumulate in neoplastic tissues and fluoresce upon

excitation with the appropriate wavelength (Celli et al., 2010).

Photon

Singlet oxygen,
- - free radicals

Cytotoxicity

Figure 1.1 The events in PDT. Energy photons from a laser or a light source are absorbed
by molecules (PS — ground state) which are activated by light. The activated PS (PS* -
triplet state) leads to the formation of reactive molecular species that stimulate cytotoxicity
(Hasan et al., 2011).

In general, the ideal PS is characterized on the basis of toxicity, selectivity, wavelength
and cost (Allison et al., 2004a) as outlined in Table 1.1. While no PS can be expected to
fulfil all of these guidelines, numerous PSs (e.g. natural dyes, synthetic dyes, plant
pigments and complex synthetic macrocycles) fulfilling some of these criteria have been
discovered. Many are known to be potential and excellent PDT agents but only a few are

commercialized or clinically approved PSs (Sharman et al., 1999). Most of these identified
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PSs (based directly on its chemical structure) are categorized into three main classes
including derivatives; namely, porphyrin; chlorophyll and phthalocyanines (Pcs) (Table

1.2).

Porphyrins are commonly known as first-generation PSs with PSs developed in the 1970s
and early 1980s were regarded as first-generation PSs (Allison et al., 2004a). Second —
generation PSs were developed in the late 1980s to minimize the drawbacks of first-
generation PSs and to improve PDT (Allison et al., 2004a). These second generation PSs
include porphyrins, expanded porphyrins, chlorophyll with derivatives, phthalocyanines
(Pcs) and phthalocyanine (Pc) derivatives. More recently, targeting strategies have been
shown to improve the specificity of PS accumulation in cancerous tissue only. Therefore,
targeted PDT approaches has led to conjugating pre-existing PSs (first-generation and
second-generation) to antibodies and nanoparticles to form third-generation PSs (Allison
et al., 2004a). Thus, the use of third-generation PSs in PDT promises to deliver the
benefits of conventional PDT combined with the specificity and potency of antibody

therapy or drug delivery therapy (Allison et al., 2004a).



Table 1.1 The characteristics of an ideal PS for PDT with regard to clinical relevance (adapted from
Allison et al., 2004a)

Characteristics of an ideal PS

Reference

Toxicity

Dark toxicity

Mutagenicity /
Carcinogenicity

Elimination

Selectivity

Targeted
Intracellular
localization

Sunlight
precautions

Administration

Reliability

Stability

Biochemistry

Safety

Activation
Wavelength

Integrative ability

Availability / Cost

Should not be a toxic chemical and metabolism of the PS
should not create new toxic byproducts.

It is not cytotoxic or has minimal cytotoxicity in the absence of
light.

Should not locate in the nuclei, cure one disease and create
another.

Be eliminated from the body appropriately and quickly to avoid
generalized skin photosensitization.

Selectively accumulate in diseased tissue.

Intracellular targets, e.g. mitochondria of the diseased cell will
lead to cell death via programmed death by apoptosis.

Exhibit low absorption at wavelengths from 300-400 nm
(spectral range where daylight intensity is the highest) leading
to potentially low or no skin photosensitivity after PDT
treatment.

Administration  options should be versatile; topical,
intravenously or oral depending on the clinical situation and
affected area. In all cases, minimal administrative toxicity (i.e.
hypotension and allergic reactions) and ease of
administration.

Composition must be known and constant. Pure compound.

Chemically stable and photostable.

Soluble in harmless aqueous solvent mixtures or water. Have
a high photochemical reactivity, with high triplet state yields
and long triplet state lifetimes and produce a high quantum
yield of ROS which is often mediated by singlet oxygen. A
high extinction coefficient in the 600 — 800 nm range.

Should not induce adverse side effects (e.g. morbidity or clots,
strokes, heart attacks, etc.).

High absorption peak between 600 nm — 800 nm to provide
enough energy to excite oxygen molecules to its singlet state
for a substantial yield of ROS; maximum skin penetration to
treat deep-seated tumors and minimal to no skin
photosensitivity.

To be used as photosensitizing agent during PDT treatment
only; as well as in conjunction with other forms of oncology
treatments.

Must be commercial available and able to be reconstituted by
a local pharmacy. Cost-effective.

(Allison et al., 2004a)

(Sharman et al., 1999)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Kudinova and Berezov,

2010)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)

(Allison et al., 2004a)
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Table 1.2 PS families and the generation gap between each family (Allison et al., 2004a)

Family PSs Generation
Porphyrin Hp (hematoporphyrin) First-Generation
HpD (hematoporphyrin derivatives) First-Generation
ALA (5 — aminolevulinic acid) First-Generation
BPD (benzoporphyrin derivative) Second-Generation
Texaphyrins Second-Generation
Chlorophyll Chorins Second-Generation
Purpurins Second-Generation
Bacteriochlorins Second-Generation
Phthalocyanines Napthalocyanine Second-Generation
Metallophthalocyanines Second-Generation

1.4.1.1 FIRST-GENERATION PHOTOSENSITIZERS

Porphyrins are tetrapyrrolic (Figure 1.2) molecules with a heterocyclic macrocycle core
skeleton known as a porpine (Josefsen and Boyle, 2008b). These are naturally occurring
groups of intensely coloured compounds that are involved in a number of biological
processes such as oxygen transport and photosynthesis. It also has applications in the
medical field (e.g. PDT and fluorescence imaging). The characteristic spectrum of
porphyrins consists of an intense narrow absorption band (€ > 200 000 mol! cm?) at
around 400 nm (Soret or B Band) and weaker absorptions (€ > 200 000 mol* cm™) from
450 nm to 700 nm referred to as Q bands (Josefsen and Boyle, 2008b). Hematoporphyrin
(Hp) and hematoporphyrin derivatives (HpD) are examples of first — generation porphyrin

based PSs (Juzeniene et al., 2007).

The most common clinically used PS is a HpD (Figure 1.2) known as Porfimer sodium
(Photofrin®) which is mixture of mono and oligomeric porphyrins (Allison and Sibata, 2010).
This photosensitizing agent is considered reliable, can be light activated, pain free,
relatively safe and nontoxic (Allison et al., 2004a). It has been accepted in several

countries for the treatment of bladder, cervical, lung, oesophageal and gastric cancer
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(Sharman et al., 1999). In addition, Photofrin® is being investigated as a possible
photosensitizing agent for PDT treatment of Kaposi’'s sarcoma, head, neck, brain,
intestinal, breast and skin cancer (Sharman et al., 1999). In clinical practice, Photofrin®is
infused at 2 mg/kg and about 48 hours later illumination via laser treatment occurs
generally by a diffusing fibre or more rarely by micro lens (Allison et al., 2004a). A
treatment light dose of 150 J/cm? (lens) or 200 — 300 J/cm? (diffuser) is used during
illumination, which largely depends on the clinical situation (Allison et al., 2004a). A
photosensitizing concentration of 2 mg/kg has been the standard to achieve high tumor
response as well as high rates of acute normal tissue toxicity (Allison and Sibata, 2010). At
2 mg/kg Photofrin® is taken up by healthy normal tissue with slightly higher concentrations

in cancerous tissue (Allison and Sibata, 2010).

Other disadvantages of Photofrin® include its weak absorption at the therapeutic
wavelength of 630 nm and absorption spectra of Photofrin® overlaps with melanin (Allen et
al., 2001). This means Photofrin® - mediated PDT may be ineffective therapy for highly
pigmented cancers such as melanoma cancer (Allen et al., 2001). It is, however,
associated with significant prolonged skin photosensitivity (4 — 8 weeks) after treatment
(Yano et al., 2011). Several studies, employing Photofrin® at lower concentrations (i.e. 1.2
mg/kg or 0.8 mg/kg) resulted in far more selective tumor destruction with minimal healthy
normal tissue toxicity (Allison and Sibata, 2010). At these levels Photofrin® ablates tumors
but spares healthy normal tissue, making these lower photosensitizing concentrations
highly selective. It should be noted that the use of lower photosensitizing concentrations
requires higher treatment light doses (Allison and Sibata, 2010). Higher light doses will
allow for the delivery of additional light photons to the cancerous tissue for enhanced
tissue penetration. Skin photosensitivity may also be eliminated as well but this has been
poorly documented (Allison and Sibata, 2010).
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Another first-generation prodrug is 5-Aminolevulinic acid (ALA, Figure 1.2) commercially
known as Levulan and produced by DUSA Pharmaceuticals (Josefsen and Boyle, 2008b).
This naturally occurring amino acid is enzymatically converted to the protoporphyrin IX
(PPIX; active state) in vivo, which is then converted to heme (Allison and Sibata, 2010).
ALA also shows low cytotoxicity in its inactive state and endogenously produced PPIX is
rapidly cleared from the body (24 — 48 h) by natural clearance mechanisms which exist in
vivo (Juzeniene et al.,, 2007). It can be administrated systemically (intravenously and
orally) or topically. A short time interval of 1 — 8 h, which largely depends on the mode of
administration, is required for the maximal accumulation of PPIX in the diseased tissue
after ALA administration (Juzeniene et al., 2007). When ALA is administrated topically it
does not penetrate to great depth, which limits its application. However, skin
photosensitivity is limited to the area of application (Juzeniene et al., 2007). With systemic
administration skin photosensitivity will occur for about 48 h and gastrointestinal upset as
recognized side effect (Allison and Sibata, 2010). Clinically, ALA mediated PDT has been
approved for the treatment of actinic keratosis, superficial basal cell lesions, nodular basal
cell tumors, squamous cell tumors, head tumors, neck tumors, Barrett’'s oesophagus,

bladder and prostate cancer (Allison and Sibata, 2010).

In addition, a methylated version ALA or ALA methyl ester (methyl-aminolevulonic acid, M-
ALA) commercially called Metvix (Photocure ASA, Norway) is widely used for the PDT
treatment of basal cell carcinoma and other skin lesions (Allison and Sibata, 2010). M-
ALA has enhanced lipohylicity which allows for deeper tissue penetration (Allison and
Sibata, 2010). It is topically applied for 3 h followed by red light laser treatment (Allison et
al., 2004a). However, pain still remains a common disadvantage during treatment (Allison
et al., 2004a). New ALA derivatives are continuously being designed and in the future low
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doses of ALA-PDT will be employed for photorejuvenation as well as for the

photochemoprevention of skin tumors (Allison and Sibata, 2010).

The disadvantages associated with clinically approved first-generation PSs (e.g. ALA and
Photofrin®) are skin photosensitivity, weak absorption at therapeutic wavelengths, pain and
ineffectiveness as photosensitizing agents for certain cancers have not prevented the
successful PDT treatment of other cancers or diseases. The development of second-
generation PSs are designed to improve PDT and overcome these disadvantages of

ALA, Photofrin® and other first-generation PSs (Allison et al., 2004a).

14



(A)

HOOC COOCH,

(E)

[

Figure 1.2 The chemical structure of (A) Tetrapyrrolic (B) porphyrin (C) hematoporphyrin
(D) benzoporphyrin derivative (E) 5-aminolevulinic acid (F) 5-aminolevulinic acid methyl
ester and (G) Photofrin (Josefsen and Boyle, 2012).
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1.4.1.2 SECOND-GENERATION PHOTOSENSITIZERS (PSS)

The chlorophyll family (Figure 1.3) consists of a wide range of intensely developed
second-generation PSs that includes chorins, purpurins and baceriochlorins (Kudinova
and Berezov, 2010). One of the most widely utilized chlorin PS is Foscan® (trade name)
also known as Temoporfin or tetra (m-hydroxyphenyl) for PDT (Yano et al., 2011). The
most noted advantages are that it is a pure compound and yields an extraordinary amount
of singlet oxygen at 652 nm, using low drug concentrations with low light doses during
PDT treatment (Yano et al., 2011). Clinically, it is commonly used to treat neck and head

cancers (Yano et al., 2011).

Figure 1.3 The structure of (A) chlorins (B) bacteriochlorins and (C) purpurins (Josefsen

and Boyle, 2012).
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In comparison to Photofrin®, a photodynamic response can be achieved with 0.1 mg/ kg of
Foscan® and a treatment light dose of 5 J/icm? (Josefsen and Boyle, 2008b). Therefore,
Foscan®is approximately hundred-fold more potent and photoactive than (2 - 5 mg/ kg and
100 — 300 J/cm?) Photofrin® (Josefsen and Boyle, 2008b). Unfortunately, Foscan® may be
administrated only intravenously during PDT and is associated with pain (Allison et al.,
2004a). Clinically, it takes about 4 days to achieve accumulation of Foscan® in the tumor
and clearance from normal healthy tissue in order for laser treatment to proceed (Allison et
al., 2004a). It requires a long clearance time of 4 - 6 weeks from human plasma after
injection (Yano et al.,, 2011). Prolonged photosensitivity from 2 weeks to 6 weeks can
occur after Foscan® mediated PDT treatment. However much lower Foscan®
concentrations administrated during PDT treatment of tumors can prevent prolonged

photosensitivity (Yano et al., 2011).

Laserphyrin® (mono-L-aspartylchlorin-es) is another second-generation PS but a chlorin
derivative (Yano et al., 2011). This chlorin derivative has numerous names including
MACE, NPe6, LS11, Litx™, Photolon and Apoptosin™ (Allison and Sibata, 2010).
Laserphyrin®was approved to be used as photosensitizing agent in PDT for the treatment
of early-stage lung cancer in 2003 in Japan (Yano et al., 2011). It is also under phase Il
studies for liver, recurrent neck and head cancer (Yano et al., 2011). This PS is active at a
long wavelength of 664 nm and a short interval of 2 - 4 h post infusion prior to laser
treatment. In addition, it generates singlet oxygen very efficiently and is water-soluble. In
PDT, a low PS concentration of Laserphyrin® (0.5 mg/kg — 3.5 mg/kg) and a treatment light
dose of 150 J/cm? are used (Yano et al.,, 2011). Laserphyrin® also has a very short
clearance time (3 — 7 days) and low accumulation in the skin which reduces or prevents
skin photosensitivity after PDT treatment (Yano et al., 2011). This PS is excreted through
the bile and appears to be safe (Allison and Sibata, 2010). 2-[hexyloxyethyl]-2 devinyl
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pyropheophorbide-a (HPPH or Photochlor) is also a second-generation chlorine derivate

(Allison et al., 2004a).

Clinically, this chlorine-based PS has successfully treated a number of naturally occurring
tumors in cats and dogs (Allison and Sibata, 2010). This PS is hydrophobic and lipophilic
in nature (Allison et al., 2004a). It is highly active at 665 nm (Allison and Sibata, 2010).
HPPH selectively accumulates in tumors (Allison et al., 2004a). Photosensitizing
concentrations range from 2.5 — 6 mg/m? and treatment light doses of 44.4 J/cm? — 133.2
Jlcm?is necessary for the PDT treatment of tumors (Allison and Sibata, 2010). The PS can
be intravenously administrated with minimal toxicity and laser treatment at 48 h post
infusion (Allison et al., 2004a). Minimal skin photosensitivity is achieved with high and low
HPPH photosensitizing concentrations (Allison and Sibata, 2010). It is relatively easy to
synthesis, fairly safe, has minimal photosensitivity, a high level of tumor accumulation and
has suitable activation wavelength for surface or deep-seated tumors. These features
make HPPH an excellent PDT second-generation PS for clinical use (Allison and Sibata,

2010).

Tin etiopurpurin (Purlytin®) or SNET2 is a synthetic purpurin which is a degradation
product of chlorophyll (Allison et al., 2004a). This pure PS (Allison et al.,, 2004a) is
hydrophilic and is often formulated with an egg based carrier for PDT treatment (Allison
and Sibata, 2010). Purlytin® has a high singlet oxygen quantum yield and peak
absorbance at 660 nm because of its central heavy metal ion (tin) (Yano et al., 2011).
Clinically, this PS is effective for PDT treatment of basal cell carcinoma, squamous cell
carcinoma, chest wall metastasis and Kaposi sarcoma (Allison and Sibata, 2010). In
general, Purlytin® at a photosensitizing concentration of 1.2 mg/kg is infused and
accumulates in the cellular membranes (Allison and Sibata, 2010). After 24 h, laser
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treatment is applied using a treatment dose of 200 J/cm? (Yano et al., 2011) and pain is
minimal or non-existent (Allison et al., 2004a). This PS remains in the skin for a maximum

of 14 days post infusion (Allison and Sibata, 2010).

Interestingly, photosynthetic pigments that occur in photosensitive bacteria were also
discovered to have photodynamic therapy properties (Allison and Sibata, 2010). These
were referred to as Padeliporfin or Padoporfin, which are bacteriophorbide derivatives of
bacteriochlorines belonging to the chlorophyll family of second-generation PSs (Allison
and Sibata, 2010). They are commercial known as WST9 or Tookad® and WST11. These
PSs have a strong absorption at approximately 763 nm (Allison and Sibata, 2010).
Tookad® is hydrophobic and requires a carrier during infusion (Allison and Sibata, 2010).
WST11 is hydrophilic and can be administrated with ease. Both these PSs clear rapidly
from the blood stream within 20 min therefore skin photosensitivity is negligible in most
cases. Tookad has received much attention as a potential photosensitizing agent for the

PDT of prostate cancer (Yano et al., 2011).

Verteporfin (Visudyne®) is a benzoporhyrin derivative (BPD) which has been extensively
investigated for the PDT treatment of wet age-related macular degeneration, cutaneous
non-melanoma skin cancers, multiple sclerosis, rheumatoid arthritis and Barrett's
oesophageal adenocarcinoma (Yano et al., 2011). Visudyne® has also been employed with
success for ophthalmic astrocytoma, choroidal melanoma and various cutaneous
malignancies, including highly vascular tumors (e.g. canine osteosarcoma) (Allison and
Sibata, 2010). This second-generation PS offer better advantages over first-generation
PSs like Photofrin®. It is rapidly absorbed by the cancerous tissue and laser treatment is
administrated 3 — 5 h after injection (Yano et al., 2011). Visudyne®is also rapidly cleared
from the body and this minimizes skin photosensitivity from occurring in PDT treated
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patients. For clinical activity, this hydrophobic PS is formulated with liposomes and
activation at 690 nm is possible with Visudyne® allowing for deeper tissue penetration
(Allison and Sibata, 2010). To date, Visudyne® mediated PDT has been approved for
clinical use against age-related macular degeneration and rheumatoid arthritis in 26

countries (Yano et al., 2011).

Lutrin® (Texaphyrins, Motexafin, Lutetium or Lu-Tex) is a synthetic and expanded
porphyrin-based second generation PS (Allison and Sibata, 2010). The main advantages
of using Lutrin®as photosensitizing agent in PDT are associated with the following features

(Allison and Sibata, 2010):

It has high tumor selectivity

e |tis water soluble

e |tis rapidly excreted from the body

e Has maximum absorption at 732 nm

e Can be used for the treatment of large tumors
e ltis an excellent singlet oxygen producer

o Can be administrated topically or intravenously

e Does not cause skin photosensitivity after PDT treatment

During PDT treatment, a low concentration (0.6 mg/kg — 7.2 mg/kg) of Lutrin® is
administrated for 3 h before laser treatment is applied using a treatment dose of 150 J/cm?
at 732 nm (Yano et al., 2011). Lutrin® mediated PDT has been approved for clinical use
against recurrent prostate and cervical cancer. It has been investigated in phase I, Il or IlI
clinical trials against breast cancer, recurrent breast cancer, melanoma cancer and

Kaposi's sarcoma (Yano et al., 2011). It is also used as an agent for diagnostic imaging in
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the medical field (Yano et al., 2011). For example, a gadolinium (lll) complex of texaphyrin
(Xcytrin™) has been developed for use as MRI (Magnetic Resonance Imaging) agent.
Xcytrin™ playing a role as radiosensitizer and chemosensitizer has also been investigated
in a phase Il clinical trial against brain metastases as well as in primary brain tumors

(Yano et al., 2011).

Pcs (Figure 1.4) are also promising photosensitizing agents that resemble the porphyrin
structure and belong to the group of second-generation PSs (Spikes, 1986). These are
classical industrial dyes which have been found to have useful medical, optical and
electrical applications (Lo et al., 2007). To name a few, Pcs are being used as molecular
electronic devices, sensors, optical recording materials, non-linear optics, catalysts for
oxidative degradation of pollutants and PSs for PDT (Lo et al., 2007). These compounds
are made up of isoindoles rather than pyrroles, have a longer conjugate pathway around
the ring structure, and therefore absorb at longer wavelengths than porphyrins (Spikes,
1986). Porphyrin displays a strong absorption at 410 nm — 450 nm together with a number
of weaker Q bands at 500 nm — 700 nm, while Pcs show the corresponding absorptions at
320 nm — 360 nm (weak absorption bands) and 670 nm — 700 nm (strong absorption
bands). Pcs are regarded as azaporphyrins (Figure 1.4) with potentially low or no skin
photosensitivity after PDT treatment, because these compounds tend to exhibit low
absorption at wavelengths (300 nm — 400 nm) in a spectral range where daylight intensity
is the highest (Sekkat et al., 2011). These compounds are considered to be chemically,
thermally and photochemically stable (Grobosch et al., 2010). Therefore, the photophysical
as well as the redox reactions of Pcs and porphyrins are very different, despite their
structural similarity. The properties of Pcs can be altered readily by adding the peripheral

substituents and metal ions to the centre of the structure (Durmus and Nyokong, 2007a).
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More than 70 different kinds of metal or metalloid atoms can be inserted into the central
ring of Pcs in place of the two hydrogens present in non-metallo Pcs to form metal-based
Pc complexes or metallophthalocyanines (MPcs) (Claessens et al., 2001). These metal-
based Pc complexes are known to be more stable in the presence of light and oxygen
(Josefsen and Boyle, 2012). The type and presence of the inserted central metal ion in the
Pc structure strongly influences its PDT properties (Durmus and Nyokong, 2007a). For
example, Pcs containing closed d shell, or diamagnetic ions such as zinc (Zn?*), aluminum
(ARY), gallium (Ga®*"), indium (In®*") and silicon (Si**) form metal-based Pc complexes with
high triplet quantum yields and long triplet lifetimes, which are essential for efficient
generation of cytotoxic agents during PDT treatment (Durmus and Nyokong, 2007c). In
contrast, Pcs with open shell or paramagnetic metal ions such as copper (Cu?), iron
(Fe?*), cobalt (Co?*) and vanadium (VO?*) form metal-based Pc complexes with shortened
triplet lifetimes (Durmus and Nyokong, 2007a). Furthermore, diamagnetic heavy metals
ions such as Ga®* (Durmus and Nyokong, 2007a) and In®* (Chauke et al., 2007) play a
major role in photosensitizing and optical limiting mechanisms as they enhance
intersystem crossing through spin orbit coupling (San et al., 2011). This is a desirable
feature for PSs as it improves the chances of getting a large population in the triplet state
during PDT treatment (Durmus and Nyokong, 2007a). Also, metal-based Pc complexes
with Ga and In are able to host axial ligands which act as spacers between the rings. Axial
ligands in metal-based Pc complexes are responsible for preventing or minimizing
intermolecular interactions which causes aggregation in solution (San et al.,, 2011).
Aggregation can result in the fast decay of excited states or reduction of singlet-oxygen
quantum yield (Durmus and Nyokong, 2007a). Major disadvantages associated with most
Pcs including some metal-based Pc complexes are their low solubility potential and their
ability to aggregate in certain solvents (e.g. water and organic solvents). However, metal-
based Pc complexes or Pc derivatives of increased solubility can be produced by using
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substituents such as alkyl, alkoxy, alkylthio chains and bulky groups (Durmusg and
Nyokong, 2007b). Peripheral substitution with bulky groups or long alkyl, alkoxy or
alkylthio chains leads to Pc complexes which are soluble in apolar solvents. The
incorporation of sulfo or quaternary ammonium groups in Pc complexes enhances its
solubility in a wide pH range of aqueous solutions (Durmus and Nyokong, 2007b). The
size of the substituents, nature of the substituents and the change in symmetry caused by
the substituents are also important criteria for the solubility of the substituted Pcs (Durmus
and Nyokong, 2007b). Tetra substituted Pcs are more soluble than symmetrically octa
substituted ones, due to the formation of four positional isomers in the case of tetra

substituted analogues (Durmus and Nyokong, 2007b).

The architectural flexibility, photophysics and photochemistry properties of various Pcs
including metal-based Pc complexes are well documented and show clearly that these
compounds could make valuable PSs for the PDT treatment of tumors (Camur et al., 2011,
Yanik et al.,, 2009, Durmus et al., 2009, Nyokong, 2007, Nyokong, 2011, Sekkat et al.,
2011). Pcs bearing a central Al, Zn or Si metal ion have been extensively studied in vitro
as well as in vivo for their PDT activity against different cancers because of their desirable
photophysical properties (Table 1.3). These metal-based complexes displayed potent
photodynamic activity on different cells lines including human melanoma cells (G361),
human fibrosarcoma cells (HT-1080), human breast cancer cells (MCF-7), human larynx
carcinoma cells (Hep2) and oesophageal cancer (SHO); as well as in vivo studies using
colorectal carcinoma in nude mice, hybrid mice with tumors and tumor models with EMT-6
cells of a murine mammary sarcoma induced in Balb/c mice (Table 1.3). Unfortunately,
only a small amount of preliminary in vitro studies seems to be available on the
photodynamic activity of a number of metal-based Pc complexes (e.g. Cr, Ni, Ge, Ga, Cu,
Co, In, V, Mg, Cd, Ti, Fe and Sn Pcs.
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Figure 1.4 The structure of (A) azaporphyrins (B) phthalocyanine (C) metal-based
phthalocyanine complex (Nyman and Hynninen, 2004) (D) gallium phthalocyanine chloride
(E) indium phthalocyanine chloride and (F) iron phthalocyanine chloride (Sigma-Aldrich

catalogue).
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To date, mixtures of Al chloride Pcs with sulphonated side-groups (Photosens®) are
clinically approved for the PDT treatment of a number of cancers (e.g. skin, breast, lung,
head, neck, cervical, etc.) in Russia (Sekkat et al., 2011). Clinically, Photosens®-mediated
PDT is performed according to a procedure similar to that described for Photofrin® but
considerably lower Photosens® concentrations (0.5 - 0.8 mg/kg) are used and 24 — 72 h
after Photosens® administration lower treatment light doses (150 J/cm? - 200 J/cm?) at
peak wavelength of 675 nm are applied (Yano et al., 2011). This PS can be formulated for
intravenous administration, direct lesion injection or for aerosol formulation. It has also
been reported that Photosens®-mediated PDT is a painless and successful treatment for
many cancers (Allison and Sibata, 2010). Recently, in attempts to enhance tissue
selectivity, a liposomal formulation of ZnPc (CGP55847) has been developed and has
been investigated in a phase lll clinical trial against squamous cell carcinoma of the upper

aerodigestive tract in Switzerland (Yano et al., 2011).

Another Pc under clinical trial is a Si complex (Pc4) for the sterilization of blood
components (Sharman et al., 1999), against human cancers (e.g. colon, breast, and
ovarian) and glioma (Josefsen and Boyle, 2012). Also, an extended Pc derivative termed
naphthalocyanines was developed in efforts to increase peak absorption wavelength of
Pcs (Josefsen and Boyle, 2012). Naphthalocyanines advantageously absorb at a higher
wavelength (740 nm — 780 nm) than Pcs (including MPcs), further increasing the light
penetration through skin. This absorption in the near infrared region makes
naphthalocyanines potential candidates for in vivo imaging agents (Josefsen and Boyle,
2012). Furthermore, naphthalocyanines can be used as photosensitizing agents for the
PDT treatment of highly pigmented tumors, including melanomas, which present
significant problems with respect to transmission of visible light. Naphthalocyanines are
generally less stable than its Pc relatives; they readily decompose in the presence of light
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or oxygen and metal-based naphthalocyanines which lack axial ligands and have a
tendency to form H-aggregates in solution (Josefsen and Boyle, 2012). These H-
aggregates are inactive and comprise the photodynamic efficacy of naphthalocyanines
(Josefsen and Boyle, 2012). Unfortunately, there are some disadvantages that are
associated with naphthalocyanines that should be taken into consideration and explored

further for improvement (Josefsen and Boyle, 2012).
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Table 1.3 Published treatment parameters and data for in vitro, in vivo and clinical studies demonstrating the photodynamic effect of
different metal-based Pc complexes for treatment of various different cancers. The most commonly studied metal-based Pc
complexes are Al, Zn, Si, Ge and Sn Pc complexes indicated by the amount of published data available on these above mentioned

metal-based Pc complexes

Cell Lines PS [PS] Laser (A) Light Results Reference
treatment

Human A small difference in the

Leukemia T AlPcCl, ZnPc, 5 HeNe 1h 5 . membrane of t_h(_a cell (Wiktorowicz et

10° M (7.2 I/lcm?), influences the efficiency of
cells (CCRF & MgPc : X al., 2004)
MOLT 4) (632.8 nm) 2h,3h dye incorporation and on the
photodynamic reaction.

Human

epidermoid 300 W

carcinoma . .

