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ABSTRACT 

The uncontrolled growth of cells in the body is often associated with cancer. It 

constitutes a major health problem and is one of the leading causes of death 

in the world. Cancers of the lung, breast, colon/rectum and prostate are no 

longer only associated with developed countries but are the most common 

occurring cancers worldwide. Breast cancer is the leading cancer faced by 

women in South Africa as well as in the world. Conventional cancer therapies 

often result in uncertain outcomes with numerous side effects and may be 

associated with limited therapeutic advantage. This has led to the 

development of safer and better treatment regimes with improved therapeutic 

outcomes. Photodynamic therapy (PDT) is a treatment used for a wide range 

of conditions, including cancer. This treatment utilises a photosensitiser (PS), 

a light activated chemotherapeutic agent, and light of a specific wavelength 

and power density. It is based on the selective tumour localisation of the PS 

and the ability to generate high levels of reactive oxygen species (ROS) in the 

presence of light. The generation of ROS causes permanent damage to the 

tumour cells resulting in cancer cell death. The distinctive criteria when 

comparing different PDT modalities is the choice of PS as the treatment 

outcomes are greatly influenced by the light dependent properties of the 

chemotherapeutic agent. Phthalocyanines are second generation PSs used 

in PDT. Effects of members of this PS family have been studied and they 

exhibited good photosensitising properties including lack of cytotoxicity in the 

absence of light, extended retention times in the tumour and high triplet 

lifetime of singlet oxygen species.  

 

 

This study investigated the phototoxic effectiveness of ZnPcSmix, a novel Zinc 

metallated phthalocyanine mix, on human breast MCF-7 cancer cells. A 

commercially available and established PS, Hypericin, was also used in this 

study. The MCF-7 cell line is estrogen positive and a suitable cell line for in 
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vitro studies. The cell line mimics the problems seen with tumour resistance 

to therapy well. Cells were cultured in supplemented Dulbecco’s Modified 

Eagle’s Medium (DMEM) in an 85% humidified atmosphere at 37°C and 5% 

CO2. A mixed isomer of sulfophthalocyanines (ZnPcSmix), that has a peak 

absorbance at 680 nm, was used to treat the cells. A 680 nm diode laser with 

an output power of 52 mW and power density of 5.73 mW/cm2 was used to 

irradiate the cells at fluencies of 5, 10 and 15 J/cm2. Cells treated with 

Hypericin were irradiated with a 594 nm diode laser, which delivered an 

output power of 99 mW and a power density of 11.58 mW/cm2. Cell cultures 

were divided into 4 study groups. Group 1 received no ZnPcSmix and was not 

irradiated, Group 2 contained ZnPcSmix but was not irradiated and Group 3 

was irradiated but no ZnPcSmix was added. Group 4 was treated with 

ZnPcSmix and was irradiated. A similar cell culture grouping was performed 

where Hypericin was used. Twenty four hours post treatment, cellular 

responses were determined and dose responses using both ZnPcSmix and 

Hypericin mediated PDT were performed to determine the treatment 

parameters that led to a decrease in cell viability of 50% (IC50). 

 

 

Due to the relatively low effectiveness of Hypericin after the dose response 

assay (the Trypan blue exclusion assay), and the significant decrease in cell 

viability demonstrated by the phthalocyanine PS, only the ZnPcSmix was used 

for the rest of the study. Fluorescent microscopy was employed to determine 

ZnPcSmix localisation, visualising the nuclei, mitochondria and lysosomes. 

Cell damage due to ZnPcSmix mediated PDT was assessed by inverted light 

microscopy for morphology, the Trypan blue exclusion assay for viability, 

adenosine triphosphate (ATP) luminescence assay and alamarBlue® for 

proliferation, and Lactate Dehydrogenase (LDH) membrane integrity assay 

for cytotoxicity. Then, flow cytometric analysis using Annexin V-FITC, 

Hoechst staining, cell death immunoassay and gene expression using a 
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Human Cell Death PathwayFinderTM PCR Array were performed post PDT 

using the treatment parameters that led to 50% decreased cell viability to 

identify the mode of cell death.  

 

 

Fluorescent microscopy revealed that the ZnPcSmix localised in mitochondria, 

lysosomes and around the nuclear envelops, which correspond to the Golgi 

apparatus. Laser irradiation alone as well as the inactive form of the PS did 

not cause cell damage. Morphlogical change was seen with PDT treated cells 

with 0.5 and 1 µM ZnPcSmix and included cell rounding up, anoikis and cell 

permeabilisation as confirmed with the Trypan Blue exclusion and LDH 

membrane integrity assays. A decrease in cell viability and cell proliferation, 

as well as an increase in cytotoxicity, were observed 24 h post PDT. A 

combination of 0.5 µM ZnPcSmix with irradiation at 10 J/cm2 was identified as 

the PDT dose that led to a 50% decrease in cell viability and was used for the 

cell death study. ZnPcSmix is an effective inducer of ROS and was 8 times 

more efficient than Hypericin in inducing a 50% decrease in cell viability. 

Although being able to induce a decrease in cell viability at higher 

concentrations, the light activated Hypericin was found to be less effective 

than the new synthesised ZnPcSmix and was not used for the rest of the 

study. 

 

 

The effectiveness of ZnPcSmix was found to correlate with both its 

concentration and laser fluence used; an increase in either concentration of 

PS or laser fluence led to a subsequent decrease in both cell viability, 

proliferation and a concommitant increase in cytotoxicity. Apoptotic cells 

predominated over necrotic and normal cells after Annexin V-FITC flow 

cytometric analysis. Signs of nuclear fragmentation and condensation were 

noted using Hoechst staining and the cell death immunoassay. Finally, three 
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genes (BCL-2, DFFA-1 and CASP-2) involved in apoptotic cell death 

pathways were found to be up-regulated. Taken together, the predominant 

apoptotic cell population, nuclear degradation and gene expression post PDT 

suggested that an apoptotic pathway was the mode of cell death. ZnPcSmix 

displayed toxic effects on breast cancer cells at a relatively low concentration. 

In its natural form prior to irradiation and activation, the PS did not induce cell 

damage. After PDT, evidence of apoptotic cell death was demonstrated.  This 

study identified the positive attributes of ZnPcSmix as a novel PS with 

extensive potential as a future therapeutic application. 
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study groups. Group 1 was an untreated control, 

group 2 received PS but was not irradiated and group 
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PS. Group 4 was irradiated and received PS. All 

samples were incubated for 24 h (except for PCR 

array, 3 h) and thereafter localisation, dose response 
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Figure 15 Microscopic representation of confluent breast cancer 
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Figure 16 Subcellular localisation of ZnPcSmix in MCF-7 cells. 

DAPI stained the nuclei (blue a, e and i), Mito-and 

Lyso-tracker stained mitochondria (green, d) and 

lysosomes (green, h), respectively. ZnPcSmix (red, b, f, 

j) localised in both the mitochondria and lysosomes as 

the red and green fluorescence merged and coincided 

to a slight yellow fluorescence (g and k). Distinct red 

and blue fluorescence were seen (merged) as 

ZnPcSmix does not localise in the nuclei and ZnPcSmix 

localised in the perinuclear area (c). 
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Figure 17 Morphology of MCF-7 cells treated with either laser 

irradiation or ZnPcSmix. The untreated control (a) 

received no PS and was not irradiated. Cells were 

irradiated at 5 (b), 10 (c) and 15 J/cm2 (d). ZnPcSmix 

treated cells received 0.05 (e), 0.1 (f), 0.5 (g) and 1 

µM (h) of the PS. No morphological change was noted 

when cells were treated with either laser alone (b, c 
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and d) or ZnPcSmix alone (e, f, g and h) and compared 

to the untreated control (200 x magnifications). 
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Figure 18 Morphology of PDT treated MCF-7 cells with 0.05 µM 

ZnPcSmix. The untreated control (a) received no PS 

and was not irradiated. Three hours after receiving the 

PS, cells were irradiated at 5 (b), 10 (c) and 15 J/cm2 

(d) using a 680 nm diode laser. At this concentration 

of ZnPcSmix, PDT treated cells showed no 

morphological changes when compared to the 

untreated control cells (200 x magnifications). 
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Figure 19 Morphology of PDT treated MCF-7 cells with 0.1 µM 