(A431), Silicon Pc 0.5 uM Halogen lamp 20 kjlcm? Up regulllatlonhqf apﬁptotlc (Kalzka et al.,
Fibrosarcoma, cells within 1 000)
Breast cancer (675 nm)

(MCF-7)

Clinical Trial
Skin, breast,
tongue, oral : Rate of response
mucosa, lower Solid state 100 J/cm? Av-98.4% ; dk
lip, larynx, lung Photosense 05-15 laser 400 Jjom? (Stranadko et
’ ’ ’ (AIPc) mg/kg ) al., 1999)
stomach, (670 nm) 250 J/cm Rate of complete recovery
bladder, rectum Av -55.5%
& other
locations




Light

Cell Lines PS [PS] Laser (A) Results Reference
treatment
DT: >2 uM caused a drop in
cellular survival below 80%;
100 uM cell survival is less
Human Diode laser than 1%; 40 uM + 0.35 Jcm2
epidermoid no effect; higher light doses | (Berlanda et al.,
; AlPcS4 40 uM 1.5 J/cm? : o
carcinoma (660 nm) cell survival of'6 %; ge[lular 2010)
(A431) uptake abrupt rise within the
first hour of incubation
followed by a nearly linear
increase up to 30 h.
DT: AlPc —0h (98.3%) &3 h
(75.2%);
ZnPc—-0h (77.6 %) &3 h
Hzgiﬂ]g""r;ﬁ”‘ AlPCS; oum | CDPeeRE (94.3%) (Machado et al.,
(Hep?) ZnPc H (640 nm) ' PDT: AlPc — 0 h (37.8%) & 3 2009)
h (13.2%);
ZnPc—-0h (41.4%) &3 h
(49.8%)
Human cervical Diode laser ICs0: 171 - 375 pM (Haywood-Small
carcinoma cells ZnPc - 3 J/icm? IC75: 320 - 683 uM et al., 2006)
(SiHa) (665 nm) ICg0: 0.49 - 2.02 mM "
Breast cancer , Diode laser AlPcSmix: 35 uM
(MCF-7) AlPCSmix 0- 40 UM 15 J/cm? GePcSmix: lower (Horne etal,
GePcSmix 0-120 uM X 2012)
(680 nm) concentrations
Diode laser 5 J/icm? .
Bre(i\/ls(t: Ic::i;\;])cer ZnPeSmix 0.05-1 uM 10 J/em? Effect|V(iOPSI?'E.E_)O‘;SCml2 UM + (Tynz%i g)t al.,
(680 nm) 15 J/cm?
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Cell Lines PS [PS] Laser (A) Light Results Reference
treatment
Human . _ .
oesophageal S'PCS”"_X Diode laser . GePcS mix showed the best | (S€0isanyana-
: GePcSmix 20 pg/mi 3 min ; Mokhosi et al.,
carcinoma SNPCSH (670 nm) PDT effect against SNO 2006)
(SNO) m cells.
Human
amelanotic 250 W
melanoma cell . .
line (M), SiPc 2x 1000 | halogenlamp | 20 min. 20% cell viability. (Decreau etal,
12 J/cm 1999)
Healthy human (480 nm)
melanocytes &
keratinocytes
Pc 18 PDT treatment
showed 72% complete
Argon pumped tumor regression.
RIF-1 tumors in SiPc 0.63-0.86 dye laser 135 J/em? Pc 10 & Pc 12 PDT showed (Anderson et al.,
C3H mice (10, 12,18) mg/k 100% complete response 1998)
9’kg (675 nm) 0 P P '
Doesn’t produce cutaneous
photosensitivity.
Mouse murine Al — chloro Fluorescent Less toxic in the dark. (Chan et al
cell lines sulohonated — 5-100 tubes 0 — 60 min Uptake is time dependent. 1086) v
(NIH/3T3 & UV- P Pc pg/ml PDT treated cells (30 min)
2237) (600 nm) resulted in 0% survival at

day 3.
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Light

Cell Lines PS [PS] Laser (A) Results Reference
treatment
Colorectal 87% success rate after a
carcinoma in Disulfonated Xenon lam single dose. Regrowth of (Stukavec et al.,
nude mice (32) hydroxyl — 2.5 mg/kg P 120 J/icm? tumor was seen with one 2009)
(675 nm) ;
AlPc mouse. No side effects were
seen after PDT treatment.
Hairless mice Scarring was seen after PDT
albino (SKH — treatment. AICIPc was not
HR 1) & with detected in healthy normal
melanin (SKH — tissue (biopsies).
HR2)
_ 75 3/em? No photosensitivity or
Used UV A Diode laser 150 J/em? toxicity was seen. (Kyriazi et al
(5 mW/cm?) & AICIPC 40 plicm? 250 3o y 2008)
uv B (670 nm) Recurrence of cancer in the
(4.5 mW/cm?) treated area was not
to induce basal observed.
(10%) &
squamous 5 mice in each group were
(80%) cell cured completely.
carcinoma
Mouse
fibroblast
(NIH3T3); .
Semi — - .
Mouse Cell viability of all cell lines
1-10 conductor 5 . (Kolarova et al.,
melanoma CIAIPcSs 30 J/cm decreased proportionally to
pg/ml L 2007)
(B16), Human concentration increase.
(675 nm)
breast
carcinoma
(MCF-7)

30



Light

Cell Lines PS [PS] Laser (A) Results Reference
treatment
Human Diode laser 5 min 2 h after PDT: cell death of (Tapajés et al
ceratmomes | Chloro—AlPc | 5 M ot Jom? 80%; 24 h after PDT: cell pzi)os) 5
Y (670 nm) death of 100%
. Argon laser
Hybrid mice D|squ£|?Dnated 5 mglkg 10 min Cured all tumors at 3 h & (Cubeddu et al.,
- c 12 h. 2001)
(685 nm)
PDT treatment induced
. photodamage to the
. Diode laser : X .
Human cervical Chloro — Pc ) mitochondria, endoplasmic | (Maftoum-Costa
. 5mM 4.5 J/cm . o
cancer (HelLa) (liposomal) reticulum & actin filaments of et al., 2008)
(670 nm) .
the cytoskeleton, suggesting
loss of cell viability.
Cells treated with 100,200 &
10 uM 300 uM of inactive GePcS
Oesophageal GePcS mix 50 uM Diode laser mix decreased in cell
Cance‘? (S?\I o) | APcS mix 100 uM 20 Jicm? viability after 24 h. Cell Kresfelder et.
200 uM (680 nm) viability decreased in a dose al., 2009
300 uM dependent manner after
PDT.
Colon cancer Significant decrease in cell
5 uM . 2 J/lcm? viability of A549 with all
(DLD-1) Diode laser 5 ; .
. 10 uM 5 J/icm concentrations and light (Manoto et al.,
ZnPcSmix 5 o
Lung cancer 20 pm (677 nm) 10 J/cm _doses. _S|g_n_|f|cant decrea;e 2012)
40 pM 20 J/cm? in cell viability of DLD-1 with

(A549)

20 — 40 pM.
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Light

Cell Lines PS [PS] Laser (A) Results Reference
treatment
Human
keratinocytes & Diode laser Able to directly kill H376
oral squamous AlSz2Pc 25 pg/mi 1 J/cm? cancer cells in vitro via (Kresfelder et
cell carcinoma (675 nm) apoptosis. al., 2009)
(H 376)
0 min Cytotoxic effect of AlIS2Pc is
5 ug/ml Fluorescent 2.5 min dose dependent.
Human tubes 5 min
keratinocytes AlS2Pc gg “gjm: 10 min 25 pg/ml with 0.6 J/cm? (50“1‘395 4‘§t al,
cells (UP) 100“9 ml (660 — 700 15 min reduced cell viability to
HY nm) 20 min 100%.
Tumor model :
(EMT - 6 cells AlPc (chloride) No recurrent of tumor at 20
: 0.5&0.25 Xenon lamp
of a murine days post — PDT.
AlPc: 2 2 (Chanetal.,
mammary 1 (650 — 700 400 J/cm 1097)
sarcoma 100% tumor response.
. . AlPc: pmol/kg nm)
induced in
Balb/c mice)
PDT - 1200 50% of the cells were found
Human red light 25_35 to undergo apoptosis after
epidermoid AlPcS4 2.5uM device .J/cmz. irradiation with light doses (Plaetzer et al.,
carcinoma cells from 2.5 to 3.5 J/cm?, other 2002)
(A431) (600 nm) 50% necrosis.
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Light

Cell Lines PS [PS] Laser (A) treatment Results Reference
iah - Decrease of cell survival
Light emitting from 929% to 30%
Humanbreast | 7 pe oy | 1M dode 0.5-20 | (Vittar et al
5 . : y
cancer cells (670 — 675 Jicm Induction of ceII_death via 2010)
apoptosis.
nm)
ICso:
Human Halogen lamp ZnPcl —4 & 8 > 1000 ng/ml
adenocarcinom ZnPcl — 5% 105 M 158.4 ngscszgésbéonn?!nr?l (Banfi et al.,
a cell line ZnPc8 (380 — 780 Jlem? 76 7- 151.30 nafm 2007)
(HCT 116) nm) - 2250 Ng
Cell death : apoptosis
Human
fibroblast
(HT-1080); .
Keratinocytes Halogen lamp . Co.mplete.ce.ll Iethallty after 1 (Fabris et al.,
(HaCaT): ZnPc 0.5-5uM 1 min min irradiation with 3 uM of 2006)
' (600 -700 nm) ZnPc.
Mouse embryo
fibroblasts
( Balb/3T3)
6.1 -7.8kg 0.5 mg/kg SDE;e?w 1.5 mg/kg of ZnPc appeared (Liuetal., 2007)
Beagle dogs ZnPc 1.5 mg/kg 7 Jlcm? to be a safe and promising
(24) 4.5 mg/kg (670 nm) approach for clinical use.
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Light

Cell Lines PS [PS] Laser (A) treatment Results Reference
Quartz/ Apoptosis
18-20¢g 0.12 halogen lamp 24 h and 48 h after tumor (Zhou et al
Balb/c mice ZnPc m ) I (600 — 700 300 J/cm? tissue is seriously damaged 1996) "
tumor model 9/kg nm) and a large number of dead
tumor cells are present.
Human DNA damage.
melanoma cells Halogen lamp
(:ZZT;F;%r; 10 pM (360 — 2700 12.5J/cm? | The use of irradiation in the (KOIaE%\é?_))(at al,
(G361) Y nm) absence of PS does not
induce DNA damage.
Normal skin DT: AlPcS is non — toxic at
fibroblast cells Argon laser conceZnStratl?r?ﬂs up to
AIPCS 3-400 0.1-50 Hg/mi. (Glassberg et
HT-1080 pg/mi (625 — 697 J/cm? Optimized PDT: al., 1990)
f'broizﬁgoma nm) 3 ug/ml of AIPCS for 8 h with
4 — 8 J/cm? of light dose.
Human B . - Significant morphologic
laryngeal br%frgijle _ 1 umoll ngnedﬁi'[glr 4.5 3/em? changes in PDT treated cells | (Machado et al.,
carcinoma ZnPc H (676 nm) ' were observed. 2010)
(Hep-2)
Human AlPcS4induced intrinsic
death pathway and ZnPc
laryngeal AlPcS4 10 uM LED prototype 4.5 J/em? inducF:)ed pro)étanoid _ (Machado et al.,
carcinoma ZnPc (640 nm) ’ diated activati f death 2009)
(Hep-2) mediated activation of deat

machinery after PDT
treatment.

34



Cell Lines PS [PS] Laser (A) Light Results Reference
treatment
Human liver
carcinoma
(Hep G2)
Human gastric
carcinoma
(BGC 823) ICs0: 0.5 — 10 pmol/l.
Human .
neuroblastoma ZNnPcSzP2 Diode laser cel ggaéké:lscgﬁtezggﬁm "
(SH-SY5Y) ZnPc 10 nmol/ — 5 ' (Shao et al.,
1.5J/cm
ZnPcSsP1 100 nmol/l , 2012)
Normal non- ZnPCSa (670 nm) Zn_P_cSsz_ is now under
: clinical trials in China.
carcinoma
human gastric
epithelial cells
(GES-1)
Human
embryonic lung
fibroblast
(HELF)cells
No DT with 0.1 pM.
DT: 0.5 uM was toxic.
. (Yslas et al.,
Humar_l Larynx ZnPc (3) Projector _ A higher photocytotoxic 2007)
carcinoma ZnPc (4) 0.1 uMm 0.5 & 15 min effect was found for ZnPc (3)
(Hep2) (670 nm)

with respect to ZnPc (4) —
(32% & 70% cell survival
after 15 min of irradiation)
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Cell Lines

PS

Light

[PS] Laser (A) treatment Results Reference
No PDT effect on normal or
tumor in the brain area if the
PS concentration was less
than 0.5 mg/kg.
' n?gcl)lfg ?J?nopnea Irz.r(]j Selective'necrosis of tumor
C6 Glioma dve laser was evident 6 h post — (Stylli et al
model in Wistar AISPc 1 mark ye 800 J/cm? photosensitization at an 3{99 v
rats mg/kg AISPc concentration up to 5)
(675 nm) e
5 mglkg 1 mg/kg with light dose up to
200 J/cm?.
Necrosis occurred in the
normal brain tissue at higher
AISPc concentration and
light dose.
Photosensitization efficiency
of Pc was much higher with
a 24 h pre —incubation
period was used, with light
Rat dose of 5 mW/cm?2.
pheochromoc- 2000 W 0 J/cm?
ytoma PC 12 AlPC 1M Tungsten/ 2 J/lcm? With a light dose of
& Halogen 4 J/cm? 10 mW/cm?Z, the (Gomes et al.,
Human Lamp 6 J/cm? photosensitization efficiency 1999)
Lymphoblastoid AlPcSs 25 UM 8 J/cm? of AIPcS4was independent
CCRF-CEM (600 nm) of the pre — incubation time
cells

(6 h vs 24 h) with Pc.
AlPc for 10 min or 6 h and
lights doses of 10 mW/cm?

or 5 mW/cm? on CCRF —
CEM cells.
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Light

Cell Lines PS [PS] Laser (A) Results Reference
treatment
Human
melanoma
cancer cells Diode laser Optimized in vitro PDT:
Human ZnTSPc 10 pg/ml — 4.5 3/em? 50 pg/ml + 4.5 J/cm? (Maduray et al.,
fibroblast cells 100 pg/ml ' Cell death induced: 2011)
(672 nm) )
Human apoptosis.
keratinocytes
cells
Myeloma cells lodine The higher the concentration
& Chinese ZnPc 25 yg/ml | tungsten lamp the greater the
hamster ovary 100 pg/ml 15 min photodynamic effect. 100 (Gao et al.,
cells (610 nm) pag/ml cells were killed after 2001)
PDT treatment.
Human
melanoma
cancer cells Diode laser Optimized in vitro PDT:
_ Human AITSPC 10 pg/ml — 4.5 3/em? 40 pg/ml + 4.5 J/cm? (Maduray et al.,
fibroblast cells 100 pg/ml ' Cell death induced: 2012)
(672 nm) )
Human apoptosis.
Keratinocytes
cells
Chinese
hamster ovary Semi — . .
(CHO - K1) & conductor 35 sec Induction of apopt95|s (CHO (de CastroPazos
. AlPcS4 10 mM 2 — K1) and necrosis (HelLa)
Human cervix 0.5 J/cm et al., 2003)
: after PDT treatment.
carcinoma (670 nm)
(HelLa)
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Cell Lines

PS

[PS]

Laser (A)

Light
treatment

Results

Reference

Melanoma
cancer
(UACC-62)

Breast cancer
(MCF-7)

Non- small
lung cancer
(NCI 460)

Leukemic
cancer
(K562)

Ovarian cancer
(OVCAR-3)

Prostate cancer
(PC-03)

Colon cancer
(HT-29)

Kidney cancer
(786-0);

Ovarian cancer
(NCI-
ADR/RES)

Sheep red
blood cells

Liposome
bound ZnPc

1x 103
mol/dm3

Projector

(600 nm)

2.1 J/lcm?

10 min

0.97 pmol/dm-2 causes
major decrease in a number
of the cells in all cell lines.

Total cell growth inhibition
only at concentrations higher
than 250 umol/dm-3.

(De Oliveira et
al., 2010)
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Hypericin is known as one of the most powerful second-generation PSs to be found in
nature because it has the ability to generate singlet oxygen or ROS upon irradiation with
light (Koren et al., 1996). The hypericin molecule is a natural photoactive pigment which
plays a role as an effective photoreceptor in Saint John’s Wort plant as well as in other
plant species of the Hypericum (Kubin et al., 2005). This plant pigment has long been
used in traditional medicine for the treatment of depression and wound healing (Guedes
and Eriksson, 2005). Its photodynamic effects were observed in the 20" century, when
grazing cows, have ingested plants containing hypericin, and were diagnosed with
“hypericism syndrome” a condition of severe sensitivity to light. It was also noticed that the
photosensitizing effect of hypericin caused skin irritation, elevated body temperatures and
in extreme cases death of the animal (Guedes and Eriksson, 2005). However, hypericin
seems to display antiviral, antibacterial, antipsoriatic and antitumor activity including
potential to be used as a diagnostic tool for fluorescence detection of malignant tissue
(Kubin et al., 2005). As a photosensitizing agent it has good phototoxic efficiency with
minimal dark toxicity and is activated around 600 nm. It has the ability to induce apoptosis

(cell death) very effectively (Agostinis et al., 2002).

Hypericin might prove useful for treatment of skin cancer by inducing apoptosis without
provoking a massive inflammatory response. The in vitro and in vivo photodynamic effects
of hypericin have been studied and results prove that it shows great clinical potential as a
photosensitizing agent for the PDT treatment of different cancers (Kubin et al., 2005).
Despite all of its benefits and its strong photosensitizing ability, the application of hypericin
in PDT suffers from two main disadvantages: isolation process is expensive and low
solubility. Thus, over the last decade several efforts have been undertaken to synthesize

new hypericin derivatives with increased solubility, longer wavelength absorption bands,
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enhanced photosensitizing potential and applicability in a more wide-spread field (Karioti

and Bilia, 2010).

1.4.1.3 THIRD-GENERATION PHOTOSENSITIZERS

Most recently, first-generation and second-generation PSs have been conjugated to
various delivery models such as biologically active molecules, antibodies, liposomes and
nanoparticles to form third-generation PSs (Paszko et al., 2011). Third-generation PSs
have been designed to precisely deliver PSs to tumor cells at increased concentrations,
and to minimize or prevent PS accumulation in healthy normal tissue (Josefsen and Boyle,
2008a). Also, a number of promising first-generation and second-generation PSs have
poor solubility in agueous media which prevents their intravenous delivery, and affects
their efficacy (Josefsen and Boyle, 2008a). It would be advantageous for delivery models
to facilitate the selectively transportation of these potentially useful PSs to the cancerous
tissue or targeted site (Josefsen and Boyle, 2008b). One of the targeting strategies of
third-generation PSs involve delivering the PS specifically to certain cellular organelles
(e.g. mitochondria and nucleus) within the cancerous cell. Since the mitochondria
efficiently stimulates apoptosis (preferred mode of cell death) and nuclear damage can

also lead to rapid induction of cell death (Josefsen and Boyle, 2012).

Another option is conjugating PSs to antibodies to improve affinity and specificity of PSs
(Josefsen and Boyle, 2012). Antibodies work by selectively targeting complimentary
biomarkers which are expressed on the surface of healthy normal cells (Josefsen and
Boyle, 2012). Cancerous cells commonly over-express certain biomarkers (e.g. antigens)
on their surface against which antibodies can be produced and conjugated to PSs. This
will facilitate the direct targeting of the PS towards specific bioreceptors and may even

reduce the dose of PS that would be necessary for an observable PDT effect (Josefsen
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and Boyle, 2012). Low density lipoprotein (LDL) receptors are also overexpressed in
cancerous cells or tumor vasculature cells (Josefsen and Boyle, 2012). Low density
lipoproteins (LDLs) contain a hydrophobic lipid core, outer shell of polar lipids and
apoproteins (Josefsen and Boyle, 2012). These are biocompatible, biodegradable and
non-immunogenic that serve as the main transporter of cholesterol molecules to
mammalian cells. Therefore, LDLs are generally used as a carrier for targeted drug
delivery in the field of medicine (Josefsen and Boyle, 2012). Thus, LDL can be used to
deliver hydrophobic and amphiphilic PSs to cancerous cells in PDT. LDL complexes or
conjugates also exhibit selective accumulation in cellular sites such as the mitochondria
(Josefsen and Boyle, 2012). The incorporation of PSs into the LDL structure is anticipated
to enhance tumor uptake and PDT activity of the PS (Josefsen and Boyle, 2012). It is also
known that tumor cells have high energy requirements and tumor proliferation is often
dependent on glucose uptake, because glycolysis rates are much higher in cancerous
cells compared to healthy normal cells (Josefsen and Boyle, 2012). The idea of coupling
sugars to PSs also show promise in the selective targeting of cancerous cells or tumors

(Josefsen and Boyle, 2012).

Another possibility is to encapsulate the PS in delivery agents such as liposomes,
micelles, ceramic based nanoparticles, gold nanoparticles and polymer nanoparticles
(Paszko et al., 2011). Liposomes are able to encapsulate hydrophobic and hydrophilic
PSs. Liposomal formulations of PSs display the ability to decrease the tendency of PS to
aggregate and improve tumor-selective accumulation of PS (Paszko et al., 2011). Micelles
also have the ability to specifically deliver the PS to cancerous cells and can be used to
encapsulate PSs that have poor solubility in water (Paszko et al., 2011). Nanoparticles or
nanosized carriers function on a similar principle to liposomes and share a similar

composition (outer hydrophilic and inner hydrophobic region). These nanoparticles have a
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strong ability to protect encapsulated drugs such as PSs; are compatible with biological
systems and their surface can be easily modified with functional groups (e.g. antibodies or
other ligands) to improve tumor selectivity (Paszko et al., 2011). Moreover, nanoparticles
are stable in water and possess substantial capacity for drug loading. They are also
suitable for controlled PS delivery due to their ability to slowly and consistently release

drugs (Paszko et al., 2011).

Nevertheless, the basic aspects of targeted PDT or nano PDT for third-generation PSs
stills needs to be explored in more detail. More in vitro and in vivo studies need to be
conducted on the mechanisms of action, efficacy, associated toxicity, distribution and long

term effects of these targeting strategies (Wojtyk et al., 2006).

1.4.2 LIGHT SOURCES

The type of light source and light delivery systems are of vital importance in PDT
(Juzeniene et al., 2007). The choice of light source depends on the depth of the lesion,
and the chosen wavelength of light (nm) has to be within the absorption band of the PS.
The wavelength of light used in PDT is usually in the range of 600 — 800 nm, known as the
therapeutic window. Also, in this wavelength range the energy of each photon (hv) is high
enough (> 1.5 eV) to activate or excite the PS and yet is low enough so the light has
sufficient penetration into the tissue (Zhu and Finlay, 2008). A number of different light
sources have been used in PDT which can be classified into non-coherent (e.qg.
conventional arc lamps, LEDs and slide projectors) or coherent (e.g. lasers) light sources

(Sibata et al., 2000).

Non-coherent sources for PDT include halogen xenon arc lamps, metal halide lamps,
fluorescent tubes, light emitting diodes (LEDSs), slide projectors equipped with filters and
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intense pulsed light sources (IPL) (Huang, 2005). They can generate spectra of
wavelengths to accommodate different PSs and can be used in conjunction with optical
filters to output selective wavelength or wavelengths (Huang, 2005). These are safer, easy
to use and less expensive. LEDs can produce high energy light of desired wavelengths;
can be arranged in a range of geometries and sizes (Huang, 2005). For the PDT treatment
of brain tumors the LED-probe is arranged in a cylinder tip to fit into a balloon catheter,
whereas for intestinal PDT treatment the small and flexible light delivery LED catheter can
be implanted into the tumor percutaneously (Huang, 2005). The larger LED arrays are
more suitable for flat surface illumination of wide-area superficial lesions (Huang, 2005).
The disadvantages of non-coherent sources include significant thermal effects, low light
intensity and controlling light dose. In contrast, light exposure or light doses using coherent
light sources (laser) at a defined wavelength offers accurate light dosimetry at the surface
of the treated lesion (Huang, 2005). For non-coherent or broad band sources the depth of
penetration, the extinction coefficient of the PS and the spectral intensity can all vary
across the bandwidth of light used. Therefore, the light doses reported with coherent light

sources are more precise compared to non-coherent light sources (Huang, 2005).

The most commonly used PDT coherent light source is lasers. Lasers produce high
intensity and monochromatic light of a specific wavelength (Peng et al., 2008). They can
emit either continuous or pulsed light, and the pulsed lengths are measured in
femtoseconds (fs) (Peng et al., 2008). Most importantly, laser delivery systems can be
used to transmit the laser beam to a targeted tissue (Peng et al., 2008). For example, the
laser light can be focused, passed down an optical fibre or directly delivered to the target
site using a specially designed illuminator tip (e.g. a microlens, a cylindrical or spherical
diffuser). The wavelength, operating power, desired spot size and accessibility of the
treatment site will influence the choice of laser delivery system used during treatment
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(Peng et al.,, 2008). The use of lasers in medical treatments consists mainly of
photothermal and PDT applications (Peng et al., 2008). It is also applied in both cases in
almost all disciplines of medicine including dermatology, ophthalmology, dentistry,
otolaryngology, gastroenterology, urology, gynecology, cardiology, neurosurgery and
orthopedics (Peng et al., 2008). Gas lasers, argon lasers, helium-neon lasers, metal-vapor
lasers (e.g. copper and gold) and solid state lasers (e.g. diode and potassium titanium
oxide phosphate) are used for clinical PDT worldwide (Peng et al., 2008). The gold lasers
(A = 630 nm) have been used for porphyrin-mediated PDT and is the most frequently used
laser in PDT. Fluorescence diagnostics and PDT are the typical application fields for diode
lasers because wavelengths from UV to infrared can be obtained (Peng et al., 2008).
Diode laser systems are also low in capital cost, negligible in running costs, highly reliable,
small in size and portable (Peng et al., 2008). These features make diode laser systems
very attractive light sources for scientific PDT studies, clinical and pre-clinical PDT

treatments (Peng et al., 2008).

1.5 PHOTOPHYSICS AND PHOTOCHEMISTRY OF PDT

The photochemical and photophysical processes involved in PDT have been well
documented and extensively studied (Sharman et al., 1999). Most PSs in their inactive
state or ground state have two electrons with opposite spins positioned in an energetically
most favorable molecular orbital (Castano et al., 2004). During the absorption of light or
PS activation one electron is transferred to a higher energy orbital. The activated PS in its
excited state is considered unstable and emits this excess energy as fluorescence and/or
heat (Castano et al., 2004). Alternatively, the excited PS may undergo intersystem
crossing to form a more stable triplet state PS with inverted spin of one electron (Castano
et al., 2004). This excited triplet state PS can proceed through two different reaction
pathways characterized as Type | and Type Il reactions (Castano et al., 2004).
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In Type | reaction, the excited triplet state PS can react directly with a substrate (e.g. cell
membrane or a molecule) and transfer a proton or an electron to form a radical anion or
radical cation respectively (Sharman et al., 1999). These radical species are generally
highly reactive and may further react with molecular oxygen (present in biological or
cancerous tissue) to either produce ROS such as superoxide anions or hydroxyl radicals
or cause irreparable biological damage (Sharman et al., 1999). It is these Type |
photoreactions that lead to oxidative damage and cell death. It has also been noted that in
an anoxic environment (total depletion of oxygen) excited triplet state PS can directly react
with an organic substrate and reduced PS by electron exchange generating an oxidized
substrate and reduced PS (P) (Sharman et al.,, 1999). Whereas, in an hypoxic
environment (low oxygen concentration) the reduced PS (P°) reacts with molecular oxygen
to form superoxide anions (O7) which then forms the highly reactive hydroxyl radical. Type
| photoreactions depend on the amount of oxygen present in the treated biological tissue

and on the availability of target-substrate concentration (Macdonald and Dougherty, 2001).

The Type Il reactions involve the energy transfer between the excited triplet state of the PS
and ground state molecular oxygen (present in biological tissue) to produce excited state
singlet oxygen (Sharman et al., 1999). This excited state singlet oxygen is a highly
reactive form of oxygen and reacts with a large number of biological substrates (e.g. lipids,
proteins or nucleic acids) to induce oxidative damage and cell death (Sharman et al.,
1999). Type Il reactions are dependent on oxygen concentration. During PDT treatment,
both Type | and Type Il photochemical reactions can occur simultaneously to generate
ROS and excited state singlet oxygen (Sharman et al., 1999). The ratio between these two
pathways depends on the type of PS used, the concentration of substrate and molecular
oxygen availability in the treated biological tissue (Castano et al., 2004). Although Type |

reactions are known to be more dominate during PDT, Type | reactions may become more
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dominate under situations where PS are highly concentrated in treated tissue or under
hypoxic conditions (low oxygen concentration) (Macdonald and Dougherty, 2001). The
photophysical and photochemical mechanisms of PDT are diagrammatic illustrated in

Figure 1.5.
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Figure 1.5 The processes of light absorption and energy transfer that occur during PDT.
Upon absorption of light of a specific wavelength one of the ground state PS electrons is
boosted into a high-energy orbital (first excited singlet state; 'PS"). This is a short lived
species and loses its energy by emitting fluorescence or internal conversion into heat. The
excited singlet state PS may also undergo intersystem crossing to form the relatively long-
lived excited triplet state 3PS’. This long-lived excited triplet state PS can effectively
interact with its surroundings, either by Type | or by Type Il reactions to generate reactive
species (free radicals and reactive oxygen species) which causes oxidative damage and

cell death (Castano et al., 2004).

1.6 PHOTOBIOLOGY OF PDT
The most important factor governing the outcome of PDT is how the PS interacts with
cancerous cells in the targeted tissue or tumor, and the key aspects of this interaction is

the subcellular localization of the PS as well as the mode of PDT induced cell death

46



responsible for tumor destruction (Castano et al., 2004). Also, the cellular uptake of PSs
by cancerous or other cells is essential for effective PDT (Castano et al., 2004). PSs which
are hydrophobic with two or less negative charges can diffuse across the plasma
membrane, and then relocate to other intracellular membranes or sites in the cell (Castano
et al., 2004). Those PSs which are less hydrophobic and have > 2 negative charges are
too polar to diffuse across the plasma membrane and therefore taken up by endocytosis

(Castano et al., 2004).

1.6.1 SUBCELLULAR LOCALIZATION OF PSS

ROS and excited state singlet oxygen have short half-lifes and act close to their site of
generation (Castano et al., 2004). Therefore, the degree of photodamage and type of
photodamage that occurs in cancerous cells after PDT treatment depends on the
subcellular localization of the PS within the cell (Castano et al., 2004). Since most PSs are
fluorescent, PS localization can be easily studied and determined by fluorescence
microscopy (Castano et al., 2004). Mitochondria, lysosomes, plasma membrane,
endoplasmic reticulum (ER) and Golgi apparatus are preferential target sites for PSs
(Castano et al., 2004). None of the clinically approved PSs for PDT localize in the nuclei.
Therefore, PDT has a low potential of causing DNA damage, mutations, carcinogenesis

and developing resistant clones (Allison et al., 2004b).

Several photosensitizing agents localize in lysosomes and upon laser illumination (laser
treatment) they can cause cell death via two different ways (Mroz et al., 2011). These
include the release of lysosomal enzymes in the cytosol or the relocalization of the PS
after illumination to other non-lysosomal sites in the cell. PSs that readily aggregate are
more likely to be taken up by pinocytosis and/or endocytosis and therefore localize in

lysosomes (Moor, 2000). Also, PSs that have net anionic characteristics localize in the
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lysosomes, whilst those with cationic character localize in the mitochondria (Castano et al.,
2004). Mitochondria is considered to be a very important subcellular target for many PS
used in PDT. This is related to the tendency of many PS to induce programmed cell death
(apoptosis) by mitochondrial damage after laser treatment (Castano et al., 2004). The
earliest apoptosis event observed after laser treatment is the release of cytochrome C
from mitochondria (Mroz et al., 2011). Cytochrome C release can cause the initiation of a
cascade leading to the activation of caspases 9 and 3 followed by the final stages of
apoptosis modulated by Bcl-2 family (Mroz et al., 2011). Thus, PDT treatments with PSs
localized in mitochondria are very rapid inducers of apoptosis (Chiaviello et al., 2011). A
preferred subcellular localization for hydrophobic PSs is the mitochondria and the plasma
membrane (Castano et al.,, 2004). The effect of PDT on cancerous cells with plasma
membrane localized PSs was found to disrupt the plasma and swelling of the cell wall after
PDT treatment. Disruption of the plasma and swelling of the cell wall are profound
morphological characteristics of apoptosis (Castano et al., 2004). In some cases, it was
observed that the damage of the plasma membrane induced-necrosis like cell death

(Chiaviello et al., 2011).

In eukaryotes, endoplasmic reticulum (ER) is known as a repository of calcium ions and
plays a role in signaling (Chiaviello et al., 2011). Any disturbances in the functions of ER
lead to ER stress. However, if ER stress persist program cell death is activated. The
localization of PS in ER and laser treatment causes ER photodamage with the release of
sufficient calcium ions which creates interactions with the mitochondrial matrix resulting in

apoptosis (Chiaviello et al., 2011).

Another method of cell death is autophagy. It is another response to ER photodamage

perhaps serving to eradicate cancerous cells not initially removed by apoptosis (Mroz et
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al., 2011). Thus, many of the second-generation photosensitizing agents are designed to
target specific sites within a cancerous cell. This would help in the rapid initiating of cellular
signals required for the induction of cell death (Kessel, 2006). For example, monocationic
porphyrin was designed to localize in the plasma membrane of photosensitized cells.
Other specifically designed second-generation PSs include chorin derivatives (e.g. NPe6
and lysyl chlorin p diester) and expanded porphyrin based PSs (e.g. LuTex) localize in
lysosomes (Kessel, 2006). Pcs such as the Pc 4 and BPD localize in the mitochondria
and ER (Kessel, 2006). Whereas, Al Pc complexes including tin etiopurpurin are designed

to localize in ER and lysosome. HPPH and mTHPC localize in the ER (Kessel, 2006).

1.6.2 MODES OF CELL DEATH INDUCED BY PDT

PDT treatment can induce three mechanisms of cell death, namely apoptosis, necrosis
and autophagy (Mroz et al., 2011). PDT-induced cell death may vary not only with the cell
type or its genetic or metabolic potential but also with the experimental parameters, total
treatment light dose delivered, types of PSs and their intracellular localization (Moor, 2000,
Mroz et al., 2011). The initial cellular site of PDT related damage may determine which cell
death pathway is triggered. The efficacy of PDT related cellular damage may also regulate
how the PDT treated cells respond (Mroz et al., 2011). The PDT treated cells have to be
damaged beyond repair for apoptosis to occur. Otherwise, autophagy is activated to
initiate cell survival or serve as rescue or repair mechanisms. PDT at its highest dose
possibly leads to necrosis as the proteins that are involved in apoptosis or autophagy
pathways may be destroyed and cellular integrity damaged (Mroz et al., 2011).
Additionally, PDT treatment may cause the shutdown of tumor vessels which results in the
local depletion of nutrients and oxygen, and therefore activating necrosis. Lastly, PDT can

also lead to activation of a tumor directed immune response; some cancerous cells are
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eradicated via apoptosis by cytotoxic T cells (Mroz et al.,, 2011). This is clearly

summarized in Table 1.4.

Key molecular effectors or signaling molecules regulating the induction of apoptosis,

necrosis or autophagic cell death pathways (Mroz et al., 2011) are triggered by PDT as

seen in Figure 1.6. These signaling molecules modulating the induction of apoptosis,

necrosis or autophagy can become useful targets to stimulate or increase photokilling in

cancer cells during PDT treatment (Mroz et al., 2011).

Table 1.4 Major cell death pathways and key players activated by PDT (Mroz et al., 2011)

ORGANELLES CELL DEATH
Mitochondria : Cytochrome c release; Apoptosis
Bcl -2 damage
Direct Cell
Damage
Cytoplasm: Beclin 1; mTOR activation Autophagy
Cell membrane disintegration Necrosis
Vascular Local depletion of oxygen and nutrients Apoptosis
Shutdown Necrosis
Autophagy
Activation Of Cytotoxic T cells Granzyme
Immune mediated
Response Apoptosis
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Figure 1.6 The modes of cell death observed after PDT. It depends on the intracellular

Cytoplasm

localization of the PS and PDT related damage to organelles. PDT with PS localizing in the
mitochondria will lead to loss of membrane permeability and release of pro-apoptotic
mediators. PDT damage to ER will release cellular deposits of calcium. Accumulation of
PS in the lysosome releases proteolytic enzymes upon laser treatment (autophagy).
Necrosis and autophagy may be dominating cell death modes when apoptosis is
dysfunctional. Several PS may locate in more than one organelle at the same time and the
cell death pathways may occur concurrently (Mroz et al., 2011).

1.6.2.1 PDT AND PROGRAMMED CELL DEATH (APOPTOSIS)

Apoptosis is a process of cell death initiated through either the activation of death
receptors or the mitochondrial release of cytochrome ¢ (Rustin, 2002). Both these events
eventually lead to activation of caspase cascades called “executioner caspases” such as
caspase 3, caspase 6 and caspase 7 (Mroz et al.,, 2011). These active executioner
caspases cleave cellular substrates, which causes distinct biochemical and morphological
changes in observed dying cells (Rathmell and Thompson, 1999). Morphological
characteristics for apoptosis include cell shrinkage, membrane blebbing, chromatin
condensation and nuclear fragmentation (Savill and Fadok, 2000). During apoptosis, Bax

and Bak (pro-apoptotic proteins in the Bcl-2 family) oligomerize in the outer membrane of
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the mitochondria and releasing other pro-apoptotic proteins like cytochrome c from
mitochondria, which allows for the activation of caspase 9 (killer proteases). Accumulating
research have shown that PDT is an efficient inducer of apoptosis in many different cancer
cell lines however, the lack of the ability to undergo apoptosis does not protect cell lines
from lethal effects of PDT treatment (Mroz et al., 2011). Also, it appears that the post-
mitochondrial regulators (e.g. Bax proteins), trigger late events of the apoptotic response.
Thus, PDT treatment that can trigger an increase in Bax/Bcl-2 ratios in cancerous cells is

regarded as a successful treatment (Mroz et al., 2011).

A family of death receptors known as TNFR superfamily (tumor necrosis factor receptor)
is also involved in the signaling process of apoptosis (Mroz et al., 2011). TNFR signaling is
an important factor in immune responses. This signaling contains other members like Fas
and APO2/TRAIL to induce apoptosis through a p53 independent mechanism (Mroz et al.,
2011). These death receptors activate the apoptotic pathway by caspase 8 mediated
cleavage of the Bcl-2 family member BID. BID interacts with Bax and Bak for the
mitochondrial release of cytochrome ¢ and SMAC/DIABLO to activate caspase 9 and
caspase 3. There is strong evidence that APO2/TRAIL is also involved in PDT mediated

apoptosis (Mroz et al., 2011).

1.6.2.2 PDT AND NECROSIS

Necrosis is now also considered as a form of programmed cell death (Zong and
Thompson, 2006). Some of the characteristic features of necrotic cell death include
cytoplasmic swelling, destruction of cellular organelles and disruption of plasma
membrane causing the release of intracellular contents which leads to inflammation
(Danial and Korsmeyer, 2004). Investigating the factors and parameters that activate
cellular necrosis after PDT is not as easy as investigating those factors which lead to
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apoptosis. One contributing factor is that high doses of PDT (either a high PS
concentration or a high treatment dose or both) tends to induce cell death by necrosis,
while PDT administrated at lower doses tend to induce apoptotic cell death (Mroz et al.,
2011). Another consideration is that with PS localization in the plasma membrane the
photosensitization process can rapidly switch the balance towards necrotic cell death,
likely due to loss of plasma membrane integrity and the rapid intracellular ATP depletion
(Mroz et al., 2011). Also, high doses of PDT can possible photochemically inactivate key
enzymes and other components of the apoptotic cascade such as caspases or inhibit
apoptosis by interfering with lamin phosphorylation or by photodynamic cross-linking of
lamins. Thus, high doses of PDT leads to photodamage of cancerous cells through

necrotic cell death pathways (Mroz et al., 2011).

1.6.2.3 PDT AND AUTOPHAGY
Autophagy is also considered as cell death mechanism. The morphologic features of this
type of cell death include chromatin condensation, accompanied by massive autophagic
vacuolization of the cytoplasm (Mroz et al, 2011). The vacuoles contain double
membranes and degenerating cytoplasmic organelles or cytosol (Mroz et al., 2011). This
cell death mechanism is a catabolic cellular process that allows the cell to maintain a
balance between the synthesis, degradation and recycling of cellular products (Mroz et al.,
2011). A number of autophagic processes exist, which lead to lysosomal degradation of
cellular organelles and proteins. The autophagy process involves the following steps
(Kroemer et al., 2005):

e A double membrane structure called autophagosome surrounds the region of

target

e Creating a vesicle that separates its contents from the rest of the cytoplasm
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e This vesicle is then transported and fused to the lysosome forming
autophagolysosome

e The contents of which are subsequently degraded by lysosomal hydrolases

Beclinl is an essential protein for autophagy and is also known as tumor suppressor gene.
Therefore, autophagy suppresses tumor growth through the generation of Beclinl (Maiuri
et al., 2010). This role changes as the role becomes more advanced; autophagy starts to
promote tumor progression by supplying the tumor cells in the central low nutrient part of
the tumor with energy that is needed for these cells to stay alive. Autophagy also has the
ability to block apoptotic pathways, thereby protecting the cells from treatment (Mroz et al.,
2011). In contrast, some cancer therapies can induce autophagic cell death in the treated
tumor cells. Since mammalian cells uses autophagy as a defense against ROS mediated
damage by clearing the cell of damaged organelles depending on the type of ROS and
degree of oxidative injury PDT may stimulate autophagy as cell death mechanism or
cytoprotector (Mroz et al., 2011). Autophagy can also play a role in the induction of other
cell death mechanisms such as apoptosis. Furthermore, autophagy seems to play a pro-
survival role in tumor cells that are capable of apoptosis and promote cell death
(autophagy or necrosis) in cells that are apoptosis deficient (lack or absence of Bax/Bak

apoptotic factors) (Mroz et al., 2011).

Based on the in vitro studies using various cancer lines and PSs it can be concluded that
PDT directly triggers autophagy (Mroz et al., 2011). This is independent of the subcellular
localization of the PS, as PDT mediated autophagy was seen with PSs that localized in the
ER, mitochondria, lysosome and endosomes (Mroz et al., 2011). Literature also states that
apoptosis often occurs in cells that are already undergoing autophagy as a result of PDT
treatment. Most importantly, autophagy signaling proteins (Beclinl, Atg 5) are not
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photodamaged by PDT. The rate of autophagic cell death if induced by PDT is influenced

by the type of cancer cell, PS and treat light dose (Mroz et al., 2011).

1.7 SAFETY AND ADVANTAGES OF PDT

In principle PDT is ablating a lesion and creating a wound that requires healing. Clinical
PDT has been associated with good healing and absences of scars (Cabuy, 2012). This is
due to the fact that PDT is a cold photochemical process with no tissue heating and
connective tissues such as collagen and elastin are not negatively affected during
treatment. PDT also has excellent cosmetic outcomes and greatly reduced disfigurement
making it an ideal treatment of skin lesions and lesions of the head, neck, and oral cavity.
The ability to use endoscopic delivery of light to hollow structures makes PDT a safe and
success treatment modality for early gastrointestinal cancers, oesophageal cancer and

lung cancer (Cabuy, 2012).

Importantly, PDT does not cause second malignant neoplasms (Cabuy, 2012). It also does
not compromise future treatment options for patients in need of other adjuvant or
neoadjuvant therapy in combination with PDT (Cabuy, 2012). The only side effect evident
in PDT is mild to moderate photosensitivity experienced after PDT treatment. For the
topical application of the PS a local bandage is used to prevent exposure of the treated
site to sunlight. In the case of systemic PS application during PDT treatment patients are
advised to avoid direct sunlight for various lengths of time depending on the type of PS
and PS dose (Cabuy, 2012). The side effects of PDT should be considered as
manageable; when compared to the side effects experienced by cancer patients receiving
surgery, radiation therapy and chemotherapy or combination therapies (Cabuy, 2012).
However, PDT is not yet legalized in many countries presumably owing to the lack of
research and clinical trials in those countries (Cabuy, 2012).
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For PDT to become a treatment option for many other cancers (e.g. melanoma) and
diseases, research needs to continue in order to expand and improve PDT
photosensitizing agents and clinical protocols. In the future, it is most likely that PDT will
continue to be used as a stand-alone modality or in combination with other conventional
treatment modalities (e.g. chemotherapy, surgery or radiation therapy) or with new
strategies. In conclusion, it is clear that the majority of disadvantages associated with PDT
is linked to the photosensitizing agent used during therapy. Therefore, it is important to
optimize certain parameters specifically wavelength, PS administration concentrations

(low) and laser treatment times (short).

1.8 PROJECT AIM

One of the most efficient PS, aluminum phthalocyanine, exhibits high photodynamic
activities, both in vivo and in vitro, against a range of model cell lines and tumors (Table
1.3). However, the photodynamic activity of a wide range of other metal-based Pcs still
needs to be explored. Therefore, the aim of this in vitro study was to assess the
effectiveness of gallium, indium and iron Pc chloride complexes as photosensitizing agents

for PDT.

To achieve this aim the following objectives were set out:

* To identify the absorption and fluorescence (emission and excitation) profile of
gallium, indium and iron phthalocyanine chlorides using spectrophotometric
analysis

* To investigate the cellular uptake of gallium, indium and iron phthalocyanine
chlorides by five different cell lines (four cancer cell lines and one healthy normal

cell line) using a fluorescence spectrophotometer
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« To assess the cytotoxic effects of different concentrations of inactive gallium,
indium and iron phthalocyanine chlorides (in the absence of laser treatment) on the
five different cell lines using the MTT cell viability assay

+ To investigate the photodynamic effect of different concentrations of gallium,
indium and iron phthalocyanine chlorides activated at different light doses with a
diode laser (A = 661 nm) on the five cell lines using the MTT cell viability assay

* To evaluate the potential mode of cell death induced by in vitro gallium, indium and
iron phthalocyanine chlorides mediated PDT in the different cancer cell lines by
electron transmission microscopy and flow cytometric analysis

* To determine the subcellular localization sites of gallium, indium and iron
phthalocyanine chlorides within the four different cancer cell lines using fluorescent
markers or probes for specific intracellular organelles and fluorescent microscopy

for visualization.

The following cancer cell lines were used; colon (Caco-2), breast (MCF-7), skin
(melanoma) and lung (A549). It is known that all cancer cells have an initial mutation that
makes them immortal and a secondary mutation that results in tumorigenicity. In addition
to cancer cell lines primary cultured human fibroblast cells (healthy normal cells isolated
from patients at a laboratory in UCT) were used as a non-tumorigenic control cell line for

the in vitro PDT experiments.
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CHAPTER 2

RESEARCH DESIGN

Research design is the framework that outlines the methods that are followed for research.
This chapter describes the cell lines, experimental procedures and specific PDT methods

used to achieve the planned objectives of the study.

2.1 PHOTOSENSITIZERS

Gallium (lll) phthalocyanine chloride (GaPcCl); indium (lll) phthalocyanine chloride
(InPcCl) and iron (Ill) phthalocyanine chloride (FePcCl) were purchased from Sigma
Aldrich® (South Africa). Stock solutions (100 pg/ml) of each photosensitizer was prepared
using dimethylsulfoxide (DMSO — Sigma®, United Kingdom ) and culture media, which was
further diluted in culture media to obtain treatment concentrations ranging from 2 pg/ml to

80 pg/mil.

2.2 ABSORPTION, FLOURESCENCE EMISSION AND EXCITATION PROFILING OF
THE PHOTOSENSITIZERS

All spectrophotometric experiments were carried out using DMSO as a solvent. The
absorption spectrum for GaPcCl, InPcCl and FePcCl were recorded on a
spectrophotometer (Cary 100) in the spectral range of 300 nm — 900 nm at room
temperature. Fluorescence excitation and emission spectrum for GaPcCl, InPcCl and
FePcCl were measured using a fluorescence spectrophotometer (Cary Eclipse, Varian) at
room temperature. The emission spectra were acquired for GaPcCl, InPcCl and FePcCl in
the spectral range of 300 nm — 900 nm with excitation wavelengths set at 600 nm, 605 nm

and 680 nm respectively.
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2.3 CELL CULTURE
Four different adherent human cancer cell lines were used in this study namely, colon
carcinoma (Caco-2); breast adenocarcinoma (MCF-7); malignant melanoma and lung
adenocarcinoma (A549) cells. The healthy normal cell line used during this study was
adherent human fibroblast cells. This mycoplasma-free cell lines were obtained from the
following sources:
e Caco-2 cells were kindly donated by Dr Yen-Ju (Hollis) Shen from Medical
Research Council (MRC) in Durban
¢ MCF-7 and melanoma cancer cells were kindly provided by Natasha Kolesnikova
from the Biosciences at CSIR in Pretoria
e A549 cancer cells kindly donated by Dr Bronwyn C Joubert from University of
KwaZulu - Natal
¢ Human fibroblast cells (primary culture) were kindly provided Dr A D Marais from

Department of Chemical Pathology at University of Cape Town

Caco-2, melanoma, A549 and fibroblast cells were cultured in T-75 flasks (Corning, USA)
containing Dulbecco’s MEM medium (DMEM — Biochrome, Berlin) composed of sodium
bicarbonate, glucose, glutamine, pyruvate and supplemented with 10% fetal bovine
serum (FBS — Highveld Biological Pty, Ltd., South Africa) as well as 1% antibiotics
(Penicillin/Streptomycin - Biochrome, Berlin) at 37°C in humidified atmosphere with 5%
CO,. MCF-7 were routinely grown in T-75 flasks (Corning, USA) containing RPMI 140
(Biochrome, Berlin) medium comprising of sodium bicarbonate, glutamine and
supplemented with 10% fetal bovine serum (FBS — Highveld Biological Pty, Ltd., South
Africa) as well as 1% antibiotics (Penicillin/Streptomycin - Biochrome, Berlin) at 37°C in
humidified atmosphere with 5% CO,. Flasks containing cells were examined on a daily

basis for turbidity and colour changes in medium. Cell growth or proliferation was
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monitored with an inverted microscope (Nikon, Japan) and cells were either passaged
(sub-cultured) or harvested for experiments when they reached 80% confluency in the
flask. Cell were passaged by removing media and washing cells with 5 ml of phosphate
buffered saline (PBS — Sigma®, United Kingdom) before adding 4 ml of trypsin/versene
(0.125% : 0.1% - Highveld Biological Pty, Ltd., South Africa) solution to detach the cells
from the bottom of the flask. Flasks were incubated for approximately 5 min at 37°C in
humidified atmosphere with 5% CO.. After 5 min, the flasks were viewed under inverted
microscope before supplemented culture media was added to the flask to inactivate the
trypsin/versene. The cell solution was transferred to 50 ml centrifuge tubes (Corning, USA)
and centrifuged at 1200 rpm or 152 g for 5 min. Thereafter, supernatant was discarded
and the pellet was re-suspended in 5 ml of supplemented culture media. 100 pul of this cell
solution was stained with trypan blue dye (Sigma®, United Kingdom) to manually count the
number of viable or live cells using a haemocytometer under the inverted microscope.
Cells were either sub-cultured into new T-75 flask containing appropriate supplemented
media or cells were harvested for experimental purposes. All experiments were performed
with cells of passage numbers from 48 to 57 for the A549 cancer cell line and the other cell

lines were passaged 15 times or less for experiments.

2.4 CELLULAR UPTAKE OF PHOTOSENSITIZERS

The cellular uptake of GaPcCl, InPcCl and FePcCl by the four different cancer cells (Caco-
2, MCF-7, melanoma and A549) and the healthy normal cells (fibroblast) were determined
by using a Cary Eclipse fluorescence spectrophotometer (Varian). For experiments, cells
that reach 80% confluency were seeded in 24-well tissue culture plates (Costar, USA) at a
cell density of 2 x 10* cells/well. Cells were allowed to attach overnight at 37°C in
humidified atmosphere with 5% CO.. After 24 h, cells were photosensitized with 100 pg/ml

of GaPcCl, InPcCl or FePcCl for 30 min, 1 h,2h,4h,6h,8h,10h, 12 h, 14 h, 16 h, 18 h,
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20 h, 22 h and 24 h. At the end of each incubation period, the photosensitized cells were
thoroughly washed in PBS to remove any extracellular traces of PSs before detaching the
cells from the surface of the plate with 1 ml of trypsin/versene. Plates were incubated for
approximately 5 min at 37°C in humidified atmosphere with 5% CO,. After 5 min, the
plates were viewed under inverted microscope before supplemented culture media was
added to the appropriate wells to inactivate the trypsin/versene. The cell solution was
transferred to 15 ml centrifuge tubes (Corning, USA) and centrifuged at 1200 rpm for 5
min. Thereafter, supernatant was discarded and the collected cell pellet was re-suspended
in 2 ml of DMSO (to exact intracellular PSs and lyse the cells) and incubated at room
temperature for 10 min. Then samples were vortexed and centrifuged for 2 min at 6000
rom. The DMSO supernatant containing the extracted intracellular GaPcCl, InPcCl or
FePcCl was collected into another amber microtube and the pellet was discarded. The
DMSO supernatant was analyzed for traces of extracted GaPcCl, InPcCl or FePcCl using
a fluorescence spectrophotometer at specific excitation wavelengths of 600 nm, 605 nm
and 680 nm respectively. Simultaneously, supernatants from untreated control cells (not
pre-incubated with PSs) were measured as a control at similar excitation wavelengths for
each exposure time. The presence of emitted fluorescence peaks are an indication of PS
uptake by cells and the fluorescence intensity (arbitrary units, a.u.) readings of the emitted

peaks are proportional to the amount of PS being taken up by the cells.

2.5 DARK TOXICITY ASSAY
A PS in its inactive form (without laser activation or treatment) may have anti-proliferative
and/or cytotoxic effects which can be determined by conducting a dark toxicity assay as

described below.
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Cells (Caco-2, MCF-7, melanoma, A549 and fibroblast) at a density of 2 x 10* cells per
well were seeded in 24-well tissue culture plates and allowed to attach overnight at 37°C in
humidified atmosphere with 5% CO.. The next day, cells were treated with GaPcCl, InPcCl
or FePcCl at different photosensitizing concentrations (2 pg/ml - 100 pg/ml) for 2 h at 37°C
in humidified atmosphere with 5% CO.. Each concentration was tested in triplicate and
plates were wrapped in aluminum foil before incubating. Untreated control cells that were
not exposed to GaPcCl, InPcCl or FePcCl (0 pg/ml) were included for each set of
experiments. After 2 h of incubation cells were washed twice with PBS and the cell viability
was measured using the MTT (methyl-thiazolyl-tetrazolium) colorimetric assay. For the
MTT assay, 500 pl of culture medium and 100 yl of MTT solution (1 mg/ml in PBS) were
added to each well. The plates were incubated for 4 h allowing for the MTT to be
metabolized to formazan by the succinate-tetrazolim reductase system that is active only
in viable cells. At the end of the fourth hour, the medium was removed and the resultant
formazan crystals were dissolved in 500 yl of DMSO. The absorbance intensity of each
well was measured using a standard microplate reader (Biohit) set at a wavelength 490
nm with a reference wavelength of 620 nm. The relative cell viability (%) for each sample
was expressed as a percentage relative to the untreated control cells. Therefore,

percentage of viable cells for each well was calculated using the formula [1].

Cell Viability (%) = (2222L50mEIN 5 100 ..ooeoeeeeevee e ssens e [1]

abs of control

2.6 IN VITRO PDT
Cells (Caco-2, MCF-7, melanoma, A549 and fibroblast) that reached 80% confluence were
seeded in 24-well tissue culture plates (Costar, USA) at a cell density of 2 x 10* cells/well.

Cells were allowed to attach overnight at 37°C in humidified atmosphere with 5% CO..
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After 24 h of cell growth the culture medium from each well was removed and the cells
were washed twice with PBS. Cells were treated with GaPcCl, InPcCl or FePcCl at
different photosensitizing concentrations (2 ug/ml - 100 pg/ml) for 2 h. Each concentration
was tested in triplicate and plates were wrapped in aluminum foil and incubated at 37°C in
humidified atmosphere with 5% CO.. After two hour incubation period, cells in monolayer
cultures were irradiated with diode laser (continuous wave laser) system emitting at a
wavelength 661 nm (Coherent cube laser system, USA). The laser set-up is shown in
Figure 2.1. The output power of the laser beam was 90 mW for all experiments. For all
experiments, the laser beam was measured before and after laser treatment using a laser
power meter (Coherent, USA). A spot size or laser beam of 1 cm in diameter was used to
deliver treatment lights of 2.5 J/cm?, 4.5 J/cm? and 8.5 J/cm?. The irradiation time (s) was
calculated to deliver a light of 2.5 J/cm?, 4.5 J/cm? and 8.5 J/cm? in 22 sec, 39 sec and
74 sec respectively (Table 2.1 and Figure 2.2). All irradiations were performed at room
temperature in the dark. Cells to be used as untreated control cells (0O pg/ml) were not
exposed to the photosensitizers and laser irradiation. Laser irradiated cells that were not
pre-treated with the photosensitizers served as the laser controls. Post-irradiated and
control cells were incubated for 24 h before cell viability was measured using the MTT cell

viability assay as described above.

2.7 CYTOLOGIC ANALYSIS OF PDT TREATED CELLS USING AN INVERTED
MICROSCOPE

Cells (Caco-2, MCF-7, melanoma, A549 and fibroblast cells) were seeded in 24-well tissue
culture plates at a cell density of 2 x 10 cells/well. Cells were allowed to attach overnight
at 37°C in humidified atmosphere with 5% CO,. After 24 h, culture medium from each well
before washing with PBS. Cells were photosensitized with either GaPcCl, InPcCl or InPcCl

at concentrations listed in Table 2.1 with accordance to cell type and plates were
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incubated at 37°C in humidified atmosphere with 5% CO; for 2 h. After 2 h, cells were
irradiated with diode laser emitting at a wavelength of 661 nm. The measured output of 1
cm spot size was 90 mW for all laser treatments and the treatment light dose in
accordance to cell type is listed in Table. After laser treatment plates were further
incubated at 37°C in humidified atmosphere with 5% CO; for 24 h. Untreated cells that
were not exposed to PDT treatment were used as a control for each set of experiments.
Thereafter, the changes in cell morphology were evaluated by analyzing 24 h post-PDT
treated cancer cells including the untreated control cells under inverted microscope and

capturing images.

Figure 2.1 Set-up of the red light diode laser system at a wavelength of 661 nm with a spot
size of 1 cm (diameter) used to deliver light doses of 2.5 J/cm?, 4.5 J/cm?and 8.5 J/cm? to

monolayer of cells seeded in 24-well plates.
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Table 2.1 Laser parameters used in PDT experiments

Parameters Unit 22 sec 39 sec 74 sec
Wavelength nm 661 661 661
Wave emission - continuous continuous continuous
Power output mwW 90 90 90
Power density mwW/cm? 114.59 x 102 114.59 x 103 114.59 x 10°
Spot size cm? 0.7854 0.7854 0.7854
Light dose J/cm? 2.5 4.5 8.5

Area of Spot Size (cm?) = rrr?
Power Density (W/cm?) = [Power (mW) / Area of spot size (cm?)] x 103

Irradiation Time (sec) = Required Light Dose (J/cm?) / Power Density (W/cm?)

Figure 2.2 Equations used to calculate the irradiation parameters.

2.8 ANALYSIS OF CELL DEATH MECHANISMS INDUCED BY PDT

Various techniques are available with which the mechanism of induced cell death may be
assessed. Morphologic evaluation on cancer cells after GaPcCl, InPcCl and FePcCl
mediated PDT treatment was performed using inverted microscope. The ultra-structural
changes induced by GaPcCl, InPcCl and FePcCl mediated PDT treatment in the different
cancer cell lines were also observed using a transmission electron microscope (TEM).
Also, cell death modes can be successfully determined by flow cytometric analysis using

the Annexin V-FITC/propidium iodide assay.

2.8.1 EVALUATION OF ULTRA-STRUCTURAL CHANGES IN CANCER CELLS AFTER
PDT TREATMENT USING THE TEM
Cells (Caco-2, MCF-7, melanoma and A549) were seeded in Lab-Tek® Il chamber slide (2

well glass slide) system (Nalge Nunc international Cooperation, USA) at a cell density of 2
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x 10* cells/well. Cells were allowed to attach overnight at 37°C in humidified atmosphere

with 5% CO.. After 24 h, cells were PDT treated as described in section 2.6.

PDT treated cells and untreated control cells were processed and analyzed at the
University of KwaZulu-Natal in the laboratory for microscopy and microanalysis. Culture
medium was removed from wells and cells were washed twice with PBS. Then cells were
washed with 0.1 M phosphate buffer (pH 7.4) for 5 min. After 5 min, 0.1 M phosphate
buffer (pH 7.4) was removed and a primary fixative (2.5% gluteraldehyde in 0.1 M
phosphate buffer) was added to each well for 2 h. The next step included washing the cells
in 0.1 M phosphate buffer (pH 7.4) for 5 min and this step was repeated three times. After
washing, cells were post-fixed in 0.5% osmium tetroxide in 0.1 M phosphate buffer for 1 h
at room temperature. Cells were washed again in 0.1 M phosphate buffer (pH 7.4) for 5
min which was repeated three times. The dehydration of samples included the following
steps:

o 50% ethanol for 5 min (repeated twice)

e 75% ethanol for 5 min (repeated twice)

e 90% ethanol for 5 min (repeated twice)

¢ 100% ethanol for 10 min (repeated twice)
Samples were then infiltrated by adding resin and incubating overnight at room
temperature. The next day the resin was removed and fresh resin was added to samples
and samples were incubated for a further 4 h at room temperature. After 4 h, the resin
was removed and fresh resin was added before polymerizing samples for 8 h in an oven
set at 70°C. The cured resins were removed from slides and an ultra-thin section (EM
UC7 RT, Leica) of each resin was placed onto grids. Grids were stained with uranyl
acetate for 15 min and lead citrate for 15 min before viewing under TEM (Jeol Jem 1010

EM). Digital images were captured for sample.
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2.8.2 ANALYSIS OF APOPTOSIS USING DUAL FITC ANNEXIN V AND PROPIDIUM
IODIDE STAINS

Cells (Caco-2, MCF-7, melanoma and A549) were cultured in T-25 flasks (Corning, USA)
containing the appropriate supplemented cultured medium at 37°C in humidified
atmosphere with 5% CO., 80% confluent cells were PDT treated as described in section
2.6. Untreated cells that were not exposed to PDT treatment were used as a control for
each set of experiments. At 24 h post-PDT treatment, cells were processed for flow
cytometric analysis using the FITC Annexin V Apoptosis Detection Kit | (BD Biosciences,
USA). The kit contained Annexin V binding buffer (10x); FITC Annexin V staining solution;

Pl staining solution and a detailed protocol.

Firstly, cells were prepared by removing the culture media from each flask. Thereafter, the
adherent cells were washed in PBS before adding 2 ml of Accutase™ cell detachment
solution (BD Biosciences, USA) for the detaching of the cells from the bottom of the flask.
Flasks containing the cell suspension were incubated for 5 min at 37°C in humidified
atmosphere with 5% CO,. Each flask was viewed under the inverted microscope to see if
the cells had detached before supplemented with culture medium. Cells were centrifuged
at 1200 rpm for 5 min. The supernatant was discarded and the pellet was washed twice
with cold PBS before re-suspending cells in binding buffer (1x) at a concentration of 1x10°
cells/ml. 100 pl of this solution was transferred to a 5 ml culture tube for labelling. 5 pl of
FITC Annexin and 5 ul of Pl were added to each tube and cells were gently vortexed
before incubation for 5 min at room temperature (25 °C) in the dark. After 5 min, 400 pl of
binding buffer (1x) was added to each tube and samples were analyzed using the Accuri
C6 Flow Cytometer. Intensity distribution graphs were generated and analyzed with
intensity of Pl on the y-axis and FITC Annexin V on the x-axis. Cells that are considered
viable, stain FITC Annexin V negative and Pl negative (lower left quadrant); cells that are

67



in early or later stage apoptosis stain FITC Annexin V positive and Pl negative (lower right
quadrant); and cells that are in the late apoptosis stage or already dead stain FITC
Annexin V positive and PI positive (upper right quadrant). The upper left quadrant (FITC

Annexin V negative and Pl positive) displays events which correspond to cellular debris.