ZnPcSmix. The untreated control (a) received no PS 

and was not irradiated. Three hours after receiving the 

PS, cells were irradiated at 5 (b), 10 (c) and 15 J/cm2 

(d) using a 680 nm diode laser. When compared to the 

untreated control, all PDT treated cells showed a slight 

decrease in cell density and cell morphology started to 

change as cells became elongated (200 x 

magnifications). 
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Figure 20 Morphology of PDT treated MCF-7 cells with 0.5 µM 

ZnPcSmix. The untreated control (a) received no PS 

and was not irradiated. Three hours after receiving the 

PS, cells were irradiated at 5 (b), 10 (c) and 15 J/cm2 

(d) using a 680 nm diode laser. Morphological change 

was observed in a fluence dependent manner; the 

longer the cells were irradiated, the more cell changes 

were noted when compared to the untreated control. 
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These changes included elongated cells with few 

rounded cells (b), decrease in number of attached 

cells to the culture surface (c) and cells rounded off as 

they detached from the culture surface (d) (200 x 

magnifications). 
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Figure 21 Morphology of PDT treated MCF-7 cells with 1 µM 

ZnPcSmix. The untreated control (a) received no PS 

and was not irradiated. Three hours after receiving the 

PS, cells were irradiated at 5 (b), 10 (c) and      15 

J/cm2 (d) using a 680 nm diode laser. Morphological 

features of PDT treated cells had totally changed 

when compared to the untreated control. Most cells 

have already rounded off as they detached from the 

culture surface (200 x magnifications). 
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Figure 22 ATP luminescence cell proliferation assay in MCF-7 

cells.  When compared to untreated control cells, the 

relative light units (RLU) of both laser irradiated and 

ZnPcSmix treated cells did not present any major 

change in cell proliferation and no significant change 

in ATP levels was noted. 
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Figure 23 ATP luminescence cell proliferation assay inPDT 

treated MCF-7 cells.  Activated ZnPcSmix during PDT 

caused a decreased in cell proliferation. A decrease in 

ATP levels was observed with most of PDT cells when 

compared to the untreated control and significant 

differences (p<0.05*) (p<0.01**) (p<0.001***) were 

noted. 
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Figure 24 alamarBlue® cell proliferation in MCF-7 cells. Both 

irradiated alone and ZnPcSmixtreated cells did not 

show any significant proliferation change. 
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Figure 25 alamarBlue® cell proliferation in PDT treated MCF-7 

cells. PDT treated cells had slow proliferation ratesand 

significant differences (p<0.05*) and (p<0.01**) were 

noted when compared to the untreated control cells 

only.  
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Figure 26 The CytoTox96® nonradioactivecytotoxicity assay in 

MCF-7 cells. Irradiated cells and ZnPcSmix treated 

cells alone showed no significant change in LDH 

levels when compared to the untreated control cells 

only. 
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Figure 27 The CytoTox96® nonradioactive cytotoxicity assay in 

PDT treated MCF-7 cells. The cell damages were 

significant with all PDT cells and significant levels of 

LDH were noted. Significant differences (p<0.05*) and 

(p<0.01**) were noted when compared to the 

untreated control cells only. 
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Figure 28 Hoechst immunofluorescence stainingin MCF-7 cells. 

Intense fluorescence was seen when the nuclei of the 

untreated control (a) and unirradiated ZnPcSmix treated 

(b) were analysed. After 3 h incubation post PDT, the 

nuclei appeared smaller in size with smears seen 

around them, an indication of nuclear condensation 

(damage). The smear cleared up and smaller distinct 
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nuclear fluorescence was seen 9 and 15 h after 

irradiation (d and e respectively) (200x magnification). 
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Figure 29 Evaluation of nuclear degradation using the Cell Death 

Detection ELISA assay. Untreated control cells (MCF-

7) and both treated laser irradiated and ZnPcSmix 

treated MFC-7 cells showed low amounts of DNA 

fragmentation. After PDT, the amount of DNA 

fragmentation significantly increased 

(p<0.01**).Significant difference was noted when 

compared to the untreated control cells. 
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Figure 30 Gene expression profile of ZnPcSmix treated cells was 

analysed using the Human Cell Death PathwayFinder 

ProfilerTM PCR Array System. Treatment did not have 

an effect on the gene expression and none of the 

genes were significantly regulated as represented with 

the 3D Profile (fold-difference, a) and volcano plot (b). 

In the volcano plot, the horizontal line designates the 

target threshold (p=0.05) and vertical lines, the fold 

change (central) and target fold change threshold 

(peripheral) in gene expression. 
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Figure 31 Gene expression profiles of PDT treated MCF-7 cells 

with 0.5 µM ZnPcSmix and 10 J/cm2 was analysed 

using the Human Cell Death PathwayFinder 

ProfilerTM PCR Array System. ZnPcSmix mediated 

PDT induced changes in gene expression and DFFA, 

BCL-2 and CASP-2 genes were significantly up-

regulated as represented with the 3D Profile (a) and 
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the volcano plot (b). 90 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Foreword 

PDT is a therapeutic modality for cancer and non cancerous disorders 

characterised by proliferation of unwanted cells. PDT uses a 

photochemotherapeutic agent known as a PS, which has to be activated by 

light at a specific wavelength (600-900 nm) to undergo photochemical and 

photobiological processes that cause irreversible photodamage to cancer 

cells (Mitra and Stables, 2006). PDT offers an effective and specific means of 

killing cancer and is highly dependent upon the nature of the PS. The PS is 

able to recognise and rapidly enter neoplastic cells whereby after absorbing 

light at a specific wavelength, the PS produces ROS that kill the cells (Tsai et 

al., 2004). In modern oncology, PDT research is of great importance forming 

the basis of clinical trials (Sieron and Kwiatek, 2006). The early clinical trials 

of PDT on breast cancer patients were performed using a Hematoporphyrin 

and skin photosensitivity was a major concern (Dougherty et al., 1998; Usuda 

et al., 2006). Hematoporphyrin, a first generation PS, has a poorly defined 

chemical composition and low absorption index in the therapeutic region of 

the electron magnetic spectrum (600-900 nm). This factor encourages 

research and since its approval in certain countries, efforts have been made 

to improve the outcomes of PDT, which have resulted in the synthesis and 

evaluation of new PSs. Phthalocyanine is a member of the second generation 

family of PSs that are currently studied as potential and efficient elements for 

photodynamic applications. 
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1.2 Problem Statement 

The breast is an apocrine gland located in the upper ventral region of the 

torso of humans and produces milk during pregnancy. At puberty sex 

hormones, mainly estrogen, promote the development of the breasts in 

women (Ramsay et al., 2004). The breast is susceptible to various benign 

and malignant conditions. In the last ten years, breast cancer has become the 

most diagnosed cancer in females worldwide. The incidence and death rate 

due to female breast cancer has decreased as a result of early detection, 

advanced treatment and increased awareness. Despites this decrease, the 

condition continues to be the most frequently diagnosed and the leading 

cancer faced by women worldwide, including in South Africa (Bray et al., 

2013; American Cancer Society, 2013; Siegel et al., 2012; Molete, 2009). 

According to the World Health Organisation (WHO, 2006), breast cancer has 

become the most diagnosed cancer and common cause of death in women 

worldwide (American Cancer Society, 2013; Siegel et al., 2012). New 

therapeutic means are required as conventional therapies such as 

radiotherapy and chemotherapy offer limited results, which are often 

associated with numerous side effects. PDT is already seen as a better 

treatment modality for malignant conditions with fewer side effects as this 

treatment is neoplastic specific. The PSs, which specifically localise in 

neoplastic cells, are the inducers of cell death upon light activation. Many 

clinical studies had reported PDT as a safer and efficient means of dealing 

with cancer, and for that reason better tumour localising PSs are required in 

order to enhance the therapeutic potential of PDT. This treatment can be 

used in conjunction with other treatments and thus it is referred to as an 

alternative cancer therapy rather than as a replacement therapy.  
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1.3 Aims and Objectives 

The aims of this study were as follows: 

• To identify subcellular localisation of ZnPcSmix in malignant breast 

cancer cells. 

• To determine and compare the effectiveness of Hypericin and 

ZnPcSmix mediated PDT on cell viability. 

• To determine cellular effects of ZnPcSmix mediated PDT. 

• To evaluate the expression of genes involved in cell death pathway 

following ZnPcSmix mediated PDT. 

• To identify the induced cell death pathway subsequent to PDT using 

ZnPcSmix. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 Cancer 

Cancer has become one of the major challenges faced by the medical 

profession in modern societies. It is a genetic disorder, in which cells escape 

the control mechanisms and grow uncontrollably, thus invading surrounding 

normal cells. Cancer cells metastasise to other tissues and are transported 

through the bloodstream and lymphatic system. Cancerous cells differ from 

benign tumours, which do not metastasise and are self dependent entities. 