2.9 SUBCELLULAR LOCALIZATION OF PHOTOSENSITIZERS

The localization sites of GaPcCl, InPcCl and FePcCl in the different cancer cell lines were
determined using fluorescent markers or probes for intracellular organelles. Mitotracker®
Green FM (M7514, Invitrogen) was used for mitochondria and Lysotracker® Green DND-
26 (L7526, Invitrogen) for lysosomes. A 1 mM stock solution of Mitotracker solution was
prepared by adding 74, 4 pl of DMSO to a vial containing 50 pg of Mitotracker® Green FM
and further diluted in pre-warmed culture medium to obtain a final working concentration of
79 puM. The Lysotracker staining solution was prepared by combining 39.5 pl of 1 mM
Lysotracker® Green DND-26 with 500 pl of pre-warmed culture medium in an eppendorf
tube for a working concentration of 79 uM. The nucleus was stained with the ProLong®

gold antifade reagent with DAPI (Invitrogen).

Experimentally, to determine the cellular localization site of GaPcCl, InPcCl and FePcCl
cells (Caco-2, MCF-7, melanoma and A549) were grown on a Lab-Tek® Il chamber slide
system (Nalge Nunc international Cooperation, USA) composing of eight chambers
mounted onto a single glass slide with a coverlid for 24 h at 37°C in humidified atmosphere
with 5% CO,. The next day cells were treated either with GaPcCl, InPcCl or FePcCl at a
photosensitizing concentration of 100 pg/ml for a period of 2 h at 37°C in humidified
atmosphere with 5% CO,. After 2 h, cells were washed twice with PBS before staining
mitochondria or lysosomes of the untreated control cells and photosensitized cells with the
fluorescent probes. 200 pl of 79 pM Mitotracker staining solution or 150 pl of 79 pM
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Lysotracker staining solution was added to the appropriate wells containing the untreated
control cells and photosensitized cells for 15 min at 37°C in humidified atmosphere with
5% CO.. After 15 min, culture medium containing the probe was removed and cells were
washed with PBS before removing the chamber from the slides. Then, nuclei were counter
stained using DAPI and cover slips were placed on slides before fluorescence visualization
using Zeiss Axioscope Al fluorescent microscope interfaced with Axiovision Rel 4.8 image
analysis software program. Organelle markers and PSs were excited at the following
wavelengths namely, 405 nm for DAPI; 488 nm for Mitotracker and Lysotracker; and 568

nm for PSs. All images were captured on 40 x initial magnification.

2.10 STATISTICAL ANALYSIS

Each test was done in triplicate and repeated. The mean, standard deviation and standard
error were calculated using Microsoft Excel 2010 software. Further, statistical analysis was
performed using Instat software (GraphPad prism 6) by one-way analysis of Variance
(ANOVA). The Tukey-Kramer Multiple Comparisons Test was used to determine the

significant changes between experimental groups and respective controls.
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3.1 ABSORPTION, FLOURESCENCE EMISSION AND EXCITATION PROFILING OF

THE PHOTOSENSITIZERS

CHAPTER 3

RESULTS

Auto fluorescence compounds like metal-based Pcs can be identified on the basis of its

excitation and emission properties. The ground state electronic spectra of GaPcCl (Figure

3.1) showed characteristic absorption in the Q band region at a wavelength of 678 nm with

a lower absorbance at 611 nm. InPcCl dissolved in DMSO showed the highest absorption

peak at 685 nm accompanied by lower absorption peaks at 350 nm and 616 nm (Figure

3.2). The ground state electronic spectra of FePcCl dissolved in DMSO displayed

absorption at 325 nm, 642 nm and 675 nm (Figure 3.3). Based on these absorption

spectra a commercially available laser system emitting at a set wavelength of 661 nm was

purchased to activate the PSs during PDT treatment studies.
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Figure 3.1 The absorption spectrum of GaPcCl.
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Figure 3.3 The absorption spectrum of FePcCl.
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The low absorption spectra of 325 nm and 350 nm observed for InPcCl and FePcCl cannot
be used in PDT due to the high energy of these wavelengths. All PSs absorbed light with
wavelengths between 611 nm and 685 nm. Therefore, excitation wavelengths of 600 nm,
605 nm and 680 nm were used to examine the emission spectra of the selected PSs.
GaPcCI (Figure 3.4), InPcClI (Figure 3.5) and FePcCl (Figure 3.6) displayed detectable
emission peaks/fluorescence when excited at a fixed wavelength of 600 nm, 605 nm and
680 nm respectively. The fluorescence profile of GaPcCl (Figure 3.4) in DMSO exhibits
two distinct emission peaks at 700 nm and 746 nm with an excitation wavelength of 600
nm. Excitation of InPcCl with an excitation wavelength of 605 nm gave an intense
emission peak at 701 nm and minor peak at 750 nm (Figure 3.5). A fluorescence emission
peak was observed at 750 nm for FePcCl in DMSO (Figure 3.6) with an excitation

wavelength of 680 nm.
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Figure 3.4 The fluorescence emission spectrum of GaPcCl in DMSO determined by using

a fluorescence spectrophotometer with a fixed excitation wavelength of 600 nm.
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Figure 3.5 The fluorescence emission spectrum of InPcCl in DMSO determined by using a

fluorescence spectrophotometer with a fixed excitation wavelength of 605 nm.
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Figure 3.6 The fluorescence emission spectrum of FePcCl in DMSO determined by using

a fluorescence spectrophotometer with a fixed excitation wavelength of 680 nm.
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3.2 CELLULAR UPTAKE OF PHOTOSENSITIZERS

One of the underlying principles of PDT is the uptake or accumulation of the PS by cancer
cells, prior to the laser treatment stage. Accumulation over time was correlated to the
increasing fluorescence intensity of the emission spectra. All three PSs selected for this
present in vitro study were accumulated by Caco-2 (Figure 3.7 — 3.9), MCF-7 (Figure 3.10
— 3.12), melanoma (Figure 3.13 — 3.15) and A549 (Figure 3.16 — 3.18) cancer cells in
amounts which steadily increased over a 24 h period. The time dependence for the
intracellular accumulation of GaPcCl, InPcCl and FePcCl in all four cancer cells are

graphical illustrated below.

All three metal-based Pc chloride complexes showed a rapid cellular uptake during the first
30 min, followed by a slow but increasing uptake during the next 24 hours. The results also
indicate that the cellular uptake of GaPcCl, InPcCl and FePcCl by all four cancer cells are
time-dependent. The highest fluorescence intensity (arbitrary unit - a.u.) for the emission
peaks of GaPcCl, InPcCl and FePcCl were observed at 24 h for all four cancer cell lines.
The emission peaks for extracted intracellular FePcCl from Caco-2 (Figure 3.9 B), MCF-7
(Figure 3.12 B) and A549 (Figure 3.18 B) cancer cells when compared to the other two
PSs showed the highest fluorescence intensity at 24 hours. Emission peaks for
intracellular InPcClI from Caco-2 (Figure 3.9), MCF-7 (Figure 3.12) and A549 (Figure 3.18)
cancer cells showed lower fluorescence intensities (a.u.) when compared FePcCl and
GaPcCl. This indicating that a greater quantity of FePcCl is being taken up with GaPcCl
showing slightly lower uptake and FePcCl being the least taken up by these three cancer
cell lines over 24 hours. In contrast, the emission peaks for intracellular GaPcCl (Figure
3.12) showed the highest fluorescence intensities and emission peaks for intracellular

InPcCl (Figure 3.13) showed the lowest fluorescence intensities from melanoma cancer
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cells over 24 hours. Intracellular GaPcCl (Figure 3.14) showed emission peaks with slightly

lower fluorescence intensities compared to InPcCl in melanoma cancer cells.

The emission peaks and fluorescence intensity (a.u.) of intracellular GaPcCl, InPcCl and
FePcCl in DMSO extracted from healthy normal cells (fibroblast cells) is displayed in
Figure 3.19, Figure 3.20 and Figure 3.21 respectively. Each PS had a very fast uptake
since emission peaks with low fluorescence intensity (a.u.) was achieved after 30 min
incubation with fibroblast cells. For periods of incubation longer than 30 min, the emission
peaks associated with GaPcCl, InPcCl and FePcCl showed increased fluorescence
intensity (a.u.) indicating an increased cellular uptake of PS by fibroblast cells. The results
also indicate that the cellular uptake of GaPcCl, InPcCl and FePcCl by fibroblast cells is

time-dependent.

The uptake of InPcCl and FePcCl was higher by cancer cells compared to healthy normal
fibroblast cells. A lower uptake of InPcCl is also observed in fibroblast cells which was
much lower than the amounts being taken up by the different cancer cells. In addition, a
lower uptake of FePcCl was also observed in fibroblast cells which was also much lower
than the amounts being taken up by three of the different cancer cell lines (Caco-2, MCF-7
and A549). Unfortunately, a higher uptake of GaPcCl by fibroblast cells than each of the
different cancer cells cancer cells is detected by the higher fluorescence intensities of the

emission peaks for each time point.

Interestingly, at an uptake time of 24 h the emission peak for extracted intracellular FePcCl
from A549 cells showed the highest fluorescence intensity (982 a.u.) when compared to

the emission peaks for extracted intracellular GaPcCl and InPcCl from all five cell lines.
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Figure 3.7 The emission peaks and fluorescence intensities (a.u.) of extracted intracellular
GaPcClI (100 pg/ml) from Caco-2 cancer cells over (A) 30 minto 10 h and (B) 12 hto 24 h
incubation periods measured using a fluorescence spectrophotometer with an excitation

wavelength set at 600 nm. Untreated = untreated control cells not exposed to GaPcCl.
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Figure 3.8 The emission peaks and fluorescence intensities (a.u.) of extracted intracellular
InPcClI (100 pg/ml) from Caco-2 cancer cells over (A) 30 min to 10 h and (B) 12 hto 24 h
incubation periods measured using a fluorescence spectrophotometer with an excitation

wavelength set at 605 nm. Untreated = untreated control cells not exposed to InPcCl.
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Figure 3.9 The emission peaks and fluorescence intensities (a.u.) of extracted intracellular
FePcCl (100 pg/ml) from Caco-2 cancer cells over (A) 30 min to 10 h and (B) 12 hto 24 h
incubation periods measured using a fluorescence spectrophotometer with an excitation

wavelength set at 680 nm. Untreated = untreated control cells not exposed to FePcCl.
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Figure 3.10 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular GaPcCl (100 pg/ml) from MCF-7 cancer cells over (A) 30 min to 10 h and (B)
12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 600 nm. Untreated = untreated control cells not exposed to
GaPcCl.
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Figure 3.11 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular InPcCl (100 pg/ml) from MCF-7 cancer cells over (A) 30 min to 10 h and (B)
12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 605 nm. Untreated = untreated control cells not exposed to
InPcCl.
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Figure 3.12 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular FePcCl (100 pg/ml) from MCF-7 cancer cells over (A) 30 min to 10 h and (B)
12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 680 nm. Untreated = untreated control cells not exposed to
FePcCl.
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Figure 3.13 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular GaPcCl (100 pg/ml) from melanoma cancer cells over (A) 30 min to 10 h and
(B) 12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with
an excitation wavelength set at 600 nm. Untreated = untreated control cells not exposed to
GaPcCl.
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Figure 3.14 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular InPcCl (100 pg/ml) from melanoma cancer cells over (A) 30 min to 10 h and
(B) 12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with
an excitation wavelength set at 605 nm. Untreated = untreated control cells not exposed to
InPcCI.
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Figure 3.15 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular FePcCl (100 pg/ml) from melanoma cancer cells over (A) 30 min to 10 h and
(B) 12 h to 24 h incubation periods measured using a fluorescence spectrophotometer with
an excitation wavelength set at 680 nm. Untreated = untreated control cells not exposed to
FePcCl.
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Figure 3.16 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular GaPcClI (100 pg/ml) from A549 cancer cells over (A) 30 min to 10 h and (B) 12
h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 600 nm. Untreated = untreated control cells not exposed to
GaPcCl.
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Figure 3.17 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular InPcClI (100 pg/ml) from A549 cancer cells over (A) 30 min to 10 h and (B) 12
h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 605 nm. Untreated = untreated control cells not exposed to
InPcCl.
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Figure 3.18 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular FePcCl (100 pg/ml) from A549 cancer cells over (A) 30 min to 10 h and (B) 12
h to 24 h incubation periods measured using a fluorescence spectrophotometer with an
excitation wavelength set at 680 nm. Untreated = untreated control cells not exposed to
FePcCl.
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Figure 3.19 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular GaPcClI (100 pg/ml) from fibroblast cells (healthy normal cells) over (A) 30 min
to 10 h and (B) 12 h to 24 h incubation periods measured using a fluorescence
spectrophotometer with an excitation wavelength set at 600 nm. Untreated = untreated

control cells not exposed to GaPcCl.
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Figure 3.20 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular InPcCI (100 pg/ml) from fibroblast cells (healthy normal cells) over (A) 30 min
to 10 h and (B) 12 h to 24 h incubation periods measured using a fluorescence
spectrophotometer with an excitation wavelength set at 605 nm. Untreated = untreated

control cells not exposed to InPcCl.

89



=30 min
—1h
=2 h
=4 h

A 150 -

100 - 0 h
=8 h
10 h

untreated
50 -+

Fluorescence Intensity (a.u.)

0 200 400 600 800
Wavelength (nm)

—12h
—14h
——16h
——18h

B 150 -

100 - =20 h
=22 h
24 h

untreated
50 -+

0 I

0 200 400 600 800
Wavelength (nm)

Fluorescence Intensity (a.u.)

Figure 3.21 The emission peaks and fluorescence intensities (a.u.) of extracted
intracellular FePcCl (100 pg/ml) from fibroblast cells (healthy normal cells) over (A) 30 min
to 10 h and (B) 12 h to 24 h incubation periods measured using a fluorescence
spectrophotometer with an excitation wavelength set at 680 nm. Untreated = untreated

control cells not exposed to FePcCl.
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3.3 DARK TOXICITY ASSAY

The cytotoxic effect of inactive GaPcCl, InPcCl and FePcCl at different photosensitizing
concentrations (without laser treatment) on different cancer cell lines compared to healthy
normal cell line is presented in Figure 3.22 — Figure 3.36. In all cases, a detectable
decrease in the cell viability of cancer and healthy normal cells was caused by incubation

of the cells in the dark with the different concentrations of each photosensitizer.

GaPcCl is toxic to Caco-2 cancer cells at all concentrations (2 pg/ml — 100 pg/ml) as
showed in figure 3.22. Caco-2 cancer cells showed a fairly good survival with InPcCl at
concentrations less than 20 pg/ml, whereas concentrations higher than 20 pg/ml were
toxic to Caco-2 cancer cells. FePcCl toxicity was only detected from a concentration of 20
pg/ml with Caco-2 cancer cells. It is significantly evident that GaPcCl (Figure 3.25), InPcCl
(Figure 3.26) and FePcClI (Figure 3.27) in its inactive state at low and high photosensitizing

concentrations are highly cytotoxic to MCF-7 cancer cells.

Negligible cytotoxicity was detected with lower concentrations of inactive GaPcCl, InPcCI
and FePcCl with melanoma cancer cells. GaPcCl, InPcCl and FePcCl were highly toxic to
melanoma cancer cells reducing cell viability to 50% or below at concentrations from 40
pg/ml, 100 pg/ml and 60 pug/ml respectively (Figures 4.28 — 4.30). A significant decrease in
the cell viability of A549 cancer cells are seen with GaPcCl, InPcCl and FePcCl at 20
pg/ml, 6 pg/ml and 8 pg/ml respectively (Figures 4.31 — 4.33). In the case of fibroblast cells
(healthy normal cells), only concentrations ranging from 8 pg/ml to 100 pug/ml induced a

decrease in cell viability (Figures 4.34 — 3.6).

100 pg/ml of GaPcCl, InPcCl and FePcCl in its inactive state decreased cell viability of
healthy normal cells (fibroblast cells) to 57% (Figure 3.34), 50% (Figure 3.35) and 55%
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(Figure 3.36) respectively. At the same photosensitizing concentration GaPcCl, InPcCl and
FePcCl (inactive state) decreased cell viability of Caco-2 cancer cells to 44% (Figure
3.22), 21% (Figure 3.23) and 41% (Figure 4.24) respectively. Similarly, inactive GaPcCl,
InPcCl and FePcCl at a concentration of 100 pg/ml decreased the cell viability of
melanoma cancer cells to 31% (Figure 3.28), 42% (Figure 3.29) and 21% (Figure 3.30).
A549 cancer cells to 46%, 55% and 26% respectively. The data in Figure 3.31 — Figure
3.33 indicate that inactive GaPcCl, InPcCl and FePcCl at a concentration of 100 pg/ml

decreased the cell viability of A549 cancer cells to 46%, 55% and 26% respectively.
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Figure 3.22 The cell viability (%) of Caco-2 cancer cells after incubation with different
concentrations of GaPcCl for 2 h without laser treatment. 0 pg/ml = Caco-2 cancer cells
that were not exposed to GaPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (***) P < 0.001.
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Figure 3.23 The cell viability (%) of Caco-2 cancer cells after incubation with different
concentrations of InPcCl for 2 h without laser treatment. 0 ug/ml = Caco-2 cancer cells that
were not exposed to InPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment
concentrations are represented in graph as (*) P < 0.05, (**) P <0.01 and (***) P < 0.001.
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Figure 3.24 The cell viability (%) of Caco-2 cancer cells after incubation with different
concentrations of FePcCl for 2 h without laser treatment. 0 pg/ml = Caco-2 cancer cells
that were not exposed to FePcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (**) P < 0.01 and (***) P < 0.001.
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Figure 3.25 The cell viability (%) of MCF-7 cancer cells after incubation with different
concentrations of GaPcCl for 2 h without laser treatment. 0 pg/ml = MCF-7 cancer cells
that were not exposed to GaPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (**) P < 0.01 and (***) P < 0.001.
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Figure 3.26 The cell viability (%) of MCF-7 cancer cells after incubation with different
concentrations of InPcCl for 2 h without laser treatment. 0 pg/ml = MCF-7 cancer cells that
were not exposed to InPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (***) P < 0.001.
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Figure 3.27 The cell viability (%) of MCF-7 cancer cells after incubation with different
concentrations of FePcCl for 2 h without laser treatment. 0 ug/ml = MCF-7 cancer cells
that were not exposed to FePcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (***) P < 0.001.
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Figure 3.28 The cell viability (%) of melanoma cancer cells after incubation with different
concentrations of GaPcCl for 2 h without laser treatment. O pg/ml = melanoma cancer cells
that were not exposed to GaPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (***) P < 0.001.
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Figure 3.29 The cell viability (%) of melanoma cancer cells after incubation with different
concentrations of InPcCl for 2 h without laser treatment. 0 ug/ml = melanoma cancer cells
that were not exposed to InPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (*) P < 0.05 and (***) P < 0.001.
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Figure 3.30 The cell viability (%) of melanoma cancer cells after incubation with different
concentrations of FePcCl for 2 h without laser treatment. O pg/ml = melanoma cancer cells
that were not exposed to FePcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (**) P < 0.01 and (***) P < 0.001.
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Figure 3.31 The cell viability (%) of A549 cancer cells after incubation with different
concentrations of GaPcCl for 2 h without laser treatment. O pg/ml = A549 cancer cells that
were not exposed to GaPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment
concentrations are represented in graph as (*) P < 0.05, (**) P <0.01 and (***) P < 0.001.
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Figure 3.32 The cell viability (%) of A549 cancer cells after incubation with different
concentrations of InPcCl for 2 h without laser treatment. 0 pg/ml = A549 cancer cells that
were not exposed to InPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment
concentrations are represented in graph as (*) P < 0.05, (**) P <0.01 and (***) P < 0.001.
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Figure 3.33 The cell viability (%) of A549 cancer cells after incubation with different
concentrations of FePcCl for 2 h without laser treatment. 0 pg/ml = A549 cancer cells that
were not exposed to FePcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment

concentrations are represented in graph as (**) P < 0.01 and (***) P < 0.001.
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Figure 3.34 The cell viability (%) of fibroblast cells after incubation with different
concentrations of GaPcCl for 2 h without laser treatment. 0 ug/ml = fibroblast cells that
were not exposed to GaPcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment
concentrations are represented in graph as (*) P < 0.05, (**) P £0.01 and (***) P < 0.001.
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Figure 3.35 The cell viability (%) of fibroblast cells after incubation with different
concentrations of InPcCl for 2 h without laser treatment. O pug/ml = fibroblast cells that were
not exposed to InPcClI (untreated control cells); DMSO (control). Significant differences
between the untreated cell control and each of the different treatment concentrations are
represented in graph as (**) P < 0.01 and (***) P < 0.001.
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Figure 3.36 The cell viability (%) of fibroblast cells after incubation with different
concentrations of FePcCl for 2 h without laser treatment. O pug/ml = fibroblast cells that
were not exposed to FePcCl (untreated control cells); DMSO (control). Significant
differences between the untreated cell control and each of the different treatment
concentrations are represented in graph as (*) P <0.05, (**) P < 0.01 and (***) P < 0.001.
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Results also show that FePcCl was not toxic to Caco-2 cancer cells at concentrations
lower than 20 pg/ml. Both GaPcCl and FePcCl are toxic to MCF-7 cancer cells with InPcCl
being highly toxic at all concentrations. Melanoma cancer cells only displayed relative
good cell survival with all PSs, especially FePcCl, where cell viability dropped to below
50% only with concentrations higher than 60 pg/ml. A549 cancer cells showed the least
toxicity to all three PSs, with concentrations of 80 pug/ml - 100 pg/ml causing cell death of
more than 50% of the cell population. Healthy normal cells (fibroblasts) showed good

survival rates with GaPcCl, InPcCl and FePcCl at concentrations less than 8 pg/ml.

3.4 IN VITRO PDT

The cell viability of GaPcCl, InPcCl or FePcCl photosensitized cancer cells after laser
treatment was significantly reduced when compared to the untreated controls. Cells (in
the absence of PSs) exposed to the laser and cells treated with DMSO only are compared
to untreated cells to rule out the possibility that the laser or DMSO is responsible for the

destruction of the cells.

Caco-2 cancer cells photosensitized with different concentrations of GaPcCl, InPcCl or
FePcCl showed a significant decrease in the cell viability when irradiated for 22 sec
(2.5 J/cm?), 39 sec (4.5 J/cm?) and 74 sec (8.5 J/cm?) as shown in Figure 3.37 — Figure
3.39. At a GaPcCl concentration of 2 ug/ml cell viability was decreased to 60%, 70% and
65%; 24 h after laser for treatment for 22 sec, 39 sec and 74 sec respectively (Figure
3.37). In comparison to a higher treatment concentration of 100 pg/ml cell viability was
further decreased to 41%, 40% and 27%; 24 h after light treatment for 22 sec, 39 sec and
74 sec respectively (Figure 3.37). Also, the decrease in cell viability of Caco-2 cells to 50%
and lower are actually due to PDT treatment with GaPcCl concentrations ranging from 4
ug/ml to 100 pg/ml in combination with laser exposure for 74 sec (8.5 J/cm?), not due to
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laser exposure only. In Figure 3.38, effective PDT treatment is also indicated by lower cell
viability (%) values seen with Caco-2 cells after treatment with InPcCl at different
concentrations in combination with both 39 sec and 74 sec laser treatment. High
concentrations such as 100 pg/ml of InPcCl with a treatment light dose of 2.5 J/lcm?, 4.5
J/lcm? and 8.5 J/cm? reduced cell viability to 5%, 4% and 5% respectively. Results also
showed that cell survival of Caco-2 decreased to 0% after PDT treatment with
photosensitizing concentrations of FePcCl from 60 pg/ml to 100 pg/ml and 74 sec

illumination (Figure 3.39).
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Figure 3.37 The cell viability (%) of Caco-2 cells after photosensitization with different
concentrations of GaPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 Jicm?) and 74 sec (8.5 J/cm?). 0 ug/ml = Caco-2 cells that were not exposed to
GaPcCl and laser treatment (untreated control cells); Laser = Caco-2 cells that were

photoirradiated without being exposed to GaPcClI (laser control); DMSO(control).

101



[E22 sec m 39 sec 874 sec

100 -
80
Cell 60
Viability } { :
% 2 2 ; =
" 0 W el zéz
0 i 5 I o 5 - ! = i

v e ® 3 8 2 8 8 8 3 9

— % s

InPcCl Concentration (ug/ml) = a

Figure 3.38 The cell viability (%) of Caco-2 cells after photosensitization with different
concentrations of InPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 Jicm?) and 74 sec (8.5 J/cm?). 0 pug/ml = Caco-2 cells that were not exposed to
InPcCl and laser treatment (untreated control cells); Laser = Caco-2 cells that were

photoirradiated without being exposed to InPcCl (laser control); DMSO (control).
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Figure 3.39 The cell viability (%) of Caco-2 cells after photosensitization with different
concentrations of FePcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/lcm?) and 74 sec (8.5 J/cm?). 0 pg/ml = Caco-2 cells that were not exposed to
FePcCl and laser treatment (untreated control cells); Laser = Caco-2 cells that were

photoirradiated without being exposed to FePcClI (laser control); DMSO = (control).
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Figure 3.40 — Figure 3.42 show that as the photosensitizing concentration of GaPcCl,
InPcCl and FePcCl increased the percentage of viable MCF-7 cells were proportionally
decreasing after PDT treatment. The cell viability (%) of MCF-7 cells exposed to GaPcCl,
InPcCl and FePcCl at a concentration of 2 pg/ml in combination with a treatment light dose
of 2.5 Jlcm? (22 sec) was 66%, 50% and 72% respectively. The resulting cell viability
percentage for MCF-7 cells treated with 100 pg/ml of laser activated GaPcCl, InPcCl and
FePcCl at a light dose of 2.5 J/cm? (22 sec) was 15%, 17% and 0% respectively. A 100%
cell death of MCF-7 cancer cells was also detected when 20 pg/ml of FePcCl was
photoactivated for 74 sec (Figure 3.42). Similarly, photoactivation for 39 sec and 74 sec of
MCF-7 cancer cells photosensitized with FePcCl concentrations ranging from 40 pug/ml to

100 pg/ml resulted in 100% cell killing (Figure 3.42).
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Figure 3.40 The cell viability (%) of MCF-7 cells after photosensitization with different
concentrations of GaPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm2), 39
sec (4.5 J/cm2) and 74 sec (8.5 J/cm2). 0 pg/ml = MCF-7 cells that were not exposed to
GaPcCl and laser treatment (untreated control cells); Laser = MCF-7 cells that were

photoirradiated without being exposed to GaPcCl (laser control); DMSO = (control).
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Figure 3.41 The cell viability (%) of MCF-7 cells after photosensitization with different
concentrations of InPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/lcm?) and 74 sec (8.5 J/cm?). 0 ug/ml = MCF-7 cells that were not exposed to
InPcCIl and laser treatment (untreated control cells); Laser = MCF-7 cells that were
photoirradiated without being exposed to InPcCl (laser control); DMSO (control).
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Figure 3.42 The cell viability (%) of MCF-7 cells after photosensitization with different
concentrations of FePcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/lcm?) and 74 sec (8.5 J/cm?). 0 ug/ml = MCF-7 cells that were not exposed to
FePcCl and laser treatment (untreated control cells); Laser = MCF-7 cells that were

photoirradiated without being exposed to FePcCl (laser control); DMSO = (control).
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In Figure 3.43 — 3.45, different concentrations of GaPcCl, InPcCl and FePcCl were also
observed to be potently cytotoxic towards melanoma cancer cells upon exposure to laser
light doses of 2.5 J/cm?, 4.5 J/cm? and 8.5 J/cm? Melanoma cells treated with GaPcCl
(40 pg/ml), InPcClI (6 pg/ml) and FePcCl (8 pg/ml) with a treatment light dose of 2.5 J/cm?
decreased the cell viability of the melanoma cells to 49%, 50% and 46% respectively. 40
ug/ml of GaPcCl activated with an increased light dose of 4.5 J/cm?and 8.5 J/cm?reduced
melanoma cell viability to 40% and 31% respectively (Figure 3.43). InPcCl at a low
concentration of 6 pug/ml activated with an increased light dose of 4.5 J/cm?and 8.5 J/cm?
reduced melanoma cell viability to 42% and 24% respectively (Figure 3.44). Figure 3.45
shows that 8 pg/ml of FePcCl activated with a light dose of 4.5 J/cm? and 8.5 J/cm?
reduced melanoma cell viability to 43% and 40% respectively. 100 pg/ml of GaPcCl,
InPcCl and FePcCl in combination with a light dose of 8.5 J/cm? reduced cell viability of

melanoma cancer cells to 16%, 10% and 15% respectively.
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Figure 3.43 The cell viability (%) of melanoma cells after photosensitization with different
concentrations of GaPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). 0 ug/ml = melanoma cells that were not exposed to
GaPcCl and laser treatment (untreated control cells); Laser = melanoma cells that were

photoirradiated without being exposed to GaPcCl (laser control); DMSO (control).

105



E122 sec W39 sec 874 sec

il }I

InPcCl Concentration (ug/ml)

100

80

Cell 60
Viability

(%) 40

20

Laser
DMSO B

Figure 3.44 The cell viability (%) of melanoma cells after photosensitization with different
concentrations of InPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). 0 pg/ml = melanoma cells that were not exposed to
InPcCl and laser treatment (untreated control cells); Laser = melanoma cells that were
photoirradiated without being exposed to InPcCl (laser control); DMSO (control).
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Figure 3.45 The cell viability (%) of melanoma cells after photosensitization with different
concentrations of FePcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). 0 ug/ml = melanoma cells that were not exposed to
FePcCl and laser treatment (untreated control cells); Laser = melanoma cells that were

photoirradiated without being exposed to FePcCl (laser control); DMSO (control).
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Figures 3.46 — 3.48 show that PDT treatment with all three PSs at varying concentrations
and different laser exposure times were highly toxic to A549 cancer cells. When comparing
the cell viability of A549 cancer cells after treatment with the PSs (dark toxicity assay,
figures 4.31 — 4.33) only and treatment with PS in combination with laser exposure (figures
3.46 — 3.48), it is clear that low viability is due to PDT treatment. The cell viability (%) of
A549 cells exposed to GaPcCl, InPcCl and FePcCl at a low concentration of 2 pg/ml in
combination with light exposure for 22 sec was 30%, 49% and 36% respectively. The cell
viability of A549 cancer cells were further reduced or proportionally decreased for all three
PSs as the PS concentration and laser exposure time increased. The resulting cell
viability percentage for A549 cells treated with 40 ug/ml of FePcCl and 22 sec of laser
exposure was 0%. Similarly, laser treatment times of 39 sec and 74 sec for photoactivation
of A549 cells photosensitized with 20 pg/ml — 100 pg/ml of FePcCl also resulted in 100%

cell killing (Figure 3.48).
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Figure 3.46 The cell viability (%) of A549 cells after photosensitization with different
concentrations of GaPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 Jicm?) and 74 sec (8.5 J/cm?). 0 pug/ml = A549 cells that were not exposed to
GaPcCl and laser treatment (untreated control cells); Laser = A549 cells that were

photoirradiated without being exposed to GaPcCl (laser control); DMSO (control).
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Figure 3.47 The cell viability (%) of A549 cells after photosensitization with different
concentrations of InPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 Jicm?) and 74 sec (8.5 J/cm?). 0 pug/ml = A549 cells that were not exposed to
InPcCl and laser treatment (untreated control cells); Laser = A549 cells that were

photoirradiated without being exposed to InPcCl (laser control); DMSO (control).
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Figure 3.48 The cell viability (%) of A549 cells after photosensitization with different
concentrations of FePcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/icm?) and 74 sec (8.5 J/cm?). 0 pug/ml = A549 cells that were not exposed to
FePcCl and laser treatment (untreated control cells); Laser = Ab49 cells that were

photoirradiated without being exposed to FePcCl (laser control); DMSO (control).
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Figure 3.49 — Figure 3.51 indicates the photodynamic effect of GaPcCl, InPcCl and
FePcCl on healthy normal fibroblast cells. These also show the effective concentration of
GaPcCl, InPcCl and FePcCl that are acutely lethal to kill 50% of healthy normal fibroblast
cells under controlled laboratory conditions. At the GaPcClI concentrations of 2 pug/ml, 60
ug/ml and 100 pg/ml with a treatment light dose of 2.5 J/cm? the cell viability of fibroblast
cells was reduced to 66%, 47% and 38% respectively (Figure 3.49). In the case of
fibroblast treated with InPcCl concentrations of 2 pug/ml and 100 pg/ml with a treatment
light dose of 2.5 J/cm? the resulting cell viability was 97% and 48% accordingly (Figure
3.50). Similarly, the resulting cell viability for fibroblast cells treated with FePcCl
concentrations of 2 ug/ml and 100 pg/ml with a treatment light dose of 2.5 J/cm? was 91%
and 47% respectively (Figure 3.51). Results also showed that FePcCl at a photosensitizing
concentration of 100 pug/ml photoactivated with a light dose of 8.5 J/cm? decreased cell

viability of fibroblast cells to 25%, 42% and 42% respectively.

When comparing the cell viability (%) of fibroblast cells after treatment with the PSs (dark
toxicity assay, Figures 4.34 — 4.36) only to treatment with PSs in combination with laser
exposure (Figures 3.46 — 3.48), it is clear that illumination during PDT treatment reduces
the cell viability of the normal healthy cells (fibroblast cells) as well. Also, a distinct
correlation is seen between the pattern of PS uptake by fibroblast cells and survival of
fibroblast cells after illumination. The high level of GaPcCl uptake by fibroblast cells
(Figure 4.19) resulted in enhanced photokilling effects of fibroblast cells after PDT
treatment in figure 4.49. Whereas, the low level of InPcCl and FePcCl uptake by fibroblast
cells (Figures 4.20 — 4.21) resulted in good survival after PDT treatment as showed in
Figures 4.50 — 4.51. The increase in the laser exposure time had a minor effect in reducing

the cell viability of fibroblast cells during PDT treatment. Therefore, the survival of healthy
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normal fibroblast after laser treatment during PDT was largely affected by the amount of

PS being taken up.

Overall, results showed that healthy normal fibroblast cells survived in vitro PDT treatment
with all three PSs much better than the cancer (Caco-2, MCF-7, melanoma and A549)
cells. This illustrates the previously reported results that PSs such as Pcs and its metal-
based Pc complexes preferentially accumulate in cancer cells compared to normal healthy

cells.

A constant low treatment light dose of 2.5 J/cm? with optimum GaPcCl, InPcCl and FePcCl
concentrations that reduced the cell viability of cancer cells to 50% were different for each
of the cancer cell lines and these results are summarized in Table 3.1. The in vitro PDT
effect of these optimum parameters for each of the cancer cells on the cell viability of
healthy normal fibroblast cells are also depicted in Table 3.1. When comparing cell viability
percentages for each of the cancer cell lines with the healthy normal cell line in Table 3.1
after in vitro PDT treatment; GaPcCl mediated PDT had the same killing effects on each of
the cancer cell lines as well as healthy normal fibroblast cells. Therefore, it is noteworthy
that for this in vitro study the best suited photosensitizers would be InPcCl and FePcCl for
the PDT killing of cancer cells (Caco-2, MCF-7, melanoma and A549 cancer cells) with the

sparing of the healthy normal fibroblast cells.
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Table 3.1 Comparison of the cell viability (%) of cancer cells to healthy normal cells after in
vitro PDT with the optimum PS concentrations of GaPcCl, InPcCl and FePcCl and a low
light dose of 2.5 J/cm?

GaPcCl InPcCl FePcCl
Parameters 40 pg/ml + 2.5 3/cm? | 10 pg/ml + 2.5 Jfcm? “Owolmix 25
Caco-2 (Cell Viability) 47% 0% Jicm?
Fibroblast (Cell 1% 720 46%
Viability) 60%
GaPcCl InPcClI FePcCl
Parameters

MCF-7 (Cell Viability)

20 pg/ml + 2.5 J/cm?

2 pg/ml + 2.5 J/icm?

8 ug/ml + 2.5 J/cm?

49% 50% 40%
Fibroblast (Cell 5204 97% 504
Viability)
GaPcCI InPcCl FePcCl
Parameters

Melanoma (Cell

40 pg/ml + 2.5 J/cm?

6 ug/ml + 2.5 J/cm?

8 ug/ml + 2.5 J/cm?

Viability) 49% 50% 46%
Fibroblast (Cell 51% 85% 75%
Viability)
GaPcCl InPcCl FePcCl
Parameters

A549 (Cell Viability)
Fibroblast (Cell

Viability)

2 pg/ml + 2.5 J/cm?
30%

66%

2 pg/ml + 2.5 J/cm?
49%

97%

2 ug/ml + 2.5 J/cm?
37%

91%
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Figure 3.49 The cell viability (%) of fibroblast cells after photosensitization with different
concentrations of GaPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/lcm?) and 74 sec (8.5 J/cm?). 0 pug/ml = fibroblast cells that were not exposed to
GaPcCl and laser treatment (untreated control cells); Laser = fibroblast cells that were
photoirradiated without being exposed to GaPcCl (laser control); DMSO (control).
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Figure 3.50 The cell viability (%) of fibroblast cells after photosensitization with different
concentrations of InPcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). 0 ug/ml = fibroblast cells that were not exposed to
InPcCI and laser treatment (untreated control cells); Laser = fibroblast cells that were

photoirradiated without being exposed to InPcCl (laser control); DMSO (control).
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Figure 3.51 The cell viability (%) of fibroblast cells after photosensitization with different
concentrations of FePcCl and photoirradiation (laser treatment) for 22 sec (2.5 J/cm?), 39
sec (4.5 J/icm?) and 74 sec (8.5 J/cm?). 0 pug/ml = fibroblast cells that were not exposed to
FePcCl and laser treatment (untreated control cells); Laser = fibroblast cells that were
photoirradiated without being exposed to FePcCl (laser control); DMSO (control).

Lastly, it was also noted that the most lethal in vitro PDT treatment parameters which
resulted in 100% cell death for each of the cancer cell lines was as follows:
e Caco-2 cell line — FePcCl (60 pg/ml — 100 pg/ml); treatment light dose 8.5 J/cm?
e MCF-7 cell line — FePcClI (20 pg/ml); treatment light dose of 8.5 J/cm?
e MCEF-7 cell line — FePcClI (40 pug/ml - 100 pg/ml); treatment light dose of 4.5 or 8.5
Jlcm?
e MCF-7 cell line — FePcCl (100 pg/ml); treatment light dose of 2.5, 4.5 or 8.5 J/cm?
o A549 cell line — FePcClI (20 pg/ml - 100 pg/ml); treatment light dose of 4.5 or 8.5
Jicm?
e A549 cell line — FePcCl (40 pg/ml - 100 pg/ml); treatment light dose of 2.5, 4.5 or

8.5 J/cm?
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GaPcCl, InPcCl and FePcCl at the highest photosensitizing concentration (100 pg/ml) and
light dose (8.5 J/cm?) in this in vitro study resulted in reducing the cell viability of melanoma

cells to 16%, 10% and 15% respectively.

3.5 CYTOLOGIC ANALYSIS OF PDT TREATED CELLS USING AN INVERTED
MICROSCOPE

The change in cell morphology as a result of GaPcCl, InPcCl and FePcCl mediated PDT
treatment were also monitored in the four different cancer cell lines using an inverted
microscope. The PDT treated Caco-2 (Figure 3.52), MCF-7 (Figure 3.53), melanoma
(Figure 3.54) and A549 (Figure 3.55) cancer cells showed morphological features that
were not prominent in untreated control cells. The PDT cancer cells appeared round in
shape; showed abrupt cell shrinkage and detachment from adjacent cells. Blebbing was
also seen in MCF-7 cancer cells treated with 2 pg/ml or 100 pg/ml of GaPcCl in
combination with 22 sec, 39 sec or 74 sec of laser treatment in Figure 3.53. Melanoma
cancer cells treated with 100 pg/ml of GaPcCl and irradiated for 22 sec, 39 sec or 74 sec
displayed blebbing (Figure 3.54). Blebbing was also observed in melanoma cancer cells
treated with 2 ug/ml of InPcCl in combination with laser treatment for 39 sec or 74 sec; and
100 pg/ml of InPcClI photoactivated for 22 sec, 39 sec or 74 sec (Figure 3.54). 2 pg/ml or
100 pg/ml of FePcCl and 74 sec of laser treatment also produced blebbing in melanoma

cancer cells as seen in Figure 3.54.

Morphology changes were also observed for untreated and PDT treated fibroblast cells
(healthy normal cells) as depicted in Figure 3.56. Fibroblast cells photosensitized with 2
pg/ml of GaPcCl, InPcCl or FePcCl and laser treated for 22 sec, 39 sec or 74 sec showed
no changes in cell morphology when compared to untreated controls. Whereas, PDT
treated fibroblast cells exposed to 100 pg/ml of GaPcCl, InPcCl or FePcCl and laser
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treatment for 22 sec, 39 sec or 74 sec showed profound changes in cell morphology.
These changes included rounding of cells, shrinking of cells, blebbing and cells detaching

from neighboring cells shown in Figure 3.56.
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Figure 3.52 Micrographs showing the photodynamic effect of a low (2 pg/ml) and a high (100 pug/ml) concentration GaPcCl, InPcCI
and FePcCl on Caco-2 cancer cells after laser treatment for 22 sec (2.5 J/cm?); 39 sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). Untreated

control cells not exposed to photosensitizers and laser treatment. (Magnification = 10x).

116



FePcCl

GaPcCl InPcCl
100 pg/ml 2 ug/ml 100 pg/ml

SV

100 pg/ml

22 sec

39 sec

L

Figure 3.53 Micrographs showing the photodynamic effect of a low (2 pg/ml) and a high (100 pug/ml) concentration GaPcCl, InPcCl
and FePcCl on MCF-7 cancer cells after laser treatment for 22 sec (2.5 J/cm?); 39 sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). Untreated

control cells not exposed to photosensitizers and laser treatment. (Magnification = 10x).
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Figure 3.54 Micrographs showing the photodynamic effect of a low (2 pg/ml) and a high (100 pg/ml) concentration GaPcCl, InPcCl
and FePcCl on melanoma cancer cells after laser treatment for 22 sec (2.5 J/cm?); 39 sec (4.5 Jicm?) and 74 sec (8.5 J/cm?).

Untreated control cells not exposed to photosensitizers and laser treatment. (Magnification = 10x).
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Figure 3.55 Micrographs showing the photodynamic effect of a low (2 pg/ml) and a high (100 pug/ml) concentration GaPcCl, InPcCl
and FePcCl on A549 cancer cells after laser treatment for 22 sec (2.5 J/cm?); 39 sec (4.5 J/cm?) and 74 sec (8.5 J/cm?). Untreated

control cells not exposed to photosensitizers and laser treatment. (Magnification = 10x).
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Figure 3.56 Micrographs showing the photodynamic effect of a low (2 pg/ml) and a high (100 pg/ml) concentration GaPcCl, InPcCl
and FePcCl on fibroblast cells (healthy normal cells) after laser treatment for 22 sec (2.5 J/cm?); 39 sec (4.5 Jicm?) and 74 sec

(8.5 J/cm?). Untreated control cells not exposed to photosensitizers and laser treatment. (Magnification = 10x).
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3.6 ULTRA-STRUCTURAL CHANGES IN CANCER CELLS AFTER PDT TREATMENT
BY THE TEM

For the TEM and Annexin V-FITC/propidium iodide assay specific parameters were
selected on the base of the ECs (effective concentration that kills 50% of the cells) for
each PS in each cell line. These were attained from the previous in vitro PDT study by
selecting the first set of PDT treatment parameters that caused a 50% decrease in cell
viability in combination with the lowest treatment light time. These parameters, presented
in Table 3.2., were applied to investigate the mode of cell death induced by PDT for each
of the cancer cell lines. Since, the focus was on cancer cell death, normal primary cultured

fibroblasts were not included in these experiments.

Table 3.2 PS concentrations and treatment light doses used for cell death studies

Cancer Cell line [GaPcCl] [InPcCl] [FePcCl]
+ Light Time + Light Time + Light Time
Caco-2 40 pg/ml + 22 sec 10 yg/ml + 22 sec 40 ug/ml + 22 sec
MCF-7 20 pg/ml + 22 sec 2 ug/ml + 22 sec 8 ug/ml + 22 sec
Melanoma 40 pg/ml + 22 sec 6 ug/ml + 22 sec 8 ug/ml + 22 sec
A549 2 ug/ml + 22 sec 2 ug/ml + 22 sec 2 pg/ml + 22 sec

TEM micrographs revealed that untreated control Caco-2 (Figure 3.57 A & B), MCF-7
(Figure 3.58 A), melanoma (Figure 3.59 A) and A549 (Figure 3.60 A) cancer cells (without
PDT treatment) displayed the characteristics of normal cancer cell such as intact nucleus
and undamaged cytoplasmic membrane. The different photosensitizers - mediated PDT
treatments applied to Caco-2, MCF-7, melanoma and A549 cancer cells induced district

ultrastructural alterations to nucleus, cytoplasmic membrane and plasma membrane as
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seen in Figure 3.57 — Figure 3.60. After 24 h post-PDT treatment with GaPcCl, InPcCl and
FePcCl, all four different cancer lines showed ultrastructural alterations that characterize
either autophagy and/or apoptosis death cell mechanisms. Cancer cells (Caco-2,
melanoma and A549) subjected to PDT induced apoptosis and autophagy exhibited a
large number of autophagic vacuoles in the cytoplasm membrane; plasma membrane
blebbing; spaces around the nucleus caused by irregular condensation of chromatin; and
nuclear blebs pinching off to from fragments or nucleus undergoing fragmentation. In
Figure 3.58, PDT treated MCF-7 cancer cells with GaPcCl (Figure 3.58 B), InPcClI (Figure
3.58 C) and FePcClI (Figure 3.58 D) induced similar apoptotic features only. However, PDT

treated MCF-7 cancer cells lacked autophagic vacuoles in the cytoplasm membrane.

Thus, the ultrastructural changes in a dying Caco-2, melanoma and A549 cancer cells are
characteristic of apoptosis and autophagy after treatment with GaPcCl, InPcCl or FePcCl
followed by laser irradiation as indicated in Figures 3.57, Figure 3.59 and Figure 3.60.
These distinguishable morphological ultrastructural apoptotic changes include blebbing,
chromatin condensation and nucleus fragmentation, accompanied by autophagic
vacuolization of the cytoplasm. Figure 3.58 shows that PDT treated MCF-7 cancer cell
portrayed morphological features of apoptosis such as DNA fragmentation, spaces around
the nucleus caused by irregular condensation of chromatin and an increased nuclear:

cytoplasmic ratio.
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Figure 3.57 TEM micrographs showing the ultrastructural features in (A) untreated Caco-2
cancer cell, (B) untreated Caco-2 cancer cell, (C) GaPcCl mediated-PDT treated Caco-2
cancer cell, (D) InPcCl mediated-PDT treated Caco-2 cancer cell and (E) FePcCl
mediated-PDT treated Caco-2 cancer cell. Magnification = (A) 5000x, (B) 5000x, (C)
8000x, (D) 6000x and (E) 6000x. N = nucleus; C = cytoplasmic membrane; V = vacuole;
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Figure 3.58 TEM micrographs showing the ultrastructural features in (A) untreated MCF-7
cancer cell, (B) GaPcCl mediated-PDT treated mcf cancer cell, (C) InPcCl mediated-PDT
treated mcf cancer cell and (D) FePcCl mediated-PDT treated mcf cancer cells.
Magnification = 8000x. N = nucleus; C = cytoplasmic membrane; (—) = space around the

nucelus.
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Figure 3.59 TEM micrographs showing the ultrastructural features in (A) untreated
melanoma cancer cell, (B) GaPcCl mediated-PDT treated melanoma cancer cell, (C)
InPcCl mediated-PDT treated melanoma cancer cell and (D) FePcCl mediated-PDT
treated melanoma cancer cell. Magnification = (A) 8000x, (B) 8000x (C) 6000x (D) 8000x.
N = nucleus; C = cytoplasmic membrane; V = vacuole; M = mitrochondria; (—) = spaces

around the nucleus; ) = plasma membrane bleb.
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Figure 3.60 TEM micrographs showing the ultrastructural features in (A) untreated A549
cancer cell, (B) GaPcCl mediated-PDT treated A549 cancer cell, (C) InPcCl mediated-PDT
treated A549 cancer cell and (D) FePcCl mediated-PDT treated A549 cancer cell.
Magnification = (A) 6000x, (B) 6000x, (C) 6000x and (D) 5000x. N = nucleus; C =
cytoplasmic membrane; V = vacuole; (—) = spaces around the nucleus; ( < ) = plasma

membrane bleb.
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3.7 ANALYSIS OF APOPTOSIS USING DUAL FITC ANNEXIN V AND PROPIDIUM
IODIDE STAINS

Cell death was identified and quantified by flow cytometry using the FITC Annexin V and
propidium iodide (PI) assays. FITC Annexin V is a membrane marker of apoptosis and PI
enters the plasma membrane of damaged or dying cells to the stain the nucleus. Caco-2
(Figure 3.61), MCF-7 (Figure 3.62), melanoma (Figure 3.63) and A549 (Figure 3.64)

cancer cells were assessed 24 h post-PDT treatment.

As shown in Figure 3.61 A, Figure 3.62 A, Figure 3.63 A and Figure 3.64 A the untreated
control cancer cells were primarily FITC Annexin V and Pl negative indicating that these
cells were viable and not undergoing apoptosis. After treatment with GaPcCl, InPcCl or
FePcCl in combination with laser treatment the induced cell death mode could be
distinguished, based on three populations of Caco-2 cancer cells in Figure 3.61. These
were low percentage of viable Caco-2 cells; Caco-2 cells undergoing late apoptosis and
Caco-2 cell debris. Melanoma (Figure 3.63) cancer cells after GaPcCl, InPcCl or FePcCl
mediated PDT treatment depicted four populations of cells namely, low percentage of
viable cells; cells undergoing early apoptosis; cells undergoing late apoptosis and cell
debris. PDT treated A549 cancer cells showed similar results as seen in Figure 3.64;
except InPcCl mediated PDT treatment depicted low percentage of viable A549 cells; no
A549 cells undergoing early apoptosis (0%); large percentage of A549 cells undergoing
late apoptosis (65.4%) and A549 cell debris. PDT treated MCF-7 cancer cells displayed
(Figure 3.62) only three populations of cells (viable, early apoptosis and late apoptosis
cells) with no evidence of MCF-7 cell debris population. GaPcCl, InPcCl and FePcCl
mediated PDT produced an increased population of apoptotic cells and a decrease in

viable population for all four cancer cell lines. In addition, three cancer cell lines (MCF-7,
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melanoma and A549 cancer cells) after 24 h post-PDT treatment displayed a pattern of

treated cells moving from the early apoptotic stage into the late apoptotic stage.
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Figure 3.61 Representative FITC Annexin V/PI flow cytometric dot-plots of Caco-2 cancer
cells after 24 post-PDT treatment. (A) Untreated control cells, (B) Caco-2 cells after
photosensitization with 40 pg/ml of GaPcCl and photoactivation with a treatment light dose
of 2.5 Jicm?, (C) Caco-2 cells after photosensitization with 10 pg/ml of InPcCl and
photoactivation with a treatment light dose of 2.5 Jicm? (D) Caco-2 cells after
photosensitization with 40 ug/ml of FePcCl and photoactivation with a treatment light dose
of 2.5 J/cm?. Percentage (%) of viable cells, early apoptotic cells, late apoptotic cells and
cellular debris are shown in the lower left, lower right, upper left and upper right quadrant

respectively.
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Figure 3.62 Representative FITC Annexin V/PI flow cytometric dot-plots of MCF-7 cancer
cells after 24 post-PDT treatment. (A) Untreated control cells, (B) MCF-7 cells after
photosensitization with 20 pg/ml of GaPcCl and photoactivation with a treatment light dose
of 2.5 Jlcm? (C) MCF-7 cells after photosensitization with 2 pg/ml of InPcCl and
photoactivation with a treatment light dose of 2.5 Jicm? (D) MCF-7 cells after
photosensitization with 8 pg/ml of FePcCl and photoactivation with a treatment light dose
of 2.5 J/cm?. Percentage (%) of viable cells, early apoptotic cells, late apoptotic cells and
cellular debris are shown in the lower left, lower right, upper left and upper right quadrant
respectively.
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Figure 3.63 Representative FITC Annexin V/PI flow cytometric dot-plots of melanoma

cancer cells after 24 post-PDT treatment. (A) Untreated control cells, (B) melanoma cells

after photosensitization with 40 pg/ml of GaPcCl and photoactivation with a treatment light

dose of 2.5 J/cm?, (C) melanoma cells after photosensitization with 6 pug/ml of InPcCl and

photoactivation with a treatment light dose of 2.5 Jicm?, (D) melanoma cells after

photosensitization with 8 pg/ml of FePcCl and photoactivation with a treatment light dose

of 2.5 J/cm?. Percentage (%) of viable cells, early apoptotic cells, late apoptotic cells and

cellular debris are shown in the lower left, lower right, upper left and upper right quadrant

respectively.
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Figure 3.64 Representative FITC Annexin V/PI flow cytometric dot-plots of A549 cancer
cells after 24 post-PDT treatment. (A) Untreated control cells, (B) A549 cells after
photosensitization with 2 pg/ml of GaPcCl and photoactivation with a treatment light dose
of 2.5 Jicm? (C) A549 cells after photosensitization with 2 pg/ml of InPcCl and
photoactivation with a treatment light dose of 2.5 Jicm? (D) A549 cells after
photosensitization with 2 pg/ml of FePcCl and photoactivation with a treatment light dose
of 2.5 J/cm?. Percentage (%) of viable cells, early apoptotic cells, late apoptotic cells and
cellular debris are shown in the lower left, lower right, upper left and upper right quadrant

respectively.
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3.8 SUBCELLULAR LOCALIZATION OF PHOTOSENSTIZERS

The effective uptake of GaPcCl, InPcCl and FePcCl as well as its initial sites of localization
in Caco-2, MCF-7, melanoma and A549 cancer cells after 2 h incubation period are shown
in Figures 3.65 — 3.72. Each of the different types of cancer cells were stained with
mitotracker, lysotracker and DAPI dyes to detect nucleus, mitochondria and lysosomes
respectively. The fluorescent patterns of each of the organelle dyes were compared to the
fluorescent patterns of cancer cells treated with GaPcCl, InPcCl and FePcCl to identify the

localization site of each of these photosensitizers.

The micrographs in Figure 3.65 and Figure 3.66 revealed that GaPcCl, InPcCl and FePcCl
localized in mitochondria and lysosomes of the Caco-2 cancer cells. Similarly, the same
PSs also localized in mitochondria and lysosomes of the MCF-7 (Figure 3.67 — Figure
3.68) and A549 (Figure 3.71 — Figure 3.72) cancer cells. Also, all three PSs seem to have
localized in the mitochondria of melanoma cancer cells as shown in Figure 3.69. However,
there was no evidence of GaPcCl (Figure 3.70) and FePcCl (Figure 3.70) localization in
lysosomes of melanoma cancer cells. In addition, InPcCl localized to greater extent in

lysosomes (Figure 3.70, B) than mitochondria (Figure 3.69, B) of melanoma cancer cells.

Thus, the fluorescent patterns observed in this in vitro study indicate that GaPcCl, InPcClI
and FePcCl localize in both the mitochondria and lysosomes at different degrees in three
of the cancer (Caco-2, MCF-7 and A549) cell lines. These PSs also localized in the
mitochondria of melanoma cancer cells. Results also indicated that GaPcCl, InPcCl and

FePcCl didn’t localize in nucleus of all four cancer cell lines.
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Figure 3.65 Mitochondrial localization of 100 pg/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl in Caco-2 cancer cells. DAPI stained nuclei
(blue - nucleus); mitotracker stained mitochondria (green — mito) and PSs localized in the mitochondria (red — PS). Fluorescence
distribution patterns of PSs are similar to that of the mitotracker. Magnification = 40 x. Scale bar = 20 pm
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Figure 3.66 Lysosomal localization of 100 pg/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl in Caco-2 cancer cells. DAPI stained nuclei
(blue - nucleus); lysotracker stained lysosome (green — lyso) and PSs localized in the lysosome (red — PS). Fluorescence distribution

patterns of photosensitizers are similar to that of the lysotracker. Magnification = 40 x.
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Figure 3.67 Mitochondrial localization of 100 ug/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl PSs in MCF-7 cancer cells. DAPI stained
nuclei (blue - nucleus); mitotracker stained mitochondria (green — mito) and PSs localized in the mitochondria (red — PS).

Fluorescence distribution patterns of PSs are similar to that of the mitotracker. Magnification = 40 x. Scale bar = 15 pm.
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Figure 3.68 Lysosomal localization of 100 pg/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl MCF-7 cancer cells. DAPI stained nuclei (blue
- nucleus); lysotracker stained lysosome (green — lyso) and PSs localized in the lysosome (red — PS). Fluorescence distribution

patterns of PSs are similar to that of the lysotracker. Magnification = 40 x.
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Figure 3.69 Mitochondrial localization of 100 pug/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl in melanoma cancer cells. DAPI stained
nuclei (blue - nucleus); mitotracker stained mitochondria (green — mito) and PSs localized in the mitochondria (red — PS).

Fluorescence distribution patterns of PSs are similar to that of the mitotracker. Magnification = 40 x. Scale bar = 40 pm.
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Figure 3.70 Lysosomal localization of 100 ug/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl PSs in melanoma cancer cells. DAPI stained
nuclei (blue - nucleus); lysotracker stained lysosome (green — lyso) and PSs localized in the lysosome (red — PS). Fluorescence

distribution pattern of FePcCl is similar to that of the lysotracker. Magnification = 40 x.
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Figure 3.71 Mitochondrial localization of 100 pg/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl in A549 cancer cells. DAPI stained nuclei

(blue - nucleus); mitotracker stained mitochondria (green — mito) and PSs localized in the mitochondria (red — PS). Fluorescence

distribution pattern of PSs is similar to that of the mitotracker. Magnification = 40 x. Scale bar = 20 pm.
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Figure 3.72 Lysosomal localization of 100 pg/ml of (A) GaPcCl, (B) InPcCl, (C) FePcCl in A549 cancer cells. DAPI stained nuclei
(blue - nucleus); lysotracker stained lysosome (green — lyso) and PSs localized in the lysosome (red — PS). Fluorescence distribution

pattern of PSs is similar to that of the lysotracker. Magnification = 40 x.
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CHAPTER 4

DISCUSSION

PDT is a less invasive, painless procedure employed as an alternative to chemotherapy or
radiotherapy. Due to the potential disadvantages of most approved PDT photosensitizing
agents, establishment of promising second-generation photosensitizing agents is clinically
required. From a pharmaceutical and clinical point of view the composition, stability, peak
absorption wavelength, selective uptake by cancer cells, low dark toxicity of PSs and low
administration concentrations must be taken into consideration when choosing appropriate

photosensitizing agents for PDT.

In vivo, the PDT effect at the tumor site depends on the concentration of the PS and the
radiant energy density at the site which together determines the energy absorbed per unit
volume at the target site. Therefore, knowledge regarding different treatment light doses
and different concentrations of PS is essential for safe and effective treatment. Also,
influence of the different PS concentrations and treatment light doses on the cancer cells

as well as healthy normal cells needs to be evaluated.

In literature, Prof Nyokong and her research group at Rhode University has defined,
studied and reported on the characteristics of Pcs and many metal-based Pc complexes
(Nyokong, 2007, Nyokong, 2011, Sekkat et al., 2011). These reports highlight the good
stability (photochemical and chemical) and photophysical properties of Pcs including
different metal-based Pc complexes. For example, Pc complexes containing transition
metals such as Fe offer a photosensitizing agent with short lifetimes. Whereas, Pc
complexes containing diamagnetic ions such as Ga have high triplet quantum yields and
long triplet lifetimes. Also, large metal ions such as In Pc complexes have high triplet and
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singlet oxygen quantum yields which are valuable for PDT treatment. A high triplet and
singlet oxygen quantum yields are important for efficient PDT treatment, and so that the

PSs can also be administrated at lower concentrations.

This study demonstrates that PDT following photosensitization using these PSs (low and
high concentrations) is able to directly photokill Caco-2 (colon), MCF-7 (breast), melanoma
(skin) and A549 (lung) cancer cells in vitro. Our results confirm previous studies that
demonstrate that metal-based Pcs are effective photosensitizing agents in PDT for the

eradication of cancerous cells (Refer to Table 1.3).

The measured peak absorbance of the photosensitizing agent GaPcCl, InPcCl and FePcCl
were 678 nm, 685 nm and 675 nm respectively. PSs that are capable of absorbing light at
these wavelengths display deep tissue penetration. Thus, PSs with this feature is
considered clinically beneficial for it can be used for PDT of superficial tumors as well as

for large or deep-seated tumors.

In Caco-2 cells, inactive FePcCl was not toxic (dark toxicity assay) at low concentrations (2
pg/ml — 10 pg/ml) but laser treatment reduced cell viability to as low as 30%, and this
reduction at all concentrations dependent on the laser treatment time. These findings
correlate very well with our initial results that showed best uptake of FePcCl, followed
GaPcCl and least uptake of InPcCl by Caco-2 cancer cells. Although, GaPcCl uptake was
slightly lower than FePcCl by Caco-2 cancer cells, it seem toxic at all concentrations in its
inactive form. InPcCl was taken up at low levels and displayed low toxic effects in its
inactive form. PDT treatment with InPcCl was more effectively in reducing cell survival of
Caco-2 cells than activated GaPcCl. While all three Pcs in its inactive form negatively
affected MCF-7 cell viability, GaPcCl was the least toxic to MCF-7 cells (dark toxicity
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assay). PDT treated with GaPcCl had very little additional effects on these cells, other than
FePcCl or InPcCl, but then only with longer laser treatment times. FePcCl was best
absorbed by MCF-7 cancer cells, followed by GaPcCl and InPcCl was least absorbed by
MCF-7 cancer cells. However, InPcCl and FePcCl were the most effective upon

illumination in decreasing the survival rate of MCF-7 cancer cells.