However, cancer is not a new phenomenon; it has affected humanity across 

time and space (Fayed, 2009; Karpozilos and Pavlidis, 2004; Tannock and 

Hill, 1998). Indeed, traces of cancer have been detected in fossils and 

Egyptian mummies. This is further corroborated by both pictures and writings 

describing malignant tumours. The analysis of skeletal residues from 

mummies, for instance, has revealed traces of osteosarcoma and cancer of 

the skull and neck. What is more, cancer also affects all higher animal 

species (American Cancer Society, 2010). 

 

 

A study conducted by Newby and Howard in 2005 revealed a yearly 

diagnosis of more than 10 million cases of cancer worldwide. WHO predicts 

that this figure might increase to more than 15 million new cases annually by 

2020 if no action is taken (Frankish, 2003). Cancer has been identified as the 

primary cause of death in industrialised countries and the second cause of 

mortality in developing countries (Jemal et al., 2011). Clearly, there is an 

unequal distribution of cancer between developing regions/countries (Africa, 

Latin America, Asia and the Caribbean), where it is less prevalent, and 

developed regions/countries including Europe, North America, Australia, New 



5 
 

Zealand and Japan where it is more prevalent (International Agency for 

Research on Cancer, 2007). This led to the conception of cancer as a 

disease of industrialised countries. However, in a reversal of the situation, the 

WHO world cancer report for 2010 reveals that cancer is now predominant in 

the low and medium resource countries. In light of this rapid increase, cancer 

will soon supersede heart disease as the leading cause of mortality in the 

world. By 2010, the impact of increased incidences of cancer and the 

resulting deaths will be felt more severely in developing countries than in 

industrialised nations. 

 

 

Cancer cells are dangerous for a number of reasons. Unlike normal cells, 

they can grow and age indeterminately. This leads to the formation of a 

tumour, as a result of an accumulation of cells in one area. Furthermore, 

cancer cells can conquer and disrupt the functioning of surrounding tissues. 

In other words, through a phenomenon called metastasis, cancer cells 

circulate in and affect other parts of the body.  Many factors account for the 

immortality of cancer cells. But it suffices to note that most cancer cells 

activate an enzyme, telomerase, which is normally active only in stem cells 

(Hernandez, 2010). Cancerous cells are also characterised by their ability to 

multiply exponentially, until their telomeres shrink progressively and 

eventually die. The only way cells can avoid this fatal shrinkage is through up-

regulation of telomerase, which prevents the shortening and enables the 

elongation of the telomeres (Willeit et al., 2010). In addition, telomerase can 

prevent cell senescence and apoptosis (Philippi et al., 2010). 

 

 

2.2 Types of Cancer 

There are various types of cancer. Most cancers form tumours except for a 

few such as Leukemia and Lymphoma (Varricchio, 2004). The classification 
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of cancers is based on the resemblance between the type of tissues and the 

formed tumour. The National Institute of Health’s (2007) International 

Classification of Diseases for Oncology identifies the following categories of 

cancer: 

• Carcinoma: represents more than 80% of all cancer cases, and 

includes the most common cancers such as breast, prostate, lung, and 

colon cancers which are derived from the epithelial tissues. 

Carcinomas are subdivided into adenocarcinoma and squamous 

carcinoma. 

• Sarcoma: refers to tumours originating from connective or 

mesenchymal tissues. They are generally detected in young adults. 

The most common sarcomas are characterised by a painful mass on 

the bone. 

• Lymphomas: are solid cancers which develop in the lymphatic system 

that is the network that purifies bodily fluids and produces 

lymphocytes. Because they could also occur in specific organs, they 

are designated as extra-nodal lymphomas. Diagnostically, the 

presence of Reed-Sternberg cells differentiates Hodgkin Lymphoma 

from Non Hodgkin Lymphoma. 

• Leukaemia: refers to liquid or blood cancer which affects hematopoietic 

tissues. This form occurs in the bone marrow and is characterised by 

the patient’s the inability to combat infections, as well as poor blood 

clotting, fatigue due to anaemia, and abnormal white and red blood 

cells. 

• Germ cell tumour: relates to totipotent cells. It mostly affects the 

testicles and ovaries in adults; the body midline in fetuses, especially 

the tip of the tailbone, in babies, and young children; and the poll (base 

of the skull).  

• Blastoma: a tumour (usually malignant) which resembles an immature 

or embryonic tissue. It is most common in children. 
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2.3 Carcinogenesis 

The increase in cancer cases results from the aging and augmentation of the 

global population as well as the adoption of a cancer conducive lifestyle 

(Jemal et al., 2011). Any form of cancer begins in the body’s basic unit of life, 

the cell. Carcinogenesis or development of cancer is a process whereby 

normal cells turn cancerous. Put differently, the body is normally constituted 

of millions of cells, which grow, divide and die in an orderly manner. However, 

this orderly process may be upset, causing damage to the genetic material of 

cell. This results in mutations that negatively affect the normal growth and 

division of cells (National Cancer Institute, 2010). 

 

 

In light of the above, carcinogens are cancer-causing agents. They can be 

classified into two categories. The first category comprises of genotoxins, 

which stick to DNA and engender permanent genetic damage. The second 

category encompasses non genotoxins (hormones and organic compounds), 

which stimulate growth without directly affecting DNA (Guyton et al., 2009). 

Carcinogenesis is caused by various mutations to specific types of genes 

(Figure 1). These abnormal mutations in genes regulating cell division, 

apoptosis, and DNA repair lead to a cell’s loss of control over its proliferation 

process. Numerous factors account for the transformation of normal cells into 

cancerous cells. These factors can be categorised as internal and external. 

Internal factors include heredity, immunology, and hormones; whereas 

external factors consist of chemicals, viruses, diet and radiation. Regardless 

of their classification, all these factors impair the genetic material of cells 

which results in the destruction of cell growth and division regulating genes. 

Thus, cancer is viewed as a tissue growth regulation disease (Vogelstein and 

Kinzler, 2004; Fearon and Vogelstein, 1990) 
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Figure 1 Cancers are caused by a sequence of changes; each change alters the 

behaviour of the cell in a certain manner (National Cancer Institute, 
2004). 

 

 

2.4 Breast Cancer 

The breast is an apocrine gland that develops as an ingrowth from the 

ectoderm. A woman’s breast comprises of milk-producing lobules, ducts 

which carry milk from the lobules to the nipple, fatty connective tissue, and 

blood and lymph vessels. The major secretory units consist of groups of 

terminal ductules equipped with alveoli (sac like-ends). These are imbedded 

in a fine specialised connective tissue to form the breast lobules (Figure 2). 

 

 

 Breast cancer refers to a malignant tumour that develops from cells in the 

breast. This malignancy is hormone dependent and may spread from the 

breast into other parts of the body. Breast cancer is believed to commence in 

the epithelium which lines the lobules terminal ductules (Ray and Mittra, 

2003). Men are 100 safer from developing breast cancer than women. Breast 
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cancer has also become the most common form of cancer among women in 

developing and developed countries. Consequently, it accounts for most 

cancer-related deaths in the world, with the highest fatality rate in low and 

middle income nations. This prevalence resulted in cancer being declared an 

epidemic disease (Newby and Howard, 2005; Parkin and Fernandez, 2006). 

 
 

 
 

Figure 2 Anatomy of the breast, updated from Atossa Genetics (2010). 

 

 
 

2.4.1 Types of breast cancer 

There are many types of breast cancer; however, a breast tumour may be a 

combination of various types. The most common types of breast cancer are 

(CancerNet, 2012): 

• Ductal carcinoma in situ (DCIS): it is located in the ducts. An early 

treatment of this condition maximises the patient’s chance of healing. 

Most non-invasive breast tumours are of this type. 

• Lobular carcinoma in situ (LCIS): it is located in the lobules. At this 

stage, it is not yet a cancer. However, individuals with LCIS are at risk 

of developing cancer. 
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• Invasive ductal carcinoma (IDC): this is the most common type of 

cancer which accounts for 80% of all the invasive breast cancers. It 

originates from the ducts, and has the ability to invade other breast 

tissues by spreading through the duct walls. Most importantly, it can 

metastasise to other tissues. 

• Invasive lobular carcinoma (ILC): this type begins in the lobules and 

can pass through the lobule walls into peripheral tissues. It accounts 

for 10% of invasive breast cancers. 