Both InPcCl and FePcCl were very effective in reducing viability of melanoma cells after
PDT treatment, especially highlighted by the fact that high levels of survival was observed
in this cell line when exposed to the inactive InPcCl and FePcCl. Increasing the light doses
to activate InPcCl and FePcCl proportionally decreased the cell viability of melanoma
cancer cells. Uptake results indicated that both InPcCl and FePcCl were taken up in lower
amounts than GaPcCl by melanoma cancer cells. The best results were obtained with all
three PSs in A549 cells. Inactive GaPcCl, InPcCl and FePcCl seemed to have low toxicity
in these cells, especially at low concentrations. However, at all concentrations and even
with the shortest illumination periods, the increase in cell death was a minimum of 60%
with further reduction in cell viability with longer illumination periods. FePcCl mediated
PDT was able to reduce cell survival to 0% with concentrations ranging from 40 pug/ml —
80 pg/ml in combination with laser treatment times of 39 sec and 74 sec. Similarly, 20
pg/ml of FePcCl activated for 22 sec resulted in no surviving A549 cancer cells (lung).
While all three PSs gave excellent PDT results, the uptake patterns varied. FePcCl
showed the best uptake, GaPcCl lower uptake than FePcCl and InPcCl displayed the

lowest uptake by A549 cancer cells.

GaPcClI (100 pg/ml) showed the best uptake by healthy normal fibroblast cells. For the
dark toxicity assay cell viability was at 57% after treatment with GaPcClI (100 pg/ml) only.
At the same photosensitizing concentration of GaPcCl (100 pg/ml) after PDT with
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increasing light treatment doses, viability dropped to 25%. InPcCl and FePcCl (100 pg/ml)
had a low uptake by fibroblast cells. Even with low uptakes of inactive InPcCl and FePcCl,
Subsequently, illumination with various time periods resulted in similarly low survival rate
of fibroblast cells. This is an indication that InPcCl and FePcCl is also toxic to normal
fibroblast cells at high concentrations. Fibroblast cells, when treated with low
concentrations (2 pg/ml — 8 pg/ml) of inactive InPcCl and FePcCl, were least affected
compared to GaPcCl. Upon illumination for 22 sec, 39 sec and 74 sec survival remained
well above 75%, 64% and 64%. The type of metal-based Pc chloride complex, the
concentration and light dose largely influenced the survival rate of the healthy normal

fibroblast cells.

Overall, these in vitro PDT results indicate that the efficacy of metal-based Pc chloride
complexes mediated PDT photokilling of cancer cells is dependent on the type of metal-
based PS being selected, PS concentration administrated and the treatment light doses
applied. Results also indicate that GaPcCl, InPcCl and FePcCl exhibit dark toxicity which
can be minimized by using low concentrations of the PS and considering shorter
photosensitizing incubation times during PDT treatment. As literature states that the use of
low PS concentrations can be the key solution to minimize or eradicate any dark
cytotoxicity that can be initiated by the PS in its inactive state (without laser activation) to
cancerous and healthy normal surrounding tissue (Castano et al., 2005). Also, the
exposure or incubation time of PS with cells before laser treatment can be decreased to

minimize its dark cytotoxicity effects on cells (Decréau et al., 1999).

PDT treatment can lead to three forms of cell death, namely apoptosis, necrosis and
autophagy (Mroz et al., 2011, Kessel, 2006, Castano et al., 2004, Chiaviello et al., 2011).
The cell death and main damages induced by PDT depends on the type of PSs being
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used and where those PSs localize within the cell (Mroz et al., 2011; Kessel, 2006;
Castano et al., 2004; Chiaviello et al., 2011). Mitochondria have been found to be a very
important and common subcellular target for many photosensitizing agents used in PDT.
Many photosensitizing agents that localize in the mitochondria tend to trigger apoptosis by
mitochondrial damage after laser treatment. Recently, lysosomes were proposed to be a
critical intracellular target for localization of PSs. It has been reported that several PSs
target autophagy-related organelles such as lysosomes and endosomes (Mroz et al.,
2011). Also, PSs that localize in the lysosome activate apoptotic pathways via
mitochondrial destabilization following the damage of lysosomes during PDT. PSs
localizing in plasma membrane, Golgi apparatus and endoplasmic reticulum were found to

be relatively uncommon in the PDT (Castano et al., 2004).

Literature also states that autophagy may play a role in PDT induced apoptosis and that
these two processes can also occur independently of one another (Mroz et al., 2011). This
simple role is to promote cell death in PDT treated cells. An in vitro study conducted on
murine leukaemia cells (L1210) found signs of autophagy occurring immediately before
apoptosis (Mroz et al., 2011). Based on results from other PDT studies with various cancer
cell lines and different photosensitizers it can be concluded that PDT directly induces
autophagy; and that apoptosis often occurs in cells that are already undergoing autophagy
as a result of PDT (Mroz et al., 2011). The rates of autophagy and apoptosis largely
depends on the type of cancer cell, photosensitizer and treatment light dose applied. In
cells that are capable to undergoing apoptosis, autophagy is known to enhance the
destructive effects of PDT by recycling damaged organelles (Mroz et al., 2011). This
shows a close link between induced cell death modes and localisation of PS in the various

organelles.
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There were observable morphological changes between untreated control cells and PDT
treated cancer cells as well as PDT treated healthy normal fibroblast cells. The treated
cancer cells showed features of apoptosis (programmed cell death) which was not
prominent in untreated control cancer cells. Features of apoptosis like the occurrence of
scattered single cells indicate that treated cancer cells lost contact with and detached from
neighbouring cells due to cell shrinkage. Micrographs indicating apoptotic characteristics
(blebbing) in MCF-7 cancer cells treated with 2 pg/ml or 100 pg/ml of GaPcCl in
combination with 22 sec, 39 sec or 74 sec of laser treatment. Blebbing was also seen in
MCF-7 cancer cells treated with 2 pg/ml or 100 pg/ml of GaPcCl in combination with 22
sec, 39 sec or 74 sec of laser treatment. Melanoma cancer cells treated with GaPcCl,
InPcCl or FePcCl mediated PDT also displayed apoptotic blebbing. The formation of
apoptotic bodies were revealed in melanoma cancer cells PDT treated with GaPcCl (100
pg/ml) and 22 sec or 39 sec or 74 sec of laser treatment; InPcCl (100 pg/ml) and 74 sec of
laser treatment; FePcCl (2 pg/ml) and 74 sec of laser treatment; and FePcCl (100 pg/ml)
and 22 sec, 39 sec or 74 sec of laser treatment. The formation of apoptotic bodies were
also seen with Caco-2 cancer cells after treatment with 100 pg/ml of InPcCl and 74 sec of
laser treatment. These apoptotic morphology changes were also observed for some of the
PDT treated fibroblast cells (healthy normal cells). Fibroblast cells photosensitized with
2 pg/ml of GaPcCl, InPcCl or FePcCl and laser treated for 22 sec, 39 sec or 74 sec
showed no changes in cell morphology when compared to untreated cell controls.
Whereas, PDT treated fibroblast cells treated with 100 pg/ml of GaPcCl, InPcCl or FePcCl
and laser treated for 22 sec, 39 sec or 74 sec showed profound changes in cell
morphology. These changes included rounding of cells, shrinking of cells, blebbing and
cells detaching from neighboring cells. Therefore, the evidence of cell shrinkage, blebbing

and formation of apoptotic bodies confirms that PDT treatment mediated by
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photosensitization with GaPcCl, InPcCl and FePcCl can effectively kill cancer cells via

programmed cell death known as apoptosis.

Micrographs also confirmed that PDT is a concentration-dependent treatment because as
the photosensitizing concentration of GaPcCl, InPcCl and FePcCl increased (from 2 pg/ml
to 100 pg/ml) with a constant treatment light dose of 2.5 J/cm? (22 sec) a proportional
decrease in cancer cell numbers were seen. It was also observed that PDT is a light
dose-dependent treatment because increased treatment light doses of 4.5 J/cm? (39 sec)

and 8.5 J/cm? (74 sec) enhanced PDT killing of cancer cells.

The morphological appearance of cancer cells undergoing apoptosis are both defined and
precise (Allen et al., 1997). All experimentation, which intends on qualifying mode of cell
death should include TEM work (Allen et al., 1997). TEM is the only definitive method to
detail ultrastructural changes occurring in dying cell undergoing apoptosis, necrosis or
autophagy (Allen et al.,, 1997). TEM micrographs shown intact nucleus and intact
cytoplasm for the untreated control Caco-2, MCF-7, melanoma and A549 cancer cells.
PDT treated Caco-2, melanoma and A549 cancer cells showed distinct apoptotic and
autophagic features. These features include plasma membrane blebbing, spaces around
the nucleus caused by irregular condensation of chromatin, nuclear blebs pinching off to
from fragments or nucleus undergoing fragmentation and large number of autophagic
vacuoles in cytoplasmic membrane. However, PDT treated MCF-7 cancer cells
demonstrated apoptotic characteristics such as spaces around the nucleus, nuclear blebs
are pinching off to from fragments or nucleus undergoing fragmentation and no autophagic
features. This concludes on a positive note that GaPcCl, InPcCl and FePcCl mediated

PDT induces apoptosis in MCF-7 cancer cells; and apoptosis simultaneously with
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autophagy in the other three cancer cell lines (Caco-2, melanoma and A549 cancer cells)

under in vitro conditions.

In addition to confirm and quantify this mode of cell death in PDT treated samples flow
cytometric analysed using dual FITC Annexin V and propidium iodide staining was
performed. After PDT treatment with GaPcCl, InPcCl and FePcCl the percentage of Caco-
2 cells undergoing late apoptosis was 34.5%, 11.7% and 37.9% respectively. Similarly,
melanoma cancer cells after GaPcCl, InPcCl and FePcCl mediated PDT treatment
revealed late apoptosis populations of 45.2%, 54.7% and 51.2% respectively. PDT
treatment with GaPcCl, InPcCl and FePcCl also revealed an early apoptosis population of
3.1%, 4.7% and 6.6% respectively. PDT treated MCF-7 cancer cells displayed similar
results. MCF-7 cancer cells after GaPcCl, InPcCl and FePcCl mediated PDT treatment
displayed late apoptosis populations of 52.6%, 66.9% and 27.4% respectively. The
percentage of early apoptosis populations of 3.9%, 1.9% and 9.1% was seen with PDT
treatment with GaPcCl, InPcCl and FePcCl accordingly. GaPcCl mediated PDT treated
A549 cancer cells demonstrated an early apoptosis (2.4%) and late apoptosis (47.1%)
populations. Whereas, PDT treatment with InPcCl showed a population of late apoptotic
A549 cells (65.4%). Early apoptosis (12.9%) and late apoptosis (47.5%) were

distinguished in A549 cells treated with laser activated FePcCl.

The fluorescence pattern in this in vitro study suggests that all three metal-based Pc
chlorides (GaPcCl, InPcCl and FePcCl) localizes in both the mitochondria and lysosomes
for the Caco-2 (colon cancer), MCF-7 (breast cancer) and A549 (lung cancer) cancer cell
lines. Similar results using Zn phthalocyanine were found by (Manoto et al., 2012) in DLD-
1 (colon) and A549 (lung) cell line, and (Tynga et al., 2013) in breast cancer cell line
(MCF-7). Whereas, the mitochondria was the only primary site of localization for GaPcCl
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and FePcCl for melanoma (skin cancer) cancer cell line. Our results (organelle
localization) revealed that mitochondria and lysosomes in melanoma cancer cells are
primary sites of InPcCl. These findings reveal that GaPcCl, InPcCl and FePcCl is taken
and retained in the organelle or organelles of the cancer cells, and upon laser treatment
induces cell death. Localization of GaPcCl, InPcCl and FePcCl in the mitochondria can
lead to damage of mitochondrial ion pumps due to reactive oxygen species (ROS) formed
during PDT, resulting in changes in the cytosolic calcium (Ca?*) concentrations and result
in irreversible apoptosis (Mroz et al., 2011). Therefore, PS localization in the mitochondria
is known to be essential for PDT to be the most effective as compared to other organelles.
PS localization to the lysosome results in lysosomal enzymes becoming inactivated before
the membrane ruptures, allowing for specific targeting of the lysosome without causing
damage to the rest of the cell. On the other hand, PSs that bind to lysosomal membranes
causes it to rupture upon laser treatment. This releases proteases via mitochondria that
can cause induction of apoptosis by cathespin-mediated cleavage of Bid. Therefore, PS
localization in lysosome of cells can induce apoptosis or autophagy as cell death

mechanisms (Mroz et al., 2011).

This in vitro PDT study demonstrated that GaPcCl, InPcCl and FePcCl are effective
second-generation PSs due to its ability to localize in cellular organelles (mitochondria and
lysosome) vital for cell function (mitochondria and lysosome); rapidly accumulates and
once activated by red light at a long wavelength of 661 nm induces irreversible cell death

(apoptosis) in four different cancer cell lines.
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CHAPTER 5

CONCLUSION

This study concludes that low concentrations of GaPcCl, InPcCl and FePcCl activated with
low light doses at a long wavelength of 661 hm can be used for the effective in vitro killing
of different cancer cells. This enables pairing of these drugs to the appropriate cancer
types for maximal PDT effect:
e GaPcCl was the best photosensitizing agent for the effective PDT killing of MCF-7
cancer cells (proliferative breast cancer cell line)
e InPcCl and FePcCl was more effective for the invasive cancer cell lines such as

Caco-2 (colon), melanoma (skin) and A549 (lung).

The PDT effect of these metal-based Pc complexes also depends on the PS uptake, PS
concentration, localization site of PS and light dose applied during treatment. The potential
of inactive GaPcCl, InPcCl and FePcCl to induce dark toxicity effects at high
concentrations and even low concentrations depends on the cell type. This can be
minimized by decreasing the incubation periods (drug-light interval periods) with the PSs
before laser treatment. Also, during PDT treatment with these PSs the damage to healthy
normal cells can be prevented by using low light treatment doses (short illumination times),
low PS concentrations and short drug-light interval periods. More recently, targeting
strategies using nanotechnology have shown to increase affinity of the PSs for tumor
tissue. Therefore, combining PDT principles with nanotechnology enhances specificity of

the PSs and efficiency of PDT.

Metal-based Pc complexes are highly valued for its photodynamic properties. GaPcCl,

InPcCl and FePcCl are starting to be explored as photosensitizing agents for PDT and
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further investigations will be performed to understand fully the photodynamic mechanistic
details stimulated by these metal-based Pc chloride complexes on other cancer cell lines.
This small amount of data is encouraging and suggests that full scale studies should be
conducted on other metal-based Pc complexes as possible photosensitizing agents for
PDT. Presently, the obvious ways to improve PDT efficacy requires the development of
new PSs, the use of nanotechnology techniques, precise dosimetry and optimization of
protocols using second-generation PSs through ongoing in vitro and in vivo research.
Therefore, PSs like metal-based Pcs can be of value to improve the current efficacy of

PDT even further.
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APPENDIX
Photosensitizers
GaPcCl: CsH16ClGaNsg; 662, 79 g/mol
InPcCl: Cs:H16CIFeNs; 662, 79 g/mol

FePcCl: Cs2H16ClIiNNg; 603, 82 g/mol

Reagents for TEM

0.2 M Phosphate Buffer, pH 7.4

NaHPO4 4369
NaH.PO4 12.8¢g
Distilled water ---------=-------- 1000 ml

Fixative (2.5% Glutaraldehyde in 0.2 M Phosphate Buffer, pH 7.4)
0.2 M Phosphate Buffer, pH 7.4 --------------- 95 ml

Glutaraldehyde ------------ 5ml

0.5% Osmium in 0.2 M Phosphate Buffer
2% Aqueous Osmium -------------- 2.5 ml

0.2 M Phosphate Buffer, pH7.4 ----------------- 2.5 ml

5% Uranyl Acetate Solution
To prepare 50 ml, add 2.5 g of uranyl acetate to 50 ml of distilled water. Cover with foil and
stir overnight. Add 10 drops of glacial acetic acid. Store at 4 °C. This solution is stable for

at least 6 months at 4 °C.
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Reynold’s Lead Citrate Solution
To prepare 50 ml, add chemicals in distilled water in following order

Lead nitrate 1.33¢g

Sodium citrate, dihydrate ---------------- 1.76 g (solution becomes cloudy when sodium
citrate is added and stir for 30 minutes)

1 M NaOH - 8 ml (solution becomes clear when NaOH is added)

Distilled water -------======mmmeuev- 30 ml

Stir for another 10 minutes and add additional 15 ml of distilled water. Store solution for 3-
6 months at 4 °C. Note: the mount of NaOH is very important. The solution should have pH
12.
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Table A-1 Statistical difference between the untreated controls (0 pg/ml of PS and 0 J/cm?) and their respective experimental groups are
shown as (*) P <0.05, (**) P <0.01, (***) P <0.001 and (ns) non-significant.

Caco-2 MCF-7
PS
Conc. GaPcCl InPcCl FePcCl GaPcCl InPcCl FePcCl
(Hg/ml)
2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5
Jlem? | J/ecm? | J/em? | Jlcm? | J/cm? | J/cm? | J/ecm? | J/cm? | J/cm? | J/cm? | J/icm? | J/cm? | J/cm? | J/cm? | J/cm? | J/cm? | J/lcm? | J/cm?
0 VS 2 *kk *kk *kk * *kk *kk *% *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
0 VS 4 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
0 VS 6 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 8 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kkk *khkk *kk *kk *kk *kk *kk *kk *kk *kk
10
0 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
20
0 ) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
40
0 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
60
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
80
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
100
ovs *k
laser ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
2vs 4 ns ns ns *x ns ns ns ns ns ns ns ns ns ns ** ns ns ns
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2vs 6 ns ns ns *x ns * ns ns ns ns ns ns * ns Fokk bl ns *k
2vs 8 ns ns ns xkk ns * ns ns ns ns ns ns * * xkk rokk xxk rhk
2 VS *%k *% *kk * * * * *kk *kk *kk *kk
10 ns ns ns ns ns ns ns
2vs
ns *%k *% *kk ns *% ns * * ns *% ns *% *% *kk *kk *kk *kk
20
2 VS *% *kk *kk *kk *% *% *kk *% * *% *kk *% *kk *kk *kkk *kkk *kk *kk
40
2 VS *% *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
60
2 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
80
2 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
100
|2 \B) *kk *kk *kk ns *kk *kk *% *kk *kk *kk *kk *% *kk *kk *kk *kkk *kk *%kk
aser
4vs 6 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
4vs 8 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns il *x il
4vs * *kk *% *kk
10 ns ns ns ns ns ns ns ns ns ns ns ns ns ns
4 VS * * * * *kk *kk *kk
20 ns ns ns ns ns ns ns ns ns ns ns
4 VSs * *kk *% *kk *% * *% * *kk *kk *kk *%kk
40 ns ns ns ns ns ns
4 V) *% *kk *kk *kk *kk *kk *kk * *kk *% *kk * nS nS *% *kk *kk *kk
60
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4vs

*%kk *kk *%kk *kk *kk *kk *kk *% *kk *kk *kk *kk ns * *% *kk *kk *kk
80
4 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk ns *% *% *kk *kk *kk
100
4 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk ns *kk *kk *kk *kk *kk
laser
6vs 8 ns ns ns ns ns ns ns ns ns ns ns ns Fohk ns ns ns * ns
6 VS * *kk
10 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
6 VS *% *kk *kk
20 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
64\65 * * * *kk *% ns *% ns ns ns * nS nS ns nS *kk *kk *kk
6 \S) * *%k *% *kk *kk *% *kk ns * * *% nS nS ns * *kk *kk *kk
60
6 VS *% *% *kk *kk *kk *kk *kk *% *% *kk *kk *% ns * *% *kk *kk *%kk
80
6 VS *kk *kk *kk *kk *kk *kk *kk *kk * *kk *kk *kk ns * *% *kk *kk *%kk
100
6 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
8vs
10 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
8 VS *% *kk
20 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
8 VSs * *kk * * *kk *%kk
40 ns ns ns ns ns ns ns ns ns ns ns ns
8 V) ns * *% *kk *kk *% *kk ns * ns *% nS nS nS * *kk *kk *kk
60
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8vs

*% *% *% *kk *kk *kk *kk * *kk *% *kk *% ns ns *% *kk *kk *kk
80
8 \B) *% *kk *kk *kk *kk *kk *kk *kk * *kk *kk *kk ns * *% *kk *kk *kk
100
8 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
10 vs
20 ns ns ns ns ns ns ns ns ns ns ns ns ns Frk ns ns *x rohk
10 vs
40 ns ns ns ** * ns ns ns ns ns ns ns ns ns ns * kK sl
1%5/5 nS nS nS *kk *kk *% *kk ns * * *% ns ns ns ns *kk *kk *kk
l%gs nS nS nS *kk *kk *kk *kk ns *% *kk *kk *% ns ns * *kk *kk *kk
lo \B) * *% *kk *kk *kk *kk *% * *kk *kk *kk * *kk *kk *kk
ns ns ns
100
lo \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
laser
20 vs *k *
40 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
20 vs
60 ns ns ns kK kK * il ns ns ns ns ns ns ns ns *x kK ns
z%gs I’IS nS I’IS *kk *kk * *kk ns ns *% *kk *% ns I’IS ns *kk *kk nS
20 VS I’IS * *% *kk *kk * *kk *% ns *kk *kk *kk ns I’IS ns *kk *kk *kk
100
20 ) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
laser
40 ) *% * *%
60 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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40 vs

80 ns ns ns * *x * ns ns ns *x * ns ns ns ns bl okk ns
40 VS ns ns * * *kk * *k * ns *k *kk *kk ns ns ns *kk *kk *kk
100
40 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
60 vs
80 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
60 VS *% * *kk *kk
100 ns ns ns ns ns ns ns ns ns ns ns ns ns ns
60 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
80 VS *kk *kk *%
100 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
80 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk ns *kk *kk *kk *kk *kk
laser
lIOO \S) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *%kk
aser
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Table A-2 Statistical difference between the untreated controls (0 pg/ml of PS and 0 J/cm?) and their respective experimental groups are shown as
(*) P<0.05, (**) P<0.01, (***) P <0.001 and (ns) non-significant.

Melanoma A549

PS
Conc. GaPcClI InPcCl FePcCI GaPcClI InPcCl FePcCI
(ng/ml)

2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5
Jiem? | Jiem? | Jiem? | Jicm? | Jicm? | Jicm? | Jiecm? | Jicm? | Jicm? | Jicm? | Jiem? | Jicm? | Jiecm? | Jicm? | Jlem? | Jlcm? | Jlcm? | Jlcm?

O Vs 2 nS nS *kk *kk *kk *kk ns ns * *kk *kk *kk *kk *kk *kk *kk *kk *kk
O Vs 4 nS *% *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 6 ns *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 8 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
0 VS 10 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 20 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 40 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS 60 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
0 VS 80 *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk

0 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk

100 ns

Ovs .

laser ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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2vs 4 ns ns ns ns ns ns okok okk okok ns ns ns ns ns ns ns ns ns
2vs 6 ns ok ns ns ns ns il Fohk il ns ns ns ns ns ns ns ns ns
2vs 8 * xkk ns ns ns ns ok xkk ok ns ns ns * ns ns *x ns *
2 VS 10 *% *kk ns ns * ns *kk *kk *kk ns ns ns * ns ns *% *% *kk
2 VS 20 *kk *kk nS nS *% ns *kk *kk *kk ns ns nS *% nS nS *kk *kk *kk
2 VS 40 *kk *kk *kk * *kk ns *kk *kk *kk * ns * *% nS nS *kk *kk *kk
2 VS 60 *kk *kk *kk * *kk ns *kk *kk *kk * ns * *kk nS nS *kk *kk *kk
*kk *kk *kk *kk *kk * *kk *kk *kk * *% *kk * *kk *kk *kk

2vs 80 ns ns

2 \S) *kk *kk *kk *kk *kk *% *kk *kk *kk *% * *kk *kk *kk * *kk *kk *kk

100

2 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk

laser ns ns ns ns ns
4vs 6 ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
4vs 8 ns *x ns ns ns ns ns ns ns ns ns ns ns ns ns * ns *
4vs 10 ns *x ns ns * ns * ns ns ns ns ns ns ns ns * *x *x
4vs 20 *x ok ns ns *x ns *x * ns ns ns ns ns ns ns *x rohk ok
4 VS 40 *kk *kk *kk ns *% ns *% * * ns nS nS nS nS nS *kk *%kk *kk
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*%

4 vs 60 ns ns ns ns ns ns ns ns
4 VS 80 *kk *kk *kk * *kk ns *kk *k *% ns ns ns * ns ns *kk *kk *kk
4vs
*kk *kk *kk *kk *kk ns *kk *kk *% ns ns *% *% * ns *kk *kk *kk
100
|4 VS ns * *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
aser
6vs 8 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
6vs 10 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
6vs 20 b * ns ns ns ns * ns ns ns ns ns ns ns ns * sl ns
6 vs 40 *x * il ns ns ns *x * * ns ns ns ns ns ns ok rohk ok
6 VS 60 *kk *kk *kk ns * * *kk *% * ns ns ns ns ns ns *kk *kk *kk
6 VS 80 *kk *kk *kk * *% * *kk *% * ns ns ns * ns ns *kk *kk *kk
6 VS *kk *kk *kk *kk *% * *kk *kk *% *% * *kk *kk *kk
100 ns ns ns ns
6 VS nS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
8vs 10 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
8vs 20 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns rohk ns
8vs 40 ns ns ok ns ns ns ns ns * ns ns ns ns ns ns Fork rohk Fork
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8 vs 60

*%

ns

ns

ns

ns

ns

ns

ns

ns

ns

8vs 80

*%k

*%k

ns

ns

ns

ns

ns

ns

ns

8vs
100

*%

*%k

ns

*k

*%

*k

ns

ns

ns

ns

ns

8vs
laser

10vs
20

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10vs
40

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10 vs
60

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10 vs
80

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10 vs
100

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

10 vs
laser

20 vs
40

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

20 vs
60

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

20vs
80

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

20vs
100

ns

ns

ns

ns

ns

ns

ns

ns

ns

20vs
laser

ns

ns
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40 vs

60 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
40 vs
80 ns * ns ns ns ns ns ns ns ns ns ns ns ns ns *x il Fhk
40 vs
100 *x * ns ns ns ns ns ns ns ns whk Fhk *x ns ns Fhk il ns
40 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk ns ns *% *kk *kk *kk *kk *kk
laser
60 vs
80 skl ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns sl kK
60 vs *k
100 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
60 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
80 vs
100 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ok rohk ok
80 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
laser
lIOO VS *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
aser
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Table A-3 Statistical difference between the untreated controls (0 pg/ml of PS and

0 J/cm?) and their respective experimental groups are shown as (*) P < 0.05, (**)

P <0.01, (***) P £0.001 and (ns) non-significant.

Fibroblast
PS
Conc. GaPcCl InPcCl FePcCI
(Hg/ml)
2.5 4.5 8.5 2.5 4.5 8.5 2.5 4.5 8.5
J/lcm? J/lcm? J/lcm? Jlcm? J/lcm? J/lcm? Jlcm? Jlcm? J/lcm?
O Vs 2 *kk *kk *% ns *kk *% *kk *kk *%
O Vs 4 *kk *kk *% ns *kk *% *kk *kk *%
0 VS 6 *kk *kk *kk *kk *kk *kk *kk *kk *kk
0 VS 8 *kk *kk *kk *kk *kk *kk *kk *kk *kk
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kk
10
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kk
20
O VS *kk *kk *kk *kk *kk *kk *kk *kk *kk
40
0 VS *kk *kk *kk *kk *kk *kk *kk *kk *kk
60
0 \B) *kk *kk *kk *kk *kk *kk *kk *kk *kk
80
0 ) *kk *kk *kk *kk *kk *kk *kk *kk *kk
100
Ovs
laser ns ns ns ns ns ns ns ns ns
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2vs 4 ns ns ns ns ns ns ns ns ns
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Figure A-1 FITC Annexin V/PI apoptosis analysis by flow cytometry of Caco-2 cancer cells
after 24 post-PDT treatment. Percentage (%) of viable cells, early apoptotic cells, late

apoptotic cells and cellular debris are compared with the untreated control. (**) P < 0.01

and (***) P <0.001.
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Figure A-2 FITC Annexin V/PI apoptosis analysis by flow cytometry of MCF-7 cancer cells
after 24 post-PDT treatment. Percentage (%) of viable cells, early apoptotic cells, late

apoptotic cells and cellular debris are compared with the untreated control. (**) P < 0.01

and (***) P < 0.001.
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Figure A-3 FITC Annexin V/PI apoptosis analysis by flow cytometry of melanoma cancer
cells after 24 post-PDT treatment. Percentage (%) of viable cells, early apoptotic cells, late

apoptotic cells and cellular debris are compared with the untreated control. (**) P < 0.01

and (***) P < 0.001,
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Figure A-4 FITC Annexin V/PI apoptosis analysis by flow cytometry of A549 cancer cells
after 24 post-PDT treatment. Percentage (%) of viable cells, early apoptotic cells, late
apoptotic cells and cellular debris are compared with the untreated control. (**) P < 0.01

and (***) P < 0.001.
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Efficacy of gallium phthalocyanine as a photosensitizing agent in
photodynamic therapy for the treatment of cancer

Kaminee Maduray*?, Bharti Odhav®
*Durban University of Technology: Department of Biotechnology and Food Technology. 41/43 ML
Sultan Road, Durban, 4001, South Africa

ABSTRACT

Photodynamic therapy is a revolutionary treatment aimed at treating cancers without surgery or chemotherapy. It is
based on the discovery that certain chemicals known as photosensitizing agents (e.g. porphyrins, phthalocyanines, ete.)
can kill eancerous cells when exposed to low level laser light at a specific wavelength. The present study investigates
the cellular uptake and photodynamic effect of gallium (IIT) phthalocyanine chloride (GaPeCl) on Caco-2 cancer cells.
Caco-2 cells were treated with different concentrations of GaPeCl for 2 h before treatment with a diode laser
(b = 661 nm, laser power = 90 mW) delivering a light dose of 2.5 Jem?, 4.5 Jen® or 8.5 Jem®. After 24 h, the cell
viability of post-irradiated cells was measured using the MTT assay. Cellular uptake studies were performed by
photosensitizing cells with GaPeCl for 30 min, 2 h, 10 h, 12 h, 18 h and 24 h before lysing the treated cells into solution
to measure the GaPeCl fluorescence emission at an excitation wavelength of 600 nm. Results showed an increase in
fluorescence intensity of emission peaks at longer incubation times, indicating a greater cellular uptake of GaPeCl by
Caco-2 cells at 24 h in comparison to 30 min. GaPecCl at a concentration of 100 pg/ml activated with a laser light dose
of 8.5 J/em?® reduced the cell viability of Caco-2 cells to 27%. This concludes that GaPeCl activated with low level laser
light can be used as a photosensitizing agent for the in vitro PDT treatment of colon cancer.

Keywords: gallium phthalocyanine, photodynamic therapy, photosensitizer, colon cancer, laser treatment

1. INTRODUCTION

Photodynamic therapy (PDT) is clinically approved in several countries for the treatment of dermatological diseases and
various cancers (e.g. head, neck, brain, lung, oesophageal. gastric, cervical, bronchi and bladder cancer). It is a
minimally invasive treatment that requires an inactive photosensitive drug/dye termed a photosensitizer (PS), light
usually between 600 nm and 900 nm generated from a low power laser source and molecular oxygen from biological
tissue. The PS is applied topically or administrated systemically to preferentially accumnlate in the diseased/cancerous
tissue before light at a specific wavelength is precisely delivered to the affected area or entire body to activate the PS."
The activated PS can directly react with a substrate (e.g. cell membrane or molecule) and transfer a proton or hydrogen
atom to form free radicals. These radicals will react with oxygen present in the tissue to produce reactive oxygen species
(ROS). Alternatively, the activated PS can transfer its energy directly to molecular oxygen (a triplet form in the ground
state), to form an excited state singlet oxygen. This highly reactive form of oxygen (excited state singlet oxygen) will
react with many biological molecules (e.g. lipids, proteins or nucleic acids). Both these photochemical reactions can
occur simultaneously to produce ROS and excited state singlet oxygen, which are the primary cytotoxic agents
responsible for the eradication of cancerous tissue (tumor) making PDT highly dependent on the amount of ROS and
excited state singlet oxygen produced by these photochemical reactions.”

Phthalocyanines (Pcs) are industrial dyes’ which have proven to be promising as photosensitizing agents for PDT, due to
its versatility, chemical and thermal stability.*” The PDT properties of the Pe dyes can be influenced by the presence and
nature of the incorporated metal ion.* For example, Pes containing transition metals tend to have short triplet lifetimes.®

*madurayk@yahoo.com: phone 083 6129541
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The closed shell, diamagnetic ions such as Zn™ (zinc), AP (aluminum) and Ga®™ (gallium) provide Pc complexes with
high triplet quantum yields and long triplet lifetimes, resulting in efficient generation of singlet molecular oxygen. Pe
complexes that contain Ga™ as a central metal ion and axial ligands which act as spacers between the rings display
reduced aggregation.® Generally, metal Pc complexes are known to have minimal dark toxicity and low solubility in
most organic solvents. However, the solubility can be improved in non-polar solvents by introducing different
substituents such as alkyl, alkoxy and alkylthio chains on the Pe ring. The presence of sulfo or quaternary ammonium
groups enhances its solubility in aqueous media at different pH values.” Metal Pe complexes are well characterized by a
distinct intense absorption at a wavelength of = 600 nm (Q band) accompanied by a weak absorption at a wavelength of
+ 400 nm (B band).'’ These characteristics of metal Pc complexes suggest that it may be the ideal photosensitizing agent
for PDT.

The photophysical and photochemistry of all metal Pc complexes are well documented."" Most in virre and vivo PDT
studies have used aluminum, zinc and silicon Pc complexes or derivatives as photosensitizing agents' which has lead to
several Pe complexes such as the silicon (IV) Pc complex and a liposomal preparation of zine (II) Pe complex into the
clinical trial stages.”® Currently, sulfonated aluminum Pe complex (Photosens®) is being clinically used as a PDT agent
in Russia for the treatment of a range of cancers’ with no PDT-related pain reported during treatment.” Nonetheless, the
photodynamic activity of many metal Pe complexes (e.g. gallium Pes, germanium Pes, tin Pes, etc.) appears not to have
been fully explored especially when compared to aluminum, zinc and silicon Pe complexes.®

Gallium being diamagnetic®, should exhibit excellent photosensitizing ability desirable for PDT applications and it is
known to accumulate in tumors.'* At present time gallium is being used in cancer treatments and radioactive gallium
compounds are used as tumor imaging agents."* Therefore, the anti-cancer activity of gallium Pe complexes is of
fundamental importance, hence this study investigates the in vifro photodynamic effect of gallium (IIT) phthalocyanine
chloride activated with a continuous wave laser at a wavelength of 661 nm on human Caco-2 (colorectal) cancer cells.

2. METHODOLOGY

2.1 Spectrophotometric analysis of GaPcCl

Gallium (1) phthalocyanine chloride (GaPeCl) was purchased from Sigma-Aldrich and used as a photosensitizer
without further purification. Spectrophotometric experiments were carried out in dimethylsulfoxide (DMSO, Sigma).
The electronic absorption spectrum of GaPeCl was recorded on the Cary 100 UV-Vis spectrophotometer in the spectral
range of 300-900 nm at room temperature. The fluorescence emission spectrum of GaPeCl was measured by using a
Varian Eclipse Fluorescence Spectrophotometer with an excitation wavelength set at 600 nm.

2.2 Cell culture of Caco-2 cancer cells

Human colon carcinoma (Caco-2) cells (passage 4) were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Biochrom) supplemented with 10% fetal calf serum (FCS, Highveld Biological) and 1% Penicillin-
Streptomycin (pen/strep, Biochrom) at 37°C in a 5% CO; incubator. For experimental assays, 80% confluent flasks with
Caco-2 cells from passage 7 to 9 were seeded in 24-well tissue culture plates (Costar) at a density of 2 x 10* cells per a
well in 1 ml supplemented DMEM.

2.3 Cellular uptake of GaPcCl by Caco-2 cells

Caco-2 cells seeded in 24-well tissue culture plates were photosensitized with 100 pg/ml of GaPeCl for uptake times of
30min, 2h, 10 h, 12 h, 14 h, 18 h and 24 h at 37 °C in a 5% CO, incubator under dark conditions. After incubation with
GaPeCl for 30 min, 2 h, 10 h, 12 h, 14 h, 18 h, and 24 h, cells were washed with phosphate buffer (PBS, Sigma) before
collecting pellets of the cells for the extraction of intracellular GaPeCl using DMSO. Then the samples were centrifuged
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and the supernatants were collected for fluorescence detection using Fluorescence Spectrophotometer with an excitation
wavelength set at 600 nm.

2.4 Dark toxicity assay

A PS (in its inactive form) without laser treatment may have anti-proliferative and/or cytotoxic effects, referred as dark
toxicity. A stock solution GaPeCl at a concentration of 100 pg/ml was prepared using DMEM and DMSO. The stock
solution of GaPeCl was further diluted in DMEM medium supplemented with 10% FCS and 1% pen/strep to prepare
treatment concentrations ranging from 2 pg/ml — 90 pg/ml. Caco-2 cells seeded in 24-well tissue culture plates were
incubated for 2 h with different GaPeCl concentrations at 37 °C in a 5% CO, incubator under dark conditions. Cell
culture media (DMEM), cells treated with DMSO and untreated cells served as controls. After 2 h the photosensitized
cells were washed with PBS and cell viability was measured by 3-[4, 5-dimethylthiazolyl]-2, 5-diphenyltetrazolium
bromide (MTT) assay. 500 pl of DMEM with 100 pl of MTT (5 mg/ml) was added to cach well for4 h at 37 °Cin a 5%
CO; atmosphere. After 4 h, MTT was replaced with 500 pl of DMSO to dissolve the formazan crystals and the resulting
absorbance was measured using a plate reader (Bichit) at a wavelength of 490 nm with a reference wavelength at 630 nm
simultaneously.

2.5 In vitro photodynamic therapy

Caco-2 cells at a density of 2 x 10* cells/ml were seeded onto 24-well tissue culture plates and allowed to attach
overnight before treatment with different concentrations of GaPeCl (2 pg/ml-100 pg/ml). After 2 h the photosensitized
cells were irradiated in the dark. Irradiation was performed using a continuous wave diode laser (Cube Laser System,
Coherent) with a wavelength of 661 nm. A spot size of 1 cm with a measured output power of 90 mW was used to
deliver treatment light doses of 2.5 J/em’, 4.5 J/em® and 8.5 J/em’ to specific wells on the 24-well plates containing a
monolayer of photosensitized cells in 22 see, 39 sec, and 74 sec of irradiation time accordingly. The control cells
contained no photosensitizer and were not exposed to laser treatment. A laser control was set-up for each treatment light
dose by irradiating cells without photosensitizer for 22 sec, 39 sec or 74 sec. After irradiation, plates were incubated at
37 °C in a 5% CO, incubator under dark conditions for 24 h before cell viability was measured using the MTT assay as
described above. The results of all experiments were expressed as percentage reduction of the number of viable cells,
when compared to the untreated controls. PDT treated , untreated and laser treated (control) Caco-2 cells were viewed
under an inverted microscopy (Nikon, Japan) at 10x magnification to observe changes in cell morphology that may have
occurred after 24 h, before cell viability was measured.
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Figure 1. (A) The absorption spectrum of GaPeCl in DMSO (B) A fluorescence emission spectrum GaPeCl in DMSO
determined by using a fixed excitation wavelength of 600 nm.
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The UV-Vis spectrum of GaPeCl in DMSO is seen in Figure 1A and Figure 1B shows the emission spectrum of GaPeCl
in DMSO determined by using a fixed excitation wavelength of 600 nm.

Figure 2A shows the emission peak and emission or fluorescence intensity (excitation wavelength = 600 nm) of
mtracellular GaPeCl in DMSO extracted from Caco-2 cells at uptake times of 30 min, 2 h and 10 h; with Figure 2B
showing uptake times of 12 h,18 h and 24 h.

A B

200 200 4
v 3min ====2h ——10h 150 won 12h ====18h
16

140 4

120
o0 4
R0 4
Al 4

4 = 40 A

a2 a0 4

2 '). 2
o

T T T T o T T

Fluarescence Tntensity (a.u.)

=
g
z
i
=
=

L a0 400 (] K00 i 200 400 ol 00
Wavclength (nm) Wavelength (nm)

Figure 2. The emissiom peak and fluorescence intensity of extracted intracellular GaPeCl (100 pg/ml) from Caco-2
cancer cells after an incubation period of 30 mun, 2 h, 10 h (A); 12 h, 18 h and 24 h (B) measured using a
spectrofluorometer with a  excitation wavelenght set at 600 nm.

The cytotoxic effect of different concentrations of GaPeCl in its mactive state (without laser treatment) on the cell
viability of Caco-2 cancer cells is presented in Figure 3.
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Figure 3. The cell viability (%) of Caco-2 cells after photosensitization with different concentrations of GaPcCl without
laser treatment. 0 = Caco-2 cells that were not exposed to GaPeCl (untreated control). Data points represent the mean of
+ standard deviation, n =3.
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Caco-2 cancer cells were photosensitized with different concentrations GaClPe (2 pg/ml - 100 pg/ml) before laser
treatment for 22 sec (2.5 J/em®), 34 sec (4.5 J/em®) and 74 sec (8.5 J/em®) with continuous wave laser at a wavelength of
672 nm. Post-irradiated cells were incubated for 24 h before cell viability was measured using MTT assay (Figure 4).
The change in cell morphology of Caco-2 cells as a result of GaPeCl-mediated PDT was observed using an inverted
microscope and is shown in Figure 5.

022 sec - 39sec @Tdsec

Cell Viability (%)
e

0 2 4 6 8 10 20 40 60 80 100 L
GaPc¢Cl Concentration (ug/ml) & Contrel

Figure 4. The cell viability (%) of Caco-2 cells photosensitized with different concentrations of GaPeCl and laser
treatment for 22 sec (2.5 J/em?), 34 sec (4.5 J/em®) and 74 sec (8.5 J/em?). 0 = Caco-2 cells that were not exposed to
GaPcCl and laser treatment (untreated control): L = Caco-2 cells that were irradiated without being exposed to GaPcCl
(laser control). Data points represent the mean of = standard deviation, n =3.
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Figure 5: Micrographs showing the photodynamic effect of activated GaPeCl on Caco-2 cancer cells 24 h after
irradiation for 22 sec (B-C), 39 sec (E-F) and 74 sec (H-I). Untreated Caco-2 cells not exposed to GaPcCl and laser
treatment (A). Caco-2 cancer cells irradiated for 22 sec (D). 39 sec (G) and 74 sec (J) without being exposed to GaPeCl
(laser control). (Magnification =10 x).
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4. RESULTS

The ground state electronic absorption spectra of GaPeCl in DMSO showed a sharp single Q band at a wavelength of
678 nm accompanied by a few shoulder bands at 452 nm and 438 nm (Figure 1A). Fluorescence compounds can be
identified and quantified on the basis of their excitation and emission properties. As shown in Figure 1B this PS has a
detectable emission at 701 nm and 754 nm at a unique excitation wavelength of 600 nm. Emitted fluorescence is
observed at 701 nm and 754 nm for the DMSO supernatant collected from treated Caco-2 cells at uptake times of
30 min, 2 h, 10 h, 12 h. 18 h and 24 h (Figure 2A & 2B) when excited at 600 nm; however maximum emission or
fluorescence intensity is observed at an uptake time of 24 h. Dark toxicity studies were conducted to determine the
cytotoxicity effects of GaPeCl in its inactive state (without laser treatment) on the Caco-2 cancer cells. The data in
Figure 3 indicated that inactive GaPcCl concentrations higher than 10 pg/ml decreased the cell viability of Caco-2 cells
below 60% and inactive GaPeCl at a concentration of 100 pg/ml decreased cell viability to 44%.

Caco-2 cancer cells photosensitized with different concentrations of GaPcCl showed a significant decrease in the cell
viability when irradiated for 22 sec (2.5 J/em®), 34 sec (4.5 J/em®) and 74 sec (8.5 J/em®). At a GaPeCl concentration of
2 pg/ml cell viability was decreased to 60%, 70% and 65 %; 24 h after treatment with a light dose of 2.5 Jem®,
4.5 J/em® and 8.5 J/em® respectively (Figure 4). In comparison to a higher treatment concentration of 100 pug/ml cell
viability was further decreased to 41%, 40% and 27%; 24 h after treatment with a light dose of 2.5 J/em?, 4.5 J/em® and
8.5 J/em® respectively (Figure 4). Morphology changes were observed under an inverted microscope and micrographs
are depicted in Figure 5. Cells photosensitized with higher concentrations of GaPeCl and laser treated with varying light
doses showed profound changes in cell morphology (Figure 5C, 5F & 5I) when compared to the morphology of
untreated Caco-2 cancer cells (Figure SA). PDT treated Caco-2 cancer cells became round and detached from
neighboring cells (Figure SC, SF & 5I). Cells treated with the laser at different light doses excluding GaPeCl remained
healthy and undamaged after 24 h (Figure 5D, 5G & 57).

5. CONCLUSION

The present study shows that gallium (IIT) phthalocyanine chloride is a potent and effective photosensitizer for in vifro
PDT treatment of colorectal carcinoma cells.
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Metal-based phthalocyanines currently are utilized as a colorant for industrial applications but their
unique properties also make them prospective photosensitizers. Photosensitizers are non-toxic drugs,
which are commonly used in photodynamic therapy (PDT), for the treatment of various cancers. PDT is
based on the principle that, exposure to light shortly after photosensitizer administration predominately
leads to the production of reactive oxygen species for the eradication of cancerous cells and tissue. This
in vitro study investigated the photodynamic effect of gallium (GaPcCl), indium {InPcCl) and iron (FePcCl)
phthalocyanine chlorides on human lung adenocarcinoma cells (A549). Experimentally, 2 = 10% cells/ml
were seeded in 24-well tissue culture plates and allowed to attach overnight, after which cells were trea-
ted with different concentrations of GaPcCl, InPeCl and FePcCl ranging from 2 pg/mi to 100 pg/ml. After
2 h, cells were irradiated with constant light doses of 2.5 Jfcm?, 4.5]/cm® and 8.5 J/cm? delivered from a
diode laser (£ = 661 nm). Post-irradiated cells were incubated for 24 h before cell viability was measured
using the MTT Assay. At 24 h after PDT, irradiation with a light dose of 2.5 |/em? for each photosensitizing
concentration of GaPcCl, InPcCl and FePcCl produced a significant decrease in cell viability, but when the
‘treatment light dose was further increased to 4.5 J/cm? and 8.5 |jcm? the cell survival was less than 40%,
Results also showed that photoactivated FePcCl decreased cell survival of A549 cells to 0% with photosen-
sitizing concentrations of 40 pgfml and treatment light dose of 2.5]/cm? A 20 pg/ml photosensitizing
concentration of FePcCl in combination with an increased treatment light dose of either 4.5 Jjcm?* or
8.5 ]/cm? also resulted in 0% cell survival. This PDT study concludes that low concentrations on GaPcCl,
InPcCl and FePcCl activated with low level light doses can be used for the effective in vitro killing of lung
cancer cells,

@ 2013 Elsevier B.V. All rights reserved.

1. Intreduction

ground state becomes activated to an excited singlet state, which
is followed by intersystem crossing to an excited triplet state (a

Photodynamic therapy (PDT) has been used both as an investi-
gational tool and as a treatment modality for lung cancer since the
1980s [1]. The procedure is relatively simple and treatment does
not require the cutting through rbs, nerves and healthy lung
parenchyma tissue; making it less invasive than conventional sur-
gery [1,2]. High risk patients with poor pulmonary and/or cardiac
function that have been refused surgery and suffer from multiple
lung cancers become ideal candidates for PDT treatment [3]. Due
to the fact that treatment involves the systemic administration of
a cancerous tissue photosensitizing drug ( photosensitiser; PS) such
as porfimer sodium (Photofrin®) and photoirradiation through a
fibreoptic bronchoscope. The light sources (e.g. broad spectrum
lights, diode lamps and lasers) used in PDT for photoirradiation
are at a specific wavelength that corresponds to the peak absorp-
tion of the PS [4-6]. During photoirradiation, the PS in its singlet

* Oorresponding author.
E-mail address: madurayk@yahoo.com (K. Maduray).

1011-1344/% - see front matter @ 2013 Elsevier BV. All rights meserved
http:/ jdxdoi.org/10. 1016 j jphotobicl 2013.08.003

relatively long-lived excited state). The energy of the excited PS
in its excited triplet state can be transferred to biological substrates
and molecular axygen present in the lung tissue via photochemical
reactions (type | and type I1) to generate reactive oxygen species
(ROS). ROS is the cytotoxic agent in PDT responsible for triggering
cell death mainly by apoptosis, necrosis or autophagy, resulting in
the eradication of the cancerous tissue (tumor) [6,7].

Photofrin® has been approved for clinical treatment of lung,
esophageal, bladder and cervical cancer [8] in several countries
(e.g. European countries, Canada, United Kingdom, Netherlands
and Japan) [9]. It is administrated via intravenous injection at a
drug concentration of 2-5 mg/kg followed by irradiation with light
dose of 100-200 |{cm 2 (41=630 nm) at 24-48 h after injection
[10]. Although Photofrin™ is still the most widely used PS, the pro-
longed skin photosensitivity after PDT treatment (4-12 weeks) and
relatively low absorbance at 630nm are considered potential
disadvantages [11]. Due to these concerns newly and potentially
improved photosensitizers (PSs) were discovered such as
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benzoporphyrin derivatives (BPD-MA), meta-tetrahydroxyp henyl-
chlorin {m-THPC), -aminolaevulinic acid (5-ALA) and phthalocya-
nines (Pes). These newly discovered PSs do not cause prolonged
photosensitivity and are activated by longer wavelengths (660-
690 nm) that penetrate more deeply into tissue [12,13]. Most of
these newly improved developed PSs are not yet approved for clin-
ical use as these are still under investigation to determine treat-
ment-related parameters, such as optimal PS dose, time interval
between administration of the PS and laser treatment, optimal
light dose, photodynamic efficacy of PSs for various cancers, cyto-
toxicity effects of each PS on healthy normal tissue and optimal
wavelength exctation [12].

A greatinterest is currently focused on phthalocyanines, napht-
halocyanines and their metal complexes for PDT, since they not
only resemble porphyrins but are made up of isoindoles rather
than pyrroles, have a longer conjugate pathway around the ring
structure, and therefore absorb at longer wavelengths than por-
phyrins [14]. Pes tend to exhibit low absomtion at wavelengths be-
tween 300nm and 400 nm (spectral range where daylight
intensity is the highest) leading potentially toa low or no skin pho-
tosensitivity when exposed to sunlight after PDT treatment [15].
Another desirable feature of Pcs is its strong absorbance in the vis-
ible region between 600 nm and 700 nm which favors the optimal
penetration of the light through tissue, thus allowing for more effi-
dent treating of deeper lying lesions or deep-seated tumors by
PDT. These compounds are also considered to be chemically and
photochemically stable compounds [14,16,17].

Naphthalocyanines {extended Pc derivatives) advantageously
absorb at a higher wavelength (740-780nm) than Pes, further
increasing the light penetration through skin [18,19]. This absorp-
tion range of naphthalocyanines makes them potential in vive
imaging agents and photosensitizing agents for the PDT treatment
of highly pigmented tumors (e.g. melanomas) [18, 19]). Unfortu-
nately, naphthalocyanines are generally less stable than their Pc
counterparts as they readily decompose in the presence of light
and oxygen [18,20].

In contrast, the metal-based Pc complexes are known to be
maore stable in the presence of light and oxygen. These are formed
by incorporating one of 70 different kinds of metals or metalloid
atoms into the central ring of the Pc structure, replacing the two
hydrogens normally present in non-metal Pes [21]. Interestingly,
the nature and the presence of the inserted central metal ion in
Pe strongly influence its PDT properties [1622]. For example, dia-
magnetic ions that contain a closed shell such as zinc (Zn?*), alumi-
num (AP}, gallium (Ga™) and silicon ($i*") give Pc complexes high
triplet quantum yields and long triplet lifetimes, which are essen-
tial for efficient photosensitization during PDT treatment [16,22].
Pes containing Al, Zn and Si as central metal ions have been the
maost extensively studied for their PDT activity because of their
desirable photophysical properties [23]. To date, Photosens™ (mix-
ture of aluminum chloride Pes with sulphonated side-groups) is
dinically used in Russia to treat a range of cancers (e.g. skin, breast,
lung, head, neck, cervical, etc.) [15]. Photosens™-mediated PDT is
performed according to a procedure similar to that described for
Photofrin™ but using conside rably lower drug (0.5-0.8 mg/kg) con-
centrations and lower level light doses ranging from 150 Jjcm  to
200 )jem ? (peak 4=675nm) at 24-72 h after intravenous injec-
tion [10]. Silicon (IV) phthalocyanine Ped and a liposomal prepara-
tion of zinc (1) phthalocyanine are cumrently under clinical trials
[23,24],

The main disadvantages of most Pes including some metal P
complexes are their low solubility potential and its ability to aggre-
gate in certain solvents (e.g water and organic solvents) [24].
Aggregation reduces the lifetimes of the MPc excited state, quan-
tum yields and singlet-oxygzen generation. Altering the peripheral
substitution of the macrocydic ring in Pe structure is one way of

improving the solubility of these photosensitizers. On the other
hand, MPc complexes that contain hydrophilic groups as axial li-
gands, which coordinate to central metal ions, facilitate them to
be water-soluble [ 24]. In addition, MPc complexes containing met-
als like Ga* that can coordinate axial ligands is beneficial in that
axial ligation prevents aggregation |[16]. Likewise, large metals
such as indium (In) are also useful central metals in MPc com-
plexes as it is diamagnetic and able to host axial ligands [22,25].
The well documented information available on the architectural
flexibility, photophysics and photochemistry properties of various
metal-based Pc complexes shows clearly that these compounds
could make valuable photosensitizers for the PDT treatment of tu-
mors [14-25]. Unfortunately, only a small amount of preliminary
data seems to be available on the photodynamic activity of GaPcs,
InPcs and a variety of other metal-based Pes. Thus, the present
work studied the cellular uptake and in vitro photodynamic effect
of three different metal-based phthalocyanines: gallium (I11)
phthalocyanine chloride, indium (llI) phthalocyanine chloride
and iron (II) phthalocyanine chloride using lung carcinoma cells
(A549).

2 Materials and methods
2.1. Photosensitizers

Gallium (I} phthalocyanine chloride (GaPcCl); indium (I1I)
phthalocyanine chloride (InPcCl) and iron (1) phthalocyanine
chloride (FePcCl) were purchased from Sigma Aldrich®. Stock solu-
tions (100 pg/ml) of each photosensitizer was prepared using
dimethylsulfoxide (DMS0) and Dulbecca's modified eagle's med-
ium (DMEM) culture media, which was further diluted in DMEM
to obtain treatment concentrations ranging from 2 pgfml to
100 pg/ml

2.2 Spectrophotometric analysis of the photosensitizers

All spectrophotometric experiments were carried out using
DMSO as a solvent. The absorption spectrum for GaPcCl, InPeCl
and FePcCl were recorded on a spectrophotometer (Cary 100) in
the spectral range of 300-900 nm at room temperature. Fluores-
cence excitation and emission spectrum for GaPcCl, InPeCl and
FePeCl were measured using a fluorescence spectrophotometer
(Edipse, Varian) at mom temperature,

2.3 Cell culture

Human lung carcinoma cells (A549) were kindly provided by
Dr. Bronwyn C Joubert from University of Kwazulu Natal, Nelson
Mandela Medical School. A549 cancer cells were routinely grown
in DMEM supplemented with 10% fetal calf serum (FCS) and 1%
antibiotics (Penicillin/Streptomycin) at 37 °C in humidified atmo-
sphere with 5% COj. All experiments were performed with cells
of passage numbers from 48 to 57.

2.4 Cellular uptake of photosensitizers by A549 cancer cells

AS549 cells were seeded in 24-well tissue culture plates at a den-
sity of approximately 2 » 10% cells/ml Cells were allowed to attach
ovemight at 37 °C in a humidified atmosphere with 5% CO,. After
24 h, cells were exposed to GaPcCl, InPcCl or FePeCl at a concentra-
tion of 100 pg/ml for 30 min, 1h, 2h, 4h, 8h, 10h, 12 h, 14 h,
16h, 18 h, 20 h, 22 h and 24 h. At the end of each exposure time,
the photosensitized cells were thoroughly washed in phosphate buf-
fered saline (PBS) before detaching the cells from the surface of the
plate by trypsinization for the harvesting of cells by centrfugation.
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The harvested cells were resuspended in DMSO at room tem perature
for 10 min followed by centrifugation for 2 min at 6000 rpm. The cell
lysis solution or DMS0 supernatant were analy zed for traces of intra-
cellular accumulated GaPeCl, InPeCl or FePeCl using a fluorescence
spectrophotometer at spedfic excitation wavelengths of 600 nm,
605 nm and 680 nm respectively. Emitted fluorescence peaks are
anindication of the PS uptake by A549 cancer cells and fluorescence
intensity (arbitrary units, a.u.) ofemitted peaks will be proportional
to the concentration of the PS. Simultane ously, cell lysis from un-
treated AS49 cells (not pre-incubated with the metal-based phthal-
ocyanines) were measured as a control at similar excdtation
wavelengths for each exposure time.

2.5, Dark toxicity assay (cytotoxic effect of the photosensitizers
without loser imadiation)

A549 cells were seeded in 24-well tissue culture plates at a den-
sity of approximately 2 = 10* cells/ml. Cells were allowed to attach
overnight at 37 °C in a humidified atmosphere with 5% CO.. After
24 h, cells were incubated with various concentrations (2-
100 pgfml) of GaPeCl, InPcCl or FePeCl at 37 °C in humidified
atmosphere with 5% CO; in the dark for 2 h. A control (untreated
cells) containing A549 cells that were not exposed to GaPcCl,
InPcCl or FePcCl (0 pg/ml) was incduded for each set of expen-
ments. After 2 h, the photosensitized cells were washed twice with
PBS and the cell viability was measured using the MTT { methyl-
thiazolyl-tetrazolium) colorimetric assay. For the MTT assay,
500 pl of fresh culture medium was added together with 100 pl
of MTT {methyl-thiazolyl-tetrazolium) solution (1 mg/ml in PBS)
to each well. The plates were incubated for 4 h allowing for the
MTT to be metabolised to formazan by the succnate-tetrazolim
reductase system that is active only in viable cells. At the end of
the fourth hour, the formed formazan crystals at the bottom of
each well were dissolved in DMSO and the absorbance of each well
was measured at a wavelength 490 nm simultaneously with a ref-
erence wavelength at 630 nm using a microplate reader (Biohit).
The percentage of viable cells for each well was calculated using
the formula [1].

Cell viability(%) = (absorbance of sample /absorbancecontrol = 100 (1}

2.6, In vitro photedynamic therapy

For the photodynamic therapy experiments, cells after 24 h
incubation for full attachment in 24-well tissue culture plates were
treated with GaPeCl, InPeCl or FePcCl at different photosensitizing
concentrations (2-100pg/ml) for 2 h. After 2 h, cells in monolayer
cultures were irradiated with a red light diode laser (Cube System,
Coherent) at a wavelength of 661 nm. A spot size of 1cm in diame-
ter was used to deliver a light dose of 25 |fem?, 45 Jjem® or 8.5 )
em? with an output power of 90 mW to the respective wells, Laser
parameters for each light dose are clearly shown in Table 1 and all

Table 1
Laser parameters.

Farameters Duration of irradiation
22s 395 T4s

Wavelength (nm) 661 G661 661
Wave emission Continuous Continuous Continuous
Power output o a0 a0

(mw)
Power density 1145913 x 10~% 1145913 x 107% 1145913 =« 1073

(mWjam®)
Spot size (cm®) 07854 07854 0.7854
Fluence (J/an®) 25 45 85

irradiations were performed at room temperature in the dark. Cells
to be used as untreated controls were not exposed to the photosen-
sitizers and laser irradiation. Laser irradiated cells not pretreated
with the photosensitizers served as the laser controls. Post-irradi-
ated and control cells were incubated for 24 h before cell viability
was measured using the MTT cell viability assay as described abave.

2.7, Statistical analysis

Each test was done in triplicate. The mean, standard deviation
and standard error were calculated using Microsoft Excel 2010
software. Further, statistical analysis was performed using Instat
software { GraphPad prism 6) by one-way analysis of Variance (AN-
OVA). The Tukey-Kramer Multiple Comparisons Test was used to
determine the significant changes between experimental groups
and respective controls.

3. Results

the ground state electronic spectra of GaPeCl, InPcCl and FePcCl
in DMSO showed characteristic absorption in the Q band region at
a wavelength (£ y..) of 678 nm, 685 nm and 675 nm respectively.
Each PS also showed an extra band at 611 nm (GaPcCl), 616 nm
(InPcCl) and 642 nm (FePcCl) due to aggregation in the DMSO.
Fluorescence emission peaks were observed at: 700 nm and
746 nm for GaPcCl with an exdtation wavelength of 600 nm;
701 nm and 750nm for InPc with an exctation wavelength of
605 nm and 750 nm for FePcCl with an excitation wavelength of
680 nm in DMSO.

Fluorescence compounds like phthalocyanines can be identified
on the basis of its excitation and emission properties. As shown in
Figs. 1-3, GaPcCl, InPeCl and FePeCl displayed detectable emission
peaks[fluorescence when excited at a fixed wavelength of 600 nm,
6505 nm and 680 nm respectively. Emission peaks were observed at
spedfic wavelengths for the DMSO supematant  cell lysis solution)
collected from GaPcCl, InPcCl and FePcCl photosensitized AS549
cancer cells after 30 s, 1h, 2h, 4h, 8h, 10h, 12h, 14h, 16 h,
18 h, 20h, 22 h and 24 h. However, maximum fluorescence inten-
sity (a.u.) for the emission peaks of GaPeCl (Fig. 1), InPeCl (Fig. 2)
and FePcCl (Fig. 3) was observed at an uptake time of 24 h,

The cytotoxic effect of inactive GaPeCl, InPcCl and FePeCl at dif-
ferent photosensitizing concentrations (without laser treatment)
on the cell viability of A549 cancer cells is presented in Figs. 4-6.
Negligible cytotoxicity was detected with lower concentrations of
inactive GaPcCl, InPcCl and FePeCL 100 pg/ml of GaPeCl and InPoCl
in its inactive state decreased cell viability of A549 cancer cells to
46% (Fig. 4) and 55% (Fig. 5) respectively. At the same photosensi-
tizing concentration FePeCl (inactive state) decreased cell viability
of A549 cancer cells to 26%,

Figs. 7-9 illustrates that photodynamic therapy is a concentra-
tion-dependant treatment because as the photosensitizing concen-
tration of GaPcCl, InPcCl and FePeCl increased the percentage of
viable A549 cancer cells were proportionally decreasing after laser
irradiation with a constant light dose of 25 |fem?. It was also ob-
served that increased treatment light doses of 4.5 JJam® and 8.5 Jf
cm? for the photoactivation of the different photosensitizing con-
centrations of GaPcCl, InPeCl and FePeCl were able to further re-
duce the cell viability of A549 cancer cells. The cell viability (%)
of A549 cancer cells exposed to GaPeCl, InPeCl and FePeCl at a con-
centrationof 2 pg/ml in combination with a treatment light dose of
2.5])jem?® were 30%, 49% and 36% respectively. The resulting cell
viability percentage for A549 cancer cells treated with 40 pg/ml
of FePcCl and a light dose of 25]|fcm2 was 0% (Fig. 9). Similarly,
treatment light doses of 4.5 Jfem? and 8.5 Jfem? for photoactivation
of A549 cancer cell photosensitized with 20 pg/ml of FePcCl re-
sulted in 100% cell killing.