• Inflammatory breast cancer (IBC): it causes breasts’ skin to feel 

warmer than normal. This is accompanied by a reddish appearance. 

IBC is very uncommon and accounts for 4% of invasive breast 

cancers. It is usually misdiagnosed as an infection due to no lump in 

the breast.  

 

 

2.4.2 Symptoms of breast cancer 

Symptoms are the visible manifestations of a particular condition. However, 

the insignificant size of cancer cell clumps at the earliest stages renders 

prompt detection difficult, if not impossible. This is because an unusual tissue 

lump in the breast is the first noticeable symptom of breast cancer. Most 

cases of breast cancer are detected through feeling the woman’s breast. 

Generally, the detection of a lump implies that the tumour has been 

developing for years. In this context, Mammography screening, that is, an X-

ray type of breast examination, remains the only means of early detection of 

cancerous abnormalities in the breast (Merk, 2003; Gotzsche and Nielsen, 

2009).  

 

 

However, many other symptoms of breast cancer exist. These include 

modifications in the shape and size of the breast, dimpling of the skin, 
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inversion of the nipple, or unprompted single-nipple release (Merk, 2003; 

eMedicine, 2006). IBC, which is a swelling of the skin, also happens when 

cancer cells metastasise to lymph vessels located in the skin of the breast. 

Pain, inflammation, redness and orange peel texture of the breast’s skin are 

the common symptoms of IBC (Merk, 2003). Paget’s disease, which is 

characterised by redness and mild flaking of the nipple skin, is yet another 

symptom of breast cancer. The development of the condition may bring more 

symptoms such as tingling, itching, increased sensitivity, burning and pain. 

Generally, diagnosis of Paget’s disease will be accompanied by the presence 

of a lump in the woman’s breast (National Cancer Institute, 2005). It suffices 

to note that breast cancers can affect other organs such as bones, the liver, 

lungs, and the brain. These are known as metastatic breast cancers (Lacroix, 

2006). Consequently, bone or joint pains, jaundice or neural signs ascribed to 

invading breast cancers may be included in the list of symptoms, although 

they may be manifestations of other diseases (National Cancer Institute, 

2004). 

 

 

2.4.3 Etiology of breast cancer 

Environmental influences account for the occurrence of most cancers 

(Vorobiof and Ruff, 2011). People of all ages, races, genders, and socio-

economic status can be affected by cancer at any time. However, the socio-

economic background largely influences the predominance of particular types 

of cancer. Although the development of breast cancer has been linked to a 

variety of factors, experimental research attributes its initiation and promotion 

to the elevated levels of endogenous estrogen metabolites (Yager, 2000). 

Estrogen is a hormone that is involved in the development of breast tissue 

and in the reproduction system of a woman. It is central to the normal 

functioning of a woman’s reproductive system and influences the 
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development of her breasts. Prolonged exposure to this hormone stimulates 

breast cancer development in a woman. 

 

 

A post menopausal woman’s ovaries stop generating estrogen, which 

originates mainly from her body fat. This means that estrogen generation is 

dependent on the fat tissue in a woman. However, the quantity of estrogen in 

circulation in the body is strongly linked to alcohol intake. Alcohol has a 

stimulating effect on breast cancer development. Evidence suggests that the 

levels of estrogen in circulation in the body decreases with exercise. This is 

because fat tissue is used up and degraded to generate energy during 

exercise through beta-oxidation in the mitochondria. Furthermore, exercise is 

believed to lengthen the duration of the menstrual cycle of a woman. Longer 

menstrual cycles imply fewer cycles a woman will experience during her life; 

this reduces the estrogen generation and exposure (Clark et al., 2002). 

 

 

The female hormone estrogen stimulates the gene, MYB, which is a gene 

associated with breast cancer. MYB originates from myeloblastosis, which is 

a form of leukemia or blood cell cancer. This gene (6q23 chromosome) is 

present in most cases of breast cancer. It is responsible for the encoding of 

the transcription factor that is determinant in tumorigenesis. The prevalence 

of MYB in human breast cancer is strongly linked to the positivity of estrogen 

receptors (ER) (Drabsch et al., 2007). The breast cancer gene (BRCA) 

situated on chromosome 17q21, stimulates mammary epithelial cell 

differentiation and the reduction of mammary stem cells that are conducive to 

the development of cancer. Mutations in the BRCA gene are linked to the 

occurrence of ovarian cancer and account for 20 to 40% of hereditary breast 

cancers affecting various populations around the world (Hu, 2009).  
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Breast cancer is the most occurring cancer in women the world over; this is 

true for South African women (American Cancer Society, 2013; Siegel et al., 

2012). Most cancer occurrences are related to the stimulation of tumour 

growth by estrogen. This is because of the central role played by estrogen 

metabolites and receptors in the development of the cancer (Rosen et al., 

2008). The risk of developing breast cancer is doubled for a woman whose 

immediate female family members, such as mother, sister or daughter, were 

diagnosed with this ailment. Research shows that 20 to 30% of women 

diagnosed with breast cancer are not the first in the family to have this 

condition. This means that most breast cancer cases originate from genetic 

transformations occasioned by aging and lifestyle, instead of heredity. Breast 

cancer cases attributed to aging in women over the age of 50 years 

represents 81%. Most of these cases are in the 50 to 69 years category.  

 

 

2.4.4 Incidence and mortality 

The global cancer report is released every 5 years and the latest one (2008) 

stated that breast cancer remained the most diagnosed cancer in women 

worldwide (American Cancer Society, 2013; Siegel et al., 2012, Benn, 2009; 

Boyle and Levin, 2008; Molete, 2009; Van zyl et al., 2008). Incidence refers to 

the likelihood of developing a given disorder in a set period of time. In this 

context, mortality is the outcome of incidence and the fatality for a specific 

type of cancer (Parkin et al., 2005). Cancer incidence and mortality translate 

into absolute number of annual cases or an annual rate per 100,000 persons 

(American Cancer Society, 2013).  Mortality is the figure of recorded deaths, 

its rate is construed as the yearly recorded dead people in a 100,000 

populations. It suffices to note that regardless of the level of industrialisation, 

cancer is still a leading cause of death in the world. With around 100,000 

people diagnosed with cancer, 60,000 of which result in death, South Africa 

has the highest yearly cancer incidence and fatality in Africa with roughly 



14 
 

100,000. South Africa has a 40% survival rate of cancer, which is higher than 

the global average of 37% (Vorobiof and Ruff, 2011). The latest 2002 

statistics reported that one in four South Africans is affected by cancer 

(National Cancer Registry, 2008). 

 

 

Men with a global age standardised incidence rate (ASIR) of 135.89 per 

100,000 have a 1 in 7 lifetime risk of developing cancer. In contrast, women 

have an ASIR of 115.53 per 100,000; this translates in a 1 in 8 lifetime risk. 

With risk rates of 1 in 23 and 1 in 29 respectively, prostate cancer and breast 

cancer were the most prevalent in men and women respectively (Vorobiof 

and Ruff, 2011). Breast cancer is the most common cancer in women, and is 

responsible for more than one-fifth of new cancer cases and has been 

identified as the primary cause of cancer-related fatalities in women around 

the world (American Cancer Society 2013). Worldwide around 160,000 new 

cases of breast cancer are detected each year (Molete, 2009). Although 

cancer has become an increasing health issue, breast cancer remains the 

most prevalent among South African women (Benn, 2009). 

 

 

The incidence of breast cancer is significantly lower in teenagers and 

increases by more than a hundred fold at the age of 45. The world ASIR and 

mortality rate of breast cancer per 100,000 is presented in Figure 3 (American 

Cancer Society, 2004). The Southern African region has a mortality rate that 

is almost half its incidence, this means half of the women diagnosed with the 

condition in this region of Africa would die due to this cancer. Research 

conducted by Vorobiof et al., (2001) observed that the population of black 

South African women have the lowest incidence of breast cancer in the 

country. The population of white women, with an ASIR of 70.2 per 100,000 is 

6 times higher than that of black women. This ASIR was related to those of 
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industrialised countries including the United Kingdom and United States with 

an ASIR of 56.1 and 89.2 per 100,000 respectively. 

 

 

 
Figure 3  Age standardised incidence and mortality mates for breast cancer 

(Boyle and Levin, 2008). 

 
 

This low ASIR in South African black women was due to the factors that used 

to be associated with rural inhabitants such as late menarche and limited or 

lack of access to contraceptives, which are believed to intensify the risk of 

hormone related cancer. In rural areas a high fibre and low animal fat intake, 

which is less predominant in urban areas and early pregnancy are believed to 

have played an important role in decreasing the risk. A demographic survey 
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revealed that 17.8% of black teenage females were pregnant as opposed to 

2.2% of white females of the same age group (UNAIDS organisation, 2010). 

Breast cancer used to be related to a high income population, but the 

situation has progressively changed with a global incidence rate increase of 

5% annually in low income populations. Despite the recent increase in the 

number of cancer associations in Africa, the challenge of implementing WHO 

recommendations remains a major issue. Cancer registries are providing data 

that will be indispensable for government agencies to make policies that suit 

these recommendations. 

 
 

2.5 Cancer Therapy 

2.5.1 Conventional therapies 

Cancer therapy refers to a post diagnostic attempt to remedy the situation. An 

appropriate cancer treatment can be selected from a variety of options. 

However, the option is dependent on a number of factors such as the size of 

the tumour, the grade of cancer cells, and the type and stage of the cancer. 

Surgery, radiotherapy, hormone therapy, and chemotherapy are the main 

treatments for breast cancer. 

• Surgery is the oldest cancer treatment. Its application to breast cancer 

implies the removal of the entire breast (mastectomy) or the cancerous 

portion together with peripheral tissues (lumpectomy). Generally, the 

side effects are inevitable and can considerably affect the patient’s 

quality of life. Indeed, subsequent to having breast cancer surgery, 

some women have symptoms ranging from numbness, swelling, 

weakness, or tingling in the arm and shoulder area. These 

manifestations occur mainly after mastectomy surgery. Surgical 

removal of lymph nodes often leads to tingling sensation in the arm or 

shoulder (Breast Cancer Organisation, 2009). 
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• Radiotherapy or radiation therapy is a highly targeted and efficient 

method of directly killing cancer cells by means of high energy beams. 

Radiotherapy reduces breast cancer’s recurrence risk by about 70%. 

This procedure is generally less complicated. However, the treatment 

damages both cancer cells and surrounding normal cells. Interestingly, 

the benefits and side effects of this treatment occur progressively. The 

most gradual and irritating side effect is the sunburn-like discoloration 

of the skin, that is, a mild to moderate redness accompanied by itching 

and soreness (Breast Cancer Organisation, 2009). 

• Hormone (anti estrogen) therapy targets hormone receptor positive 

breast cancer cells and aims to decrease the quantity of estrogen in 

the body which, in turn, diminishes its effect on breast cancer cells. As 

observed elsewhere, estrogen is responsible for the stimulation of the 

growth of hormone receptor positive breast cancer cells. The entirety 

of estrogen in a woman’s body is secreted by her ovaries. In certain 

instances of therapy, the treatment of hormone receptor positive 

cancer or the prevention of breast cancer requires the surgical removal 

of the ovaries and fallopian tubes. The ovaries may also be 

physiologically inhibited through medication uptake (Breast Cancer 

Organisation, 2009). 

• Chemotherapy is the treatment of disease through the use of drugs 

designed to destroy microorganisms or unusual cells. The term 

chemotherapy was originally used to refer to the treatment of infectious 

diseases. However, it has come to refer primarily to the treatment of 

mental illness and cancer. The application of chemotherapy to breast 

cancer consists in the use of cytotoxic drugs to weaken and destroy 

cancer cells at the original site and any metastatic tumours. The cure 

particularly targets highly proliferating cells such as cancer cells. 

However, because they grow faster, some normal body cells located in 

the blood, the mouth, the intestinal tract, the nose, nails, the vagina, 
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and hair are accidentally targeted by these drugs (Breast Cancer 

Organisation, 2009). 

 

 

2.5.2 Photodynamic therapy (PDT) 

PDT is a third level treatment which uses light, in the presence of molecular 

oxygen, to activate a chemotherapeutic agent which stimulates the production 

of ROS (Figure 4). PDT was introduced in the early 1980s at various institutes 

(Konopka and Goslinski, 2007). The effects of ROS on cell metabolism are 

localised photodamage, nuclear damage, oxidation of amino acids in 

proteins, inhibition of particular enzymes due to oxidation of cofactors and cell 

death (Rada and Leto, 2008). The main benefits of PDT are its discerning 

accumulation into tumour tissues, the quasi absence of systemic drug caused 

toxicity, its capacity to treat many lesions concurrently and to retreat tumours 

(Luksiene, 2003). Because it specifically targets neoplastic tissues, the side 

effects of PDT are significantly minimal in comparison to other types of 

therapy. 

 

 

The ability of PSs to accumulate in the tumour is attributed to biological and 

structural transformations that distinguish cancer cells from ordinary cells. 

Tumours display 7 key distinguishing features: they have larger interstitial 

volume and fraction of macrophages; leaky microvasculature; poor lymphatic 

drainage; low extracellular pH in the tumour; a relatively high level of 

synthesised collagen and numerous receptors for lipoproteins. 
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Figure 4 Modified Jablonski energy diagram. Energy level diagram of photon 

excited PS. S0, S1 and Sn indicate ground or zero, first and n order of 
the singlet electronic state of PS respectively while T1 and T2 represent 
the first and second triplet state of the excited PS respectively. The 
molecule relaxes back to the ground state S0 from S1 or T1 radiatively or 
nonradiatively. Knr, Kisc, Kf and Kp are rate constants for nonradiative 
decay, intersystem crossing, fluorescence and phosphorescence 
respectively (Josefsen and Boyle, 2007). 

 

 

2.5.2.1 PDT seen as a photochemical and photophysical process 

PDT is a multi-stage process (Figure 5). The systemic or topic administration 

of PS is the initial step. A suitable PS for PDT has minimal toxic effects in the 

dark. The attainment of the optimal ratio of PS in diseased tissues as 

opposed to healthy ones resulted in the activation of the PS through exposure 

to a regulated light dose. The latter is directly shone onto the PS accumulated 

in the diseased tissue for a particular period of time. The toxic response in the 

tissue is associated with the light triggered form of the PS. The PS absorbs 

light energy (photons) and is promoted from its ground inactive state to the 

excited short life singlet state (S1). This short transitional state of the PS lasts 

10-9 to 10-6 seconds (Figure 4) (Josefsen and Boyle, 2007). 
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Figure 5 Mechanism of PDT, adapted from Ho et al., (2008). 
 

 

Interestingly, the stimulated PS molecule can experience further transitions 

(Figure 4), which are embodied by the singlet (S0 to Sn) and the triplet states 

(T1 and T2) states. The singlet-excited PS can return to a radiation free decay 

state through heat generation (Knr) or fluorescence (Kf). The singlet excited 

PS undergoes intersystem crossing when the constant Kisc is greater than 

both the constant of the heat generated (Knr) and fluorescence (Kf). After 

intersystem crossing over, the excited PS in its triplet state has a longer life 

(10-3 seconds). For neoplasm obliteration, the triplet state is preferable and 

more chemically reactive than the singlet state. This new state of PS 

stimulates most physiological photochemical reactions (Figure 4) and 

interacts with peripheral molecular oxygen via spin reversal, and generates 

two photo oxidative responses (McNaught and Wilkinson, 1997; Turro et al., 

2008).  
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2.5.2.2 Mechanisms of PDT 

PDT fuses the preferential accretion of a nontoxic PS into cancer tissues and 

irradiation using a perceptible light at a wavelength to be absorbed that 

matches the absorption specificity of the PS. After light activation, the tumour 

localised PS provides the selectivity of this treatment in the presence of 

molecular oxygen (Figure 5). The PS excited triplet state can undertake two 

different pathways labelled type I and type II reactions (Mroz et al., 2010; 

Josefsen and Boyle, 2007). In type I reactions, the triplet PS can interchange 

an electron and an adjacent molecule (Castano et al., 2005). This 

amalgamation of nontoxic components (PS, light, and oxygen) stimulates the 

selective damage of cancer tissues while minimising the obliteration of 

contiguous healthy tissues. This means that the properties of each 

constituent used in PDT are essential and determine the outcomes of the 

treatment (Josefsen and Boyle, 2007; Luksiene, 2003). 

 

 

2.5.2.3 Properties of photosensitiser (PS) 

Radiation therapy targets and destroys a cell’s DNA directly, whereas the 

direct incorporation of the PS into cells during PDT and its subsequent 

activation by irradiation facilitates the targeting of cellular structures such as 

nuclear envelopes (Foster et al., 2005), mitochondria (Wilson et al., 2005), 

and lysosomes (Kirste et al., 2002). The importance of PSs as a therapeutic 

agent dates back to the ancient civilisations (Egypt, India, and Greece). 