190



K. Maduray, B Odhav/ Journal of Photochemistry and Photobiology B: Biology 128 (2013} 58-63 61

200 — —Msec
: 2h
2 150
£ 10k
2
8
-——-18h
; 100 -
g ——un
o
g =
o
S
T
0 . . .
0 200 400 600

‘Wavelength (nm)

Fig. 1. The emission peak and fluorescence intensity (arbitrary units) of extacted
intracellular GaPcO from AS49 cancer cells after an incubation period of 305, 2 h,
10h, 18h and 24 h with 100 pg/ml of GaPoll measured using a fluorescence
spectrophotometer with a excitation wavelength set at 600 nm
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Fig. 2. The emission peak and fluores cence intensity (arbitrary units) of extracted
intracellular InPeCl from A549 cancer cells after an incubation period of 305, 2 h,
10h, 18h and 24 h with 100 pg/ml of InPcCl measured using a fluorescence
spectrophotometer with a excitation wavelength set at 605 nm.
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Fig. 3. The emission peak and fluores cence intensity (arbitrary units) of extracted
intracellular FePoCl from AS49 cancer cells after an incubation period of 305 2 h,
10h, 18h and 24 h with 100 pgiml of FePcCl measured using a fluorescenoe
spectrophotometer with a excitation wavelength set at 680 nm.

4. Discussion

In the present study, the cellular uptake and photodynamic ef-
fect of three different photosensitizers (GaPcCl InPeCl and FePeCl)
on A549 cancer cells were investigated. The minimal time course
for the uptake of GaPeCl, InPeCl and FePcCl (100 pg/ml) by A549
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Fig 4 The cell viability (%) of A549 cancer cells after photosensitization with
different concentrations of GaPcQ for 2 h without laser treatment. O pg/ml = A549
cancer cells that were not exposed to GaPeCl (untreated cells-control);
DMS0 = dimethylsulfoxide (contml). Data points represent the mean of +5EM,
n=3 Significant differences between the untreated contml and each of the
different treatment concentrations are represented in graph as (°) P < 005, (7]
P <001 and (*%) P 0.001.
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Fig. 5 The cell viability (%) of A549 cancer cells after photosensitization with
different concentrations of InPeQ for 2h without laser treatment. O pg/ml = AS49
cancer cells that were not exposed w InPoll (untreated cells-control);
DMS0 = dimethylsulfoxide (contml). Data points represent the mean of +5EM,
n=3 Significant differences between the untreated contml and each of the
different treatment concentrations are represented in graph as (7)) P =005, (77}
P <001 and (™) P< 0001
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Fig. 6 The cell viability (%) of A549 cancer cells after photosensitization with
different concentrations of FePeCl for 2 h without laser treatment. 0 pg/ml = A549
cancer cells that were not exposed to FePoO (untreated cells-control);
DMS0 = dimethylsulfoxide (contml). Data points represent the mean of +5EM,
n=3 Significant differences between the untreated contml and each of the
different treatment concentrations are represented in graph as (™ )P = 0.01 and (=7}
P 0001,

cancer cells is shown in Figs. 1-3. Each photosensitizer had a very
fast uptake since emission peaks with low fluorescence intensity
(arbitrary units) was achieved after 30 s incubation with A549 cells.
For periods of incubation longer than 30 s the emission peaks
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Fig. 7. The cell viability (%) of A549 cells after photosensitization with different
concentrations of GaPeCl and photoiradiation (laser treatment) for 22 s (2.5 Jjam?),
34s (4jﬂcm2] and 74 s (&Sﬂcmz]. 0 pg/ml = A549 cells that were not exposed to
GaPoCl and laser treatment (untreated cells-control); Laser = AS49 cells that were
photoirradiated without being exposed to GaPoCl (laser control); DMS0 = dimeth-
ylsulfdide (control). Data points represent the mean of £5EM, n= 3. The differences
between the untreated control and the respective experimental groups for each
concentration were significant (P < 0001 )
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Fig. & The cell viability (%) of A549 cells after photosensitization with different
concentrations of InPeCl and photoirradiation ( laser treatment) for 22 s (2.5]/am?),
34s (4jﬂcm2] and 74 s (&SJJ’cmz]. 0 pg/ml = A549 cells that were not exposed to
InPcCl and laser treatment (untreated cells-control; Laser = AS49 cdls that were
photoirradiated without being exposed to mPoCl (laser control); DMS0 = dimeth-
ylsulfodide (control). Data points represent the mean of £5EM, n= 3. The differences
between the untreated control and the respective experimental groups for each
concentration were significant (P < 0.001 ).

wilsec

o022 sec

Cell Viability (%)

Laser
DMSO

FePcCl Concentration (pgiml)

Fig. 9. The cell viability (%) of A549 cells after photosensitization with different
concentrations of FePeCl and photoirradiation (laser treatment) for 22 s (2.5 J/am?),
345 (4jﬂcm2] and 74 s (E.Sﬂfl'l'lz]. 0 pg/ml = A549 cells that were not exposed to
FePcCl and laser treatment (untreated cells-control); Laser = A549 cells that were
photoirradiated without being exposed to FePod (laser control); DMS0 = dimeth-
ylsulfide (control). Data points represent the mean of +5EM, n= 3. The differences
between the untreated control and the respective experimental groups for each
concentration were significant (P < 0001 )

associated with GaPeCl, InPcCl and FePeCl showed increased fluo-
rescence intensity indicating an increased cellular uptake of photo-
sensitizer by A549 cancer cells. The results also indicate that the

cellular uptake of GaPeCl, InPeCl and FePeCl by A549 cancer cells
is time-dependant. At an uptake time of 24 h, the emission peak
for extracted intracellular FePcCl from AS49 cells (Fig. 3) showed
the highest fluorescence intensity when compared to the emission
peaks for extracted intracellular GaPeCl and InPeCl from AS49 cells.
However, in this study for the in vitro PDT experiments the A549
cancer cells were incubated with GaPeCl, InPeCl and FePeCl for 2 h
instead of 24 h (when uptake of these photosensitizers were high-
er), to minimize the dark toxicity effects of these photosensitizers.

Phthalocyanines in its inactive state are inherently less or non-
cytotoxic in the dark (absence of ambient light and laser photoac-
tivation) depending on the photosensitizing concentration being
used. This was seen with the percentage of viable A549 cancer cells
after photosensitization with different concentrations of GaPedl,
InPeCl and FePeCl for 2 h under dark conditions displayed in
Figs. 4-6 respectively. Negligible cytotoxicty was observed with
low photosensitizing concentrations of GaPcCl (2-20 pgfml),
InPeCl (2-8 pgfml) and FePeCl (2-10 pg/ml). Interestingly, 2 pg/
ml photosensitizing concentration of GaPcCl, InPcCl and FePeCl
were able to reduce the cell viability of A549 cancer cells to 95%,
96% and 99% respectively. A 100 pg/ml photosensitizing concentra-
tion of GaPeCl, InPeCl and FePeCl were able to reduce the cell via-
bility of A549 cancer cells to 46%, 55% and 26% respectively. It is
significantly evident (P = 0.001) that a 100 pg/ml photosensitizing
concentration of GaPcCl, InPeCl and FePeCl was highly cytotoxic to
A549 cancer cells than that of 2 pg/ml. On the other hand, these
photosensitizers at a concentration of 2 pg/ml were found to be
potently cytotoxic towards A549 cancer cells upon exposure to
low laser light doses of 2.5 Jfem?, 4.5 Jfem?® and 85 Jfem? (Figs. 7-
9). A549 cancer cells treated with 2 pg/ml of GaPeCl, InPcCl and
FePcCl photoactivated with a treatment light dose of 2.5 Jjem? de-
creased the cell viability of the A549 cancer cells to 30%, 36% and
49% respectively (Figs. 7-9). It is also noteworthy to mention that
GaPcCl, InPeCl and FePeCl mediated PDT is shown to be a concen-
tration-dependent treatment. As the Pc concentration increased
the cell viability of A549 cancer cells proportionally decreased as
shown in Figs. 7-9. Concentrations of GaPcCl, InPcCl and FePcCl
greater than 2 pg/ml photoactivated with light doses higher than
2.5)fam® (i.e. 45 )jem? and 8.5)/cm?) were found to further de-
crease the survival of A549 cancer cells. Thus, indicating that the
efficacy of GaPeClL InPeCl or FePeCl mediated photokilling of
A549 cancer cells is dependent of both the Pc concentration and
the treatment light doses applied. In comparison to GaPeCl and
InPcCl, FePoCl{40-100 pg/ml) was able to attain a 100% cell death
when photoactived with a light dose of 2.5 Jjcm®, 4.5 Jjcm” and
8.5 Jjan® (Fig 9). A 100% cell death of A549 cancer cells was also
detected when 20 pg/ml of FePcCl was photactivated with light
doses of 4.5 | fem? and 8.5 Jjem?.

It is noteworthy to mention that GaPcCl, InPeCl and FePeCl dis-
played dark toxicity under the current experimental conditions at
concentrations of 20 pg/ml and higher. This dark toxicty most
likely contributes to the decrease in cell viability of the PDT treated
A549 cancer cells. However, the presence of dark toxidty does not
necessarily have to interfere with the possible future in vivo or din-
ical application of GaPeCl, InPeCl and FePeCl as photosensitizing
agents for the PDT treatment of lung cancer, especially if these
Pes exhibit little or no dark toxicity effects on normal healthy cells
or normal healthy surrounding tissue.

5. Conclusion

GaPcCl, InPeCl and FePoClmediated PDT has a significant killing
effect on human lung carcinoma cells (A549). The PDT effect of
these metal-based phthalocyanines was influenced by PS concen-
tration and the applied treatment light dose. Photosensitizing
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concentrations of FePcCl ranging from 40 pg/ml to 100 pgfml acti-
vated with light doses of 2.5 |fem?, 4.5 Jfem? and 8.5 |fem? were
the best parameters for this in vitro experiment. This small amount
of data is encouraging and suggests that full scale studies should be
made on these photosensitizers as well as a wide variety of other
MPCs as possible photosensitizing agents for PDT. Several authors
have reported that metal-based phthalocyanines are highly valued
for its photodynamic properties and safety. These authors also re-
port that PDT is not associated with any complications and, in
addition prevent or minimize the need for many invasive oncology
procedures. Moreover, PDT is currently highly effective for the
treatment of primary lung cancer, and obstructing endobronchial
lesions and debulking of large tumors. PDT can be used as a
stand-alone therapy or in combination with other oncologic thera-
pies (e.g. chemotherapy) including surgery. The obvious ways to
improve POT efficacy require the development of new PSs, optimi-
zation of protocols and predse dosimetry. Photosensitizers like
GaPeCl, InPeCl and FePeCl can offer to improve the current efficacy
of PDT even further,

6. Abbreviations

PDT photodynamic therapy

PS photosensitizer

PSs photosensitizers

ROS reactive oxygen species

Pc phthalocyanine

Pes phthalocyanines

GaPeCl gallium (III) phthalocyanine chloride

InPcCl indium (111} phthalocyanine chloride

FePcCl iran (1) phthalocyanine chloride
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ABSTRACT

Photodynamic therapy (PDT) is an emerging medical treatment that uses photosensitizers (drug) which are activated by
laser light for the generation of cytotoxic free radicals and singlet oxygen molecules that cause tumor cell death. In the
recent years. there has been a focus on using and improving an industrial colorant termed phthalocyanines as a
prospective photosensitizer because of its unique properties. This in vitro study investigated the photodynamic effect of
indium (InPeCl) and iron (FePeCl) phthalocyanine chlorides on human skin cancer cells (melanoma). Experimentally.
2 x 10* cells/ml were seeded in 24-well tissue culture plates and allowed to attach overnight, after which cells were
treated with different concentrations (2 png/ml — 100 pg/ml) of InPeCl and FePeCl.  After 2 h, cells were irradiated with
constant light doses of 2.5 Fem?. 4.5 Jem? and 8.5 Ten? delivered from a diode laser. Post-irradiated cells were
incubated for 24 h before cell viability was measured using the MTT Assay. At 24 h after PDT, irradiation with a light
dose of 2.5 T'em? for each photosensitizing concentration of InPeCl and FePeCl produced a significant decrease in cell
viability, but when the treatment light dose was further increased to 4.5 J/em® and 8.5 Jem? the cell survival was less
than 55% for photosensitizing concentrations of InPeCl and FePeCl from 4 pg/ml to 100 pg/ml. This PDT study
concludes that low concentrations on InPeCl and FePeCl activated with low level light doses can be used for the
effective in virro killing of melanoma cancer eells.

Keywords: photodynamic therapy. indium phthalocyanine chlorides. iron phthalocyanine chlorides. melanoma cancer.
photosensitizers, cancer, phthalocyanines. laser

1. INTRODUCTION

Malignant melanoma is a neoplasm (eancer) that originates in the melanocytes which are found randomly throughout the
basal cells or in the deepest portions of the epidermis. Melanocytes are responsible for producing melanin (pigment and
photoprotector) which is the primary determinant of skin color.! There are several known risk factors for the
development of melanoma in individuals. For example, the duration of exposure to ultraviolet (UV) radiation from the
sun over one’s life has shown to be a major risk factor in the development of melanoma. Also. a patient that has been
diagnosed with basal cell or squamous cell skin cancer 1s at high nisk of developing another skin cancer such as
melanoma cancer and approximately 8-12% of reported cutaneous melanoma cancer cases are hereditary.!? The standard
primary treatments for melanoma cancer are surgery. chemotherapy and radiation therapy.*> Furthermore, chemotherapy
and radiation therapy can also be used as an adjuvant therapy in combination with other cancer treatments (e.g. surgery)
or as a stand-alone therapy. Unfortunately. chemotherapy and radiation therapy possesses many side effects, which can
be more severe if chemotherapy 1s received in addition to radiation therapy. Newer therapies such as cytokine
biotherapy, antibody biotherapy and vaccines are now also being used as an adjuvant therapy for the treatment of
melanoma cancer.

*madurayk@vahoo.com: phone 083 6129 541
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These biological therapies differ from chemotherapy because it aids the immune system in fighting cancer. It is mostly
used to stop or slow growth which makes it easier for the immmne system to destroy the cancer cells.! Surgery.
chemotherapy. radiation therapy and biological therapy can be used in any combinations to varying degrees of success.
Since, melanoma caneer is typically a highly aggressive and metastatic in nature many of these treatment options act as
deterrents rather than cures. However. melanoma can be curable when it is found in its very early stages. °

Photodynamic therapy (PDT) is an emerging alternative to radiation therapy. chemotherapy, surgery and biological
therapy. It is based on the prineiple that, a photosensitive drug (photosensitizer, PS) in its inactive state is administrated
to the patient, which preferentially accumulates in the cancerous tissue rather than normal healthy tissue. Subsequently.
light from a laser source at a specific wavelength which generally correlates to the peak absorption of PS is applied to the
cancerous tissue (containing the PS). During light treatment. the activated PS generates a photochemical reaction that
leads to the production of free radicals and reactive oxygen species (ROS). mostly singlet oxygen, which is cytotoxic and
causes irreversible tumor cell death via necrosis. apoptosis or autophagy.*” PDT has been around since the 1980s and
has been successtully used to treat non-cancerous diseases (e.g. cardiovascular. dermatological. ophthalmic and
infectious diseases). several precancerous diseases and specific types of cancers including non-melanoma skin cancers.®
Although, it has been around for over three decades, PDT has not received as much attention clinically as a therapeutic
treatment for melanoma ecancer. The major reason for this lack of attention stems from the fact that the wavelength of
light used to activate these clinically approved first-generation PSs (e.g. photofrin and porphyrins) overlaps with the
absorption spectra of melanin. Therefore. melanin playing a major role in photoprotection blocks light during laser
treatment making PDT less effective.! Interestingly. a great deal of research is ongoing towards improving PDT and
developing second-generation PSs that have intense absorptions in the wavelength range of 600 nm to 900 nm which fits
within the photodynamic or therapeutic window required for efficient PDT. This research has certainly been useful for
the PDT treatment of melanoma cancer. For instance. phthalocyanines (Pes) and its derivatives are second- generation
PSs that have been extensively studied as a potential photosensitizing agent for the treatment of melanoma cancer and
are continually being developed for the PDT treatment of various tumors. 57

Phthalocyanines (Pcs) represent amother form of macrocycle. similar to porphyrins! and may be regarded as
azaporphyrins.® These compounds also have the ability to coordinate metal ions within their nitrogen core to form
metal- based phthalocyanine (MPc) complexes. The type of the metal ion strongly influences the photophysical or PDT
properties of the MPc complex.” MPe complexes containing transition metals (e.g. Fe. Mn. Co. Ni or Cu) offer a PS with
short lifetimes, whereas diamagnetic metal ions that contain a closed shell such as zine (Zn”), aluminium (A7), gallium
(Ga®™) and silicon (Si*") give MPc complexes high triplet quantum yields and long triplet lifetimes, which are essential
for efficient photosensitization during PDT treatment.®!? The electronic spectrum of MPe complexes reveals a distinct
intense absorption at = 600 nm (Q band) accompanied by a weak absorption at £ 400 nm (B band).? Whereas.
naphthalocyanines (an extend Pc derivative) advantageously absorb at higher wavelengths (740 nm — 780 nm) than
MPes. This absorption range of naphthalocyanines makes them potential i vive imaging agents and photosensitizing
agents for the PDT treatment of highly pigmented tumors (e.g. melanomas).!! To date. Photosens® (mixture of
aluminium chloride Pes with sulphonated side — groups) is clinically used in Russia to treat a range of cancers (e.g. skin.
breast. lung. head. neck. cervieal. ete.). Silicon (IV) phthalocyanine Ped and a liposomal preparation of zine (1I)
phthalocyanine are currently under clinical trials.>13

The architectural flexibility. photophysics and photochemistry properties of the different MPc complexes shows clearly
that these compounds are valuable photosensitizing agents in PDT for the treatment of various cancers including
melanoma cancer, but further in vitre and in vivo studies investigating the photodynamic activity of many of these MPe
complexes for different cancers still needs to performed. Therefore. the present work studied the cellular uptake and in
vitro photodynamic effect of two different MPe complexes: indium (III) phthalocyanine chloride and iron (IIT)
phthalocyanine chloride using a malignant melanoma cell line.
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2. METHODOLOGY

2.1 Spectrophotometric analysis of InPeCl and FePcCl

Indium (IIT) phthalocyanine chloride (InPeCl) and won (III) phthalocyanine chloride (FePeCl) was purchased from
Sigma-Aldrich and used as a photosensitizer without further purification. Spectrophotometric experiments were carried
out in dimethylsulfoxide (DMSO. Sigma). The electronic absorption spectrum of InPeCl and FePeCl was recorded on the
Cary 100 UV-Vis spectrophotometer in the spectral range of 300-900 nm at room temperature. The fluorescence
emission spectrum of InPeCl and FePeCl was measured by using a Varian Eclipse Fluorescence Spectrophotometer with
an excitation wavelength set at 605 nm and 680 nm respectively.

2.2 Cell culture of melanoma cancer cells

Human malignant melanoma cells (UCAA-G2) were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM. Biochrom) supplemented with 10% fetal calf serum (FCS. Highveld Biological) and 1% Penicillin-
Streptomyein (pen/strep. Biochrom) at 37°C in a 5% CO; incubator. For experimental assays, 80% confluent flasks with
melanoma cells from passage 9 t012 were seeded in 24-well tissue culture plates (Costar) at a density of 2 x 10* cells per
a well in 1 ml supplemented DMEM.

2.3 Cellular uptake of InPcCl and FePcCl by melanoma cancer cells

Melanoma cancer eells seeded in 24-well tissue culture plates were photosensitized with 100 ng/ml of InPeCl or FePeCl
for uptake times of 30 min, 2 h. 10 h. 18 h and 24 h at 37 °C in a 5% CO; incubator vnder dark conditions. After
incubation with PS for 30 nun. 2 h, 10 h, 18 h and 24 h: cells were washed with phosphate buffer (PBS, Sigma) before
collecting pellets of the cells for the extraction of intracellular InPeCl or FePeCl using DMSO. Thereafter. the samples
were centrifuged and the DMSO supernatants were collected and analyzed for traces of intracellular accumulated InPeCl
and FePeCl using a fluorescence spectrophotometer at specific excitation wavelengths of 605 nm and 680 nm
respectively. Simultaneously. DMSO supernatant from untreated melanoma cancer cells (not pre-ineubated with InPeCl
and FePeCl) were measured as a control at the exeitation wavelengths of 605 nm and 680 nm for each exposure time.

2.4 Dark toxicity assay

A PS (in its inactive form) without laser treatment may have anti-proliferative and/or cytotoxic effects. referred to as
dark toxicity. A stock solution InPeCl and FePeCl at a concentration of 100 pg/ml was prepared using DMEM and
DMSO. Each stock solution of InPeCl and FePeCl was further diluted using DMEM medium supplemented with 10%
FCS and 1% pen/strep to prepare treatment concentrations ranging from 2 pg/ml — 90 pg/ml. Melanoma cancer cells
seeded in 24-well tissue culture plates were ineubated for 2 h with either different InPeCl or FePeCl concentrations at
37 °C in a 5% COy incubator under dark conditions. Cell culture media (DMEM) only. eells treated with DMSO only
and cells that were not exposed to InPeCl or FePeCl (0 pg/ml: untreated cells) served as controls. After 2 h the
photosensitized cells were washed with PBS and cell viability was measured by 3-[4. 5-dimethylthiazolyl]-2. 5-
diphenyltetrazolium bromide (MTT) assay. 500 ul of DMEM with 100 pl of MTT (5 mg/ml) was added to each well for
4 hat 37 °C in a 5% COs atmosphere. After 4 h. MTT was replaced with 500 ul of DMSO to dissolve the formazan
erystals and the resulting absorbance was measured using a plate reader (Biohit) at a wavelength of 490 nm with a
reference wavelength ar 630 nm simultaneously. The relative cell viability (%) was expressed as a percentage relative to
the untreated control cells.

2.5 In vitre photodynamic therapy treatment

Melanoma cancer cells at a density of 2 x 10% cells/ml were seeded onto 24-well tissue culture plates and allowed to
attach overnight before treatment with different concentrations of InPeCl or FePeCl (2 ng/ml-100 pg/ml). After 2 h the
photosensitized cells were irradiated under dark conditions. Irradiation was performed using a continuous wave diode
laser (Cube Laser System, Coherent) with a wavelength of 661 nm. A spot size of 1 em with a measured output power of
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90 mW was used to deliver treatment light doses of 2.5 Jem?, 4.5 J/em? and 8.5 J/em? to specific wells on the 24-well
plates containing a monolayer of photosensitized cells in 22 see, 39 sec. and 74 sec of irradiation time accordingly. The
untreated control eells were not exposed to InPeCl or FePeCl and laser irradiation. A laser control was set-up for each
treatment light dose by irradiating cells without InPeCl or FePeCl for 22 sec, 39 sec or 74 see. After wradiation, plates
were incubated at 37 °C in a 5% CO; incubator under dark conditions for 24 h before cell viability was measured using
the MTT assay as described above. The relative cell viability (%) was expressed as a percentage relative to the untreated
control cells.

2.6 Statistical analysis

Each test was done in triplicate. Statistical analysis was performed using Instat software of GraphPad prism 6 by one-
way analysis of Vartance (ANOVA). The Tukey-Kramer Multiple Comparisons Test was used to determine the
significant changes between experimental groups and respective controls.

3 DATA

The absorption spectrum of InPeCl and FePeCl in DMSO is seen in Figure 1A and Figure 1B respectively. Figure 2A
and 2B shows the emission profile of InPeCl and FePeCl in DMSO determined by using a fixed excitation wavelength
of 605 nm and 680 nm respectively.
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Figure 1. The absorption spectrum of (A) InPcCl and (B) FePcCl in DMSO.
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Figure 2. The fluorescence emission spectrum (A) InPcCl and (B) FePcCl in DMSO determined by using a fixed excitation
wavelength of 605 nm and 680 nm respectively.
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Figure 3A shows the emission peak and emission or fluorescence intensity (execitation wavelength = 605 nm) of
intracellular InPeCl in DMSO extracted from melanoma cancer cells at uptake times of 30 min, 2 h, 10 h, 18 h and 24 h:
with Figure 3B showing the enussion peak and emission or fluorescence intensity (excitation wavelength = 680 nm) of
intracellular FePeCl in DMSO extracted from melanoma cancer cells at similar uptake times of 30 min, 2 h, 10 h, 18 h
and 24 h.
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Figure 3. The emission peak and fluorescence intensity (a.u.) of intracellular InPcCl and FePcCl taken up by melanoma cancer cells at
different mcubation times measured using a fluorescence spectrophotometer with an excitation wavelength set at 605 nm and 680 nm
respectively.

The cytotoxic effect of different concentrations of InPeCl and FePeCl in its inactive state (without laser treatment) on the
cell viability of melanoma cancer cells is presented in Figure 4A and 4B respectively.
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Figure 4. The cell viability (%) of melanoma cancer cells after photosensitization for 2 h with inactive (A) InPcCl and (B) FePeCl at
different concentrations without exposure to ambient light and laser treatment. Cell viability was expressed as a percentage of the
untreated control cells not exposed to InPcCl or FePeCl. 0 pg/ml = melanoma cancer cells that were not exposed to photosensitizers
(untreated control cells); DMSO = melanoma cancer cells treated with dimethylsulfoxide (DMSO) only. Data points represent the
mean of =SEM. n = 3. Significant differences between the untreated cell control and each of the different treatment concentrations are
represented in the graph as (**) P < 0.01 and (***) P < 0.001.

Melanoma cancer cells were photosensitized with different concentrations InPeCl and FePeCl before laser treatment for
22 see (2.5 Jem?), 34 sec (4.5 Jem?) and 74 sec (8.5 J/em?) with continuous wave diode laser at a wavelength of
661 nm. Post-irradiated cells were incubated for 24 h before cell viability was measured using MTT assay as seen in
Figure 5A and 5B.
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Figure 5. The cell viability (%) of melanoma cells after photosensitization with different concentrations of (A) InPcCl ; (B) FePcCl
and laser treatment for 22 sec (2.5 J/em?). 34 sec (4.5 J/em?) and 74 sec (8.5 J/em?). 0 pg/ml = melanoma cells that were not exposed
to InPcC1 or FePcCl and laser treatment (untreated cells); L = melanoma cells that were laser treated but not exposed to InPcCl or
FePeCl (laser control); D = DMSO control. The differences between the untreated control and the respective experimental groups for
each concentration were significant (P < 0.001).

4 RESULTS

The electronic spectra of InPeCl dissolved in DMSO showed the highest absorption peak at 685 nm accompanied by
lower absorption peaks at 350 nm and 616 nm (Figure 1A). FePcCl dissolved in DMSQO displayed absorption at 325 nm,
642 nm and 675 nm (Figure 1B). As shown in Figure 2A and 2B, InPcCl and FePeCl displayed detectable emission
peaks when excited at a fixed wavelength of 605 nm and 680 nm respectively. The fluorescence profile of InPeCl in
DMSO exhibits two distinet emission peaks at: 701 nm and 750 nm with an exeitation wavelength of 605 nm (Figure
2A). A fluorescence emission peak was observed at 750 nm for FePeCl with an execitation wavelength of 680 nm in
DMSO (Figure 2B). In the present study, the cellular uptake of InPeCl and FePeCl by melanoma cancer cells were also
investigated. The minimal time course for the uptake of InPeCl and FePeCl (100 pg/ml) by melanoma cancer cells is
shown in Figure 3A and 3B respectively. Each photosensitizer had a very fast uptake since emission peaks with low
fluorescence intensity (arbitrary units) was achieved after 30 min incubation with melanoma cancer cells. For periods of
incubation longer than 30 min, the emission peaks associated with InPeCl and FePeCl showed increased fluorescence
intensity indicating an increased cellular uptake of photosensitizer by melanoma cancer cells. The results also indicate
that the cellular uptake of InPcCl and FePeCl by melanoma cancer cells is time-dependant.

Dark toxicity studies were conducted to determine the cytotoxicity effects of InPeCl (Figure 4A) and FePeCl (Figure 4B)
in its inactive state (without laser treatment) on the melanoma cancer cells. Negligible cytotoxicity was observed with
low photosensitizing concentrations of InPeCl (2 ng/ml — 10 pg/ml) and FePeCl (2 pg/ml — 10 pg/ml). Interestingly, 2
pg/ml photosensitizing concentration of InPeCl and FePeCl were able to reduce the cell viability of melanoma cancer
cells to 94% and 94% respectively. A 100 pg/ml photosensitizing concentration of InPeCl and FePeCl were able to
reduce the cell viability of melanoma cancer cells to 42% and 21% respectively. It is significantly evident (P = 0.001)
that a 100 pg/ml photosensitizing concentration of InPeCl and FePeCl was highly cytotoxic to melanoma cancer cells
than that of 2 pg/ml. On the other hand, these photosensitizers at a concentration of 2 pg/ml were found to be potently
cytotoxic towards melanoma cancer cells upon exposure to low laser light doses of 2.5 J/em?, 4.5 Jem?® and 8.5 J/em?
(Figure 5A & 5B). Meclanoma cancer cells treated with 4 pg/ml of InPeCl and FePeCl photoactivated with a treatment
light dose of 2.5 J/em? decreased the cell viability of the melanoma cancer cells to 51% and 56% respectively.
Concentrations of InPeCl and FePcCl greater than 4 ng/ml photoactivated with light doses higher than 2.5 J/em? (i.e. 4.5
Jem? and 8.5 J/em?) were found to further decrease the survival of melanoma cancer cells. It is also noteworthy to
mention that InPeCl and FePeCl mediated PDT is shown to be a concentration - dependent treatment. As the InPeCl and
FePeCl concentration increased the cell viability of melanoma cancer cells proportionally decreased as shown in Figure
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5A and 5B. This indicates that the in virre PDT efficacy of InPeCl or FePeCl for melanoma cancer is dependent of both
the PS concentration and the treatment light doses applied.

5 CONCLUSION

This in vitre study has demonstrated that InPeCl and FePeCl mediated PDT is an option for melanoma skin cancer. The
PDT efficiency of these metal - based phthalocyanine complexes depends on the photosensitizer concentration and light
dose applied during treatment. The obvious ways to improve PDT efficacy requires the development of new PSs.
optimization of protoecols and precise dosimetry. Photosensitizers like InPeCl and FePeCl can offer to improve the
current efficacy of PDT even further.
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