These societies identified PSs as light stimulated plant extracts to treat 

psoriasis and vitiligo. The main distinctive characteristic of any PS suitable for 

PDT is its capacity to specially accrue in diseased tissues so as to engender 

the intended biological effects, by means of cytotoxic species generation 

(Luksiene, 2003). 
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PSs can be divided into six clusters: Porphyrins (5-aminolevulinic acid, 5-

ALA), metallated Phthalocyanines (mPC), Porphycenes (17-tri-methoxyethy 

porphycene), Chlorines (monoaspartyl chlorine), Pheophorbides 

(bacteriophephorbide), and PSs other than the cited ones. Porphyrins are a 

group of primarily synthesised compounds that have a porphin structure to 

which are attached numerous side chains (Figure 6).  

 

 

 
Figure 6 Porphyrin structure (Chemistry About, 2009). 

 

 

Porphyrin family member PSs were effective in prompting phototoxicity and 

therefore recommended for the PDT treatment of some early stage superficial 

cancers. Their reduced tumour specificity, their poor tissue penetration due to 

their weak absorption spectrum in the near infrared region, their poor 

chemically defined structure and their durable skin photosensitisation after 

the treatment led to the development of new PSs (Rousset et al., 2003). 

 

 

mPC is an enhanced family of PSs derived from the preceding porphyrin PSs. 

PSs that belong to the family of mPC have an extra benzo ring on each of the 
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four pyrrolic subunits, which are interlinked by nitrogen atoms (Figure 7) 

(Luksiene, 2003). These modifications result in a red shift in the absorption 

spectrum between 675 to 700 nm. They have a higher molar absorption 

coefficient (105 m-1.cm-1) that gives them an enhanced tissue infiltration 

compared to the previous generation of PSs. PC is a stable complex 

constituted by dissimilar fundamental metal ions; hence, it is referred to as 

metallated PC (mPC). mPCs comprise benzene rings fused to the β-positions 

of each of the four pyrrolic subunits (Figure 7) and a high triplet quantum yield 

(ФΤ ≥ 0.5). These benzo rings reinforce the absorption of the chromophore at 

longer wavelengths. However, it has a short lifespan of nearly 490 fento 

seconds (Luksiene, 2003). The photophysical traits of mPCs depend on their 

structures and are influenced by the type of central metal ion.  

 

 

Given that the majority of unaltered PCs are not water indissoluble, their 

chemical alterations are essential to their improvement, that is, the 

augmentation of their solubility. Regardless of their low quantities, water 

solvable PSs can only melt in physiological diluents in the absence of 

detergents and lipophilic environments. Solid composites alone are 

photoactive and therefore essential for the light based cures. PCs have been 

split into two categories on the basis of their photo mediated biological 

attributes: hydrophilic PCs which are easily dissolvable in biological solvents 

and their hydrophobic counterparts whose dissolution in similar conditions 

requires special mixtures like oil combination, liposome, and other colloidal 

methods. Hydrophilic sulfonated PC, which is derived from the sulfonation of 

its corresponding unsubstituted PC whether through the fuming of sulfuric 

acid with phthalic acid, phthalonitrile, phthalamide or phthalic acid, is soluble 

in water (Brasseur, 2003). 
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Figure 7 Structure of metallated phthalocyanine (O’Malley et al., 2007). 

 

 

An amphiphilic (with various components) PC comprises two contiguous 

benzo ring and achieves better photo activity and cell infiltration attributes. 

Localisation studies reveal that the mono and disulfonated Al+2 and Cl-1-PC 

diffuse and localise in the cytoplasm, whereas the same happens in the 

lysosomes for the tri and tetra forms. Zinc phthalocyanine (ZnPcS) is an 

encouraging second group PS which possesses photosensitising properties 

deriving from its intense absorbance in the red region of visible light.  

 

 

Profounder infiltration of light into tissues improves cell annihilation in contrast 

to Porphyrin treated cells (Sazgarnia et al., 2010; Abrahamse et al., 2006; 

Ogunsipe et al., 2004; Decreau et al., 1999). In most instances, once ZnPC is 

absorbed by cells, it is localised predominantly in the Golgi apparatus. Its 

localisation mainly in the mitochondria is subsequent to prolonged exposure. 

Mitochondria constitute a significant location and element for the promotion of 

apoptosis which is regarded as the primary death pathway of PDT (Fabrics et 

al., 2001). The success of PDT depends on the protracted accretion of ZnPcS 

and its ability to successfully produce singlet oxygen or other highly 
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responsive species in damaged tissues (Josefsen and Boyle, 2007). ZnPcS 

complexes have attracted increased interest due to their significantly long 

triplet lifespans which are advantageous since the number of diffusional 

encounters between triplet excited state and ground state of molecular 

oxygen augments with triplet state lifespan (Ogunsipe et al., 2004).  

 

 

2.5.2.4 Properties of light 

PDT requires a special light source to initiate the PS at its peak absorption 

spectrum. Laser, which is an acronym for Light Amplification by Stimulated 

Emission of Radiation, is a mechanism of producing electromagnetic radiation 

through the process of stimulated emission in a form of monochromic and 

directed light (Figure 8) (Osborne, 2007). The five primary attributes of light 

are intensity, frequency or wavelength, polarisation, phase, and orbital 

angular momentum. Light particles or photons display the characteristics of 

both waves and particles (Fonseca et al., 1999).  

 

 

Laser light differs from normal white light, which comprises of numerous 

dissimilar wavelengths (or colour of light) combined together. A laser light 

consists of a single wavelength, hence the term monochromatic. An 

additional difference between laser and normal light is that all wavelengths in 

laser light are in phase and aligned. Unlike ordinary light sources (flashlight, 

light bulb, sunlight) whose beam spreads in all directions, laser light waves 

are collimated. This means that they travel parallel to one other, in one 

direction. Because laser light beams are fine, all the energy can be focused 

on one central point with intense power (Netting and Fisher, 2011). Photons 

are absorbed by PSs when the wavelength of the light and the absorption 

spectrum of PSs correlate. The range of light used in PDT is between 600-
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900 nm. This is because some endogenous proteins such as hemoglobin 

absorb light below 600 nm (Tayyaba et al., 2000). 

 

 
 
Figure 8 The electromagnetic spectrum with different wavelengths and the 

frequencies. As the wavelength of light decreases, the frequency 
increases. The visible spectrum of light is around a wavelength of 10

-6
 

(adapted from Zebu.uoregon.edu., 2010). 

 

 

The 900 nm maximum is motivated by the fact that the energy content of 

photons, at higher wavelengths, is inappropriate for the stimulation of singlet 

oxygen production. Light at such wavelengths was shown to infiltrate deeper 

into tissue and the actual penetration depth depends on optical 

characteristics such as absorption and scattering of irradiated tissue. Light 

dose in a tissue is influenced by depth. For instance, during a similar period 

of irradiation, a penetration depth of 2 to 3 mm will be achieved at 630 nm 

and this depth will be doubled using a wavelength of 700-800 nm (Tromberg 

et al., 2000). The X-ray innovation in the 1890s propagated the use of light for 

medical applications, sterilisation and therapeutic radiation. The visible region 

of the spectrum is the most utilised and each coloured light can offer a 

specific preferred therapeutic effect. For instance, whereas red light only 

stimulates, blue light destroys biological organelles (Ryer, 1997). The laser is 

the main source of light for PDT and the preferred wavelengths are red and 
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near the infrared region, which offers better penetration into tissue (Wilson, 

2006). 

 

 

2.5.2.5 Properties of molecular oxygen 

Oxygen is one of the most important molecules for life as it is involved in 

many metabolic processes. It has two unpaired electrons in its lowest energy 

state and these electrons confer oxygen its high biochemical reactivity. It has 

been shown that PDT efficiency depends on oxygen, which accepts energy 

carried by the electrons from excited PSs during photosensitised reactions in 

PDT. The ensuing energy rich singlet/triplet oxygen triggers oxidation and the 

generation of reactive molecules such radical species, which are the effectors 

of photodynamic damages (Grossweiner, 1992). 

 

 

In hypoxic tumours, cell death results from necrosis caused by the depletion 

of nutrients and oxygen. The efficacy of PDT, which is also dependent on 

oxygen, may be reduced by depletion of oxygen. On the one hand, the 

oxygen dependence of PDT is linked to the type of PS used. For instance, in 

Photofrin mediated PDT, the damage is directly proportional to oxygen 

pressure; whereas the photodamage observed during Chloroaluminium 

mediated PDT is inversely proportional to the same pressure.  On the other 

hand, exhaustion of oxygen leads to ineffective tumour destruction after PDT. 

It is accepted that a prolonged illumination in vivo, leads to high rates of 

oxygen depletion and inadequate tumour reperfusion to produce insufficient 

PDT effects. Oxygen is a limiting factor in PDT and an in vitro study showed 

that oxygen depletion led to several changes in intermediate pathways and 

cell death (Tayyaba et al., 2000; Gomer et al., 1989). 
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2.6 Mechanisms of Cell Death 

In photodynamic reactions, a lethal dose of PDT causes cell damage and 

death. Subcellular localisation of PSs in cells is a primary factor in PDT. 

Oxygen rich structures that are likely to accumulate PSs would be damaged 

upon illumination. Death is a fundamental process of life, in particularly at the 

cellular level, where it plays critical roles in eradicating damaged cells (Alberts 

et al., 2002; Engelberg et al., 2006). Active cells degrade and remove 

damaged or dying cells through three standard cell death pathways, namely, 

apoptosis, autophagy, and necrosis. These pathways may occur depending 

on the types of cellular damage and participate in cell regeneration, growth, 

degradation and homeostatic responses (Green, 2011). Both apoptosis and 

autophagy are genetically regulated processes and known as programmed 

cell death, while necrosis is an accident event. Sometimes, autophagy 

responses are associated with starvation in cultured cells. Biochemical events 

of apoptosis are the best studied and understood of cell death pathways 

(Reape et al., 2008; Zong and Thompson, 2006).  

 

 

2.6.1 Apoptosis 

Apoptosis means leaves falling from a tree and is also known as cell suicide. 

It is an active regulated process of destroying cells by combined actions of 

macrophages, fibroblasts, epithelial and immature dendritic cells (Youle and 

Strasser, 2008; Botto, 2004). The absence of inflammatory reactions is one of 

the distinguishing features of the apoptotic pathway (Figure 9) among many 

others including ATP level alternation, casapase activation, cell budding, cell 

shrinkage, chromatin margination, nuclear condensation, DNA fragmentation 

and formation of apoptotic bodies.  Phagocytic cells take up cellular debris 

and the transport system of the debris across the plasma membrane, 

mitochondria and lysosome is maintained even towards the end of the 

pathway (Gewies, 2003; Luksiene, 2003).  
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Figure 9 Apoptosis includes cellular shrinking, chromatin condensation and 

margination at the nuclear periphery with the eventual formation of 
membrane-bound apoptotic bodies that contain organelles, cytosol and 
nuclear fragments and are phagocytised without triggering 
inflammatory processes. The necrotic cell swells, becomes leaky and is 
finally disrupted and releases its contents into the surrounding tissue 
resulting in inflammation (Gewies, 2003). 

 
 
 

In the inner cellular membrane, a phospholipid component, which is also 

known as phosphatidylserine, translocates to the exposed membrane 

surface.  This translocation to the cell surface is an important signalling 

apoptotic event that will provoke further cell death events such as the 

activation, propagation and completion phases of apoptosis (Botto, 2004). 

These processes involve mediators on the outer surface membrane, which 

are cell receptors, and inner mediators generated due to nuclei damage, 

oncogene action and oxygen depletion (Luksiene, 2003). Apoptosis is the 

most studied of cell death mechanisms and PDT mediated apoptosis has 

been reported. When compared to PSs that primarily localise in the plasma 

membrane and lysosome, mitochondrial localising PSs are efficient inducers 

of apoptosis. 
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The cytochrome C discharge from mitochondria during cell death is one of the 

main signals of the intrinsic pathway, which together with its extrinsic 

counterpart form the two standard apoptotic pathways in mammalian cells. 

Stimulation of either of these pathways leads to the cascade activation of 

caspase, a family of prominent proteases involved in cell death (Fulda, 2009). 

Most neoplasms have defective apoptotic machinery with increased 

expression of prosurvival BCL-2 and tumour suppressor gene TP53 and is 

one of the well-known abnormalities of such cells. High expression of the 

guardian of the genome or tumour suppressor gene TP53, which encodes for 

the p53 tumour protein, is an initiator of cell death in response to nuclear 

damage caused by radiation, chemical agents and oxidative stress. Apoptosis 

is advantageous for the health of any multicellular organisms and without this 

essential process; organs would have grown such that an octogenarian would 

have accumulated more than two tons of bony mass and a 16 kilometer long 

intestine (Melino, 2001). 

 

 

2.6.2 Autophagy 

Autophagy is an adaptive response to starvation such as the lack of nutrients. 

This type of cell death plays an important role in homeostasis and in a 

catabolic means through lysosomal degradation. It also originated and 

translated from the ancient Greek words, which means self-destruction, and 

initially used to designate single or double lysosomal derived vesicle filled 

with cytoplasmic residues that were identified by electron microscopy 

(Watanabe et al., 2009). Cytoplasmic contents are being degraded via the 

formation of an autophagosome, which is a large vacuole. The 

autopagosomic assemblage and its proteolytic lysosome mediated 

degradation lead to the production of micro substances, which in turn are 

used up for cell metabolism in energy generation and membrane formation 

(Smith and Yellon, 2011). In case of exhaustion of resources, autophagy 
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offers an alternative means of self-generation of energy and maintenance of 

healthy state of cells and tissues through the substitution of useless and 

impaired cellular contents with new ones. It is more a survival mechanism 

than a cell death pathway (Rabinowitz and White, 2010; Levine et al., 2011).  

 

 

According to the lysosomal destruction mechanism; different autophagic 

forms have been identified. Macro autophagy is a double membrane structure 

and also called an autophagosome which engulfs targeted particles before 

fusion with lysosomes. An autophagosome is regulated by a protein complex 

made up of class III phosphatidylinositol-3-kinase (PI3K) and beclin-I, which 

are part of the B-cell lymphoma 2 (BCL-2), family members. This family of 

proteins has a BCL-2 Homology 3 (BH 3) only domain. Furthermore, 

autophagosomic assemblage can be inhibited by Sirolimus, which is a 

mammalian target for rapamycin and a specific serine-threonine kinase 

through the addition of various cellular nutrients, growth factors and cellular 

redox state (Levine and Deretic, 2007). Micro autophagy is the degradation of 

target particles by lysosomes and the process is facilitated by heat shock 

proteins (HSPs), which make target particles available for lysosomal 

degradation, known as chaperone mediated autophagy (Klionsky, 2007). 

There is not enough evidence to establish a firm link between the increased 

population of autophagosomes and cell death mechanisms. The process is 

therefore refered to as autophagy associated cell death (Galluzzi et al., 

2009). Autophagy has two major advantages that is the induction of the 

survival pathway by providing alternative sources of nutrients under extreme 

conditions such as nutrient depletion, and a protection mechanism by 

eradiation of damaged mitochondria, which constitute in this case a major 

source of ROS and toxic misfolded proteins that may damage the nervous 

system (Kroemer et al., 2009). 
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2.6.3 Necrosis 

Necrosis is refered to as a nonprogrammed cell death caused due to cell 

swelling or breaks that led to intracellular component leakage into the 

cytoplasm. In neoplasms, it occurs when the proliferation rate is greater than 

angiogenesis. The presence of an inflammatory reaction, plasma membrane 

disturbance and release from the cytoplasm are the defining features of 

necrosis (Figure 9). Major necrotic effects include unregulated or impaired 

functions, osmotic stress, flocculent mitochondria and cell bursting 

(Lemasters, 2005; Majno and Joris, 1995). In situ, a local inflammatory 

response followed by the discharge of cellular debris into peripheral tissues. 

Exposure of Propidium Iodide (PI) to the DNA molecules may reveal that PI is 

often used to distinguish between necrotic, apoptotic and normal cells 

(Josefsen and Boyle, 2007). PI is an important intercalating dye and used to 

assess nuclear contents (Lecoeur, 2002).  

 

 

Poly-ADP-ribose polymerase (PARP) is an essential protein in necrosis that 

has a DNA restoring function. A certain extent of cellular ATP is required for 

storing and repairing activities in damaged cells. Under apoptotic conditions, 

this enzyme is in its cleaved and inactive form to allow the organism to cope 

with the high energy demand during the execution phase (Jagtap and Szabo, 

2005). An increase in calcium ion (Ca+2) levels in cells is a determinant 

stimulating factor for necrosis. The influx of Ca+2 across the plasma 

membrane has been reported to occur during necrosis and a discharge from 

the endoplasmic reticulum may be enough to promote apoptosis 

(Vanlangenakker et al., 2008). 

 

 

Contrary to the general view, necrosis is a sequential process rather than an 

accidental process. Under necrotic conditions, the first cells to be damaged 
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are chemotaxins and cytokines. These cells activate phagocytes and immune 

cells, which destroy foreign substances and induce an inflammatory 

response. Although little proof exists to establish a genetically regulated 

mechanism; it has been shown with the discovery of intracellular protease 

inhibitors including Serpin that necrotic reactions are the result of harmful 

invasion and can be regulated through protein stress response pathways 

(Luke et al., 2007). 

 

 

2.6.4 Mitochondria as a critical regulator of cell death 

Cellular respiration and energy production take place in the mitochondria. 

These cellular organelles play a central role in all three types of cell death 

modes and in the integration of stress and/or cell death signals in both plants 

and animals. Release of apoptogenic proteins from the mitochondrial internal 

membrane space (IMS) through the aperture of the permeability transition 

(PT) pores triggers the activation of proteolytic enzymes and promotion of 

apoptosis in mammalian cells. Mitochondrial release of cell death initiating 

molecules may also be as a consequence of a temperature increase to 55˚C 

(Reape et al., 2008). 

 

 

In mammalian cells, most proapoptotic signals converge to the mitochondria.  

The effect of these signals in conjunction with the membrane potential 

disburbance, leads to the release of mitochondrial IMS proteins (Luksiene, 

2003). The disruption of the mitochondrial membrane leads to a sequential 

and progressive cell death response (Lemasters, 2005). On occasion, 

autophagy follows the destruction of the mitochondrial membrane of a limited 

number of cells. The destructed mitochondria are degraded and removed by 

the lysosomes. Conversely, apoptosis occurs when higher quantities of 

mitochondria are permeable, possibly as a result of an increased discharge of 
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apoptogenic factors (Reape et al., 2008). Such discharges are regulated by 

both proapoptotic (Bax, Bak, Bid, and Bin) and antiapoptotic (BCL-2, BCL-X, 

and BCL-W) proteins. Caspase- 8 and -9 are the effectors of apoptosis and 

are initiated by death receptors such as Fas and cytochrome C, respectively. 
 

 

These caspases in turn stimulate downstream caspases, which execute the 

programmed cell death via the obliteration of cellular organelles and nuclear 

materials (Luksiene, 2003). A severe disturbance in the mitochondrial 

membrane potential (MMP) leads to ATP depletion and disastrous cell 

impairment as a result of permeable mitochondrial membranes. Necrotic cell 

death would be the logical consequence (Reape et al., 2008). Mitochondria 

are indeed important in both internal and external cell death pathways of 

apoptosis. The release of proapoptotic proteins leads to mitochondrial outer 

membrane permeabilisation (MOMP) in the internal pathway. Conversely, the 

external pathway is triggered by the action of cell death receptors and 

stimulated by the activation of BH3-interactin domain death agonist (Bid), 

which is a caspase mediated mechanism (Chipuk and Green, 2005). 

 

 

2.6.5 Caspase family  

Caspases are cysteine proteases which are proteins mostly related to 

degradation processes in an organism. They are involved in wound healing, 

immunomodulation, digestion, and neoplastic illnesses (Salas et al., 2008). In 

other words, caspases are essential proteases and are directly connected to 

cell death. They are key initiators, diffusers and executioners of apoptosis. 

Thus, it is not surprisingly that the utmost morphological transformations that 

occur during apoptosis are associated with caspases, but that they also 

possess other essential non cell death functions (Lamkanfi et al., 2007). 

Under normal conditions, caspases exist as proenzymes in their inactive form 
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and need to be activated through proteolytic cleavage either by other proteins 

or receptors in active complexes (Gewies, 2003). These proenzymes do not 

localise in mitochondria, but are commonly found in the cytosol (Van Loo et 

al., 2002).  

 

 

Caspase-8 is a key initiator caspase by virtue of the centrality of its initial role 

in the initiation of the caspase cascade. It is crucial for the regulation of 

programmed cell death (PCD) as well as the appropriate signalling of the 

external apoptotic path (Fulda, 2009). The external (death receptor) or 

internal (mitochondrial) initiation of pathway apoptosis is influenced by stimuli. 

The tying of specific ligands (Fas and CD95/TNFR/TRAIL) to their 

corresponding death receptors constitutes the first step in the extrinsic 

pathway. This is followed by the recruitment of adaptor molecules through the 

cytoplasmic death domain. The ultimate result is the formation of a trimeric 

death receptor structure.  The autoproteolycal initiation of caspase-8, 

subsequent to the constitution and disassembling of the death initialising 

signalling complex (DISC) (Figure 10), is the outcome of the combination of 

this trimeric structure and procaspase-8. The cleaving and activation of 

caspase-3/-9, for the execution of apoptosis are achieved by caspase-8 

(Kantari and Walczak, 2011). 

 

 

In certain instances, mitochondrial apoptotic pathway activation results from 

DNA destruction. However, the initialising of this pathway is usually activated 

by death signals resulting from the simultaneous action of caspase-8 onto Bid 

protein and procaspase-9. The resulting shortened, essential Bid protein 

promotes the disturbance and permeability of the external mitochondrial 

membrane. It also enables the mitochondrial discharge of smac, AIF and 

cytochrome C into the cytosol. An apoptosome is a complex constituted by 
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the assemblage of cytochrome C with the caspase-9 and Apaf-1 protein, and 

initiates other effectors of apoptosis (Figure 10) (Kantari and Walczak, 2011). 

 

 
Figure 10 Apoptosis signalling pathways. The death receptor pathway is 

stimulated by the binding of death receptor ligand (CD95/TNFR/ TRAIL 
ligands) to death receptors (CD95/TNFR/ TRAILRs). The ligation 
triggers receptor trimerisation, recruitment of the adaptor Fas 
associated death domain protein (FADD) and procaspase-8 to form the 
death inducing signalling complex (DISC) and activation of caspase-8 
through induced proximity at this complex. The cross talk between the 
extrinsic and intrinsic pathway is initiated by a proapoptotic truncated 
Bid (tBid), processed by caspase-8.  tBid translocates to the  
mitochondria and favours Smac, AIF and cytochrome C release from 
the mitochondria into the cytosol. Cytochrome C together with 
caspase-9 and Apaf-1 forms the apoptosome, and triggers caspase-3 
activation, while AIF and Smac promote apoptosis, the latter by 
neutralising ‘‘Inhibitor of Apoptosis Proteins” (IAPs) (Tynga and 
Abrahamse, 2012). 

 
 

 

2.6.6 BCL-2 family  

BCL-2 is a family of proteins that controls the discharge of toxic proteins such 

as cytochrome C from the mitochondrial intermembrane area (Taylor et al., 

2008). Every BCL-2 protein has a minimum of one preserved BH domain. 

This enables the protein to prompt or prevent apoptosis by attaching itself to 
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other proteins through intermolecular forces (Hockenbery et al., 1991). The 

family is divided into proapoptotic and antiapoptotic subfamilies, and the ratio 

between these subfamilies controls the mitochondrial apoptotic pathway. The 

antiapoptotic subfamily contains a maximum of four BH domains (Figure 11) 

and encompasses BCL-XL, MCL1, BCL2A1, BCL-W, and BCL-B. The 

proapoptotic subfamily is further subdivided into multidomain and BH-3-only 

groups. The multidomain proteins comprise Bax (BCL-2-associated X 

protein), Bak (BCL-2-antagonist/killer-1), and Bok (BCL-2-related ovarian 

killer). Because of their lack of the BH-4 domain, these proteins enable the 

formation of pores in the external mitochondrial membrane (Kaufmann et al., 

2007). 

 

 

 
 
Figure 11 Domain structure of BCL-2 family proteins, depending on subfamily 

proteins, BCL-2 can inhibit (antiapoptotic members) or induce 
(proapoptotic members) apoptosis.  BCL-2 subfamily (antiapoptotic): 
BCL-2, BCL-XL, BCL-W, MCL-1 and A1; the multidomain (proapoptotic): 
Bax, Bak and Bok; and BH3 only proteins (proapoptotic): Bad, Bid, Bik, 
Blk, Hrk, BNIP3 and BimL (Gustafsson and Gottlieb, 2007). 

 

 

The gene products of Bid, Bad, Bim, Bik, Bmf, Noxa, Puma and HRK form the 

mammalian BH-3 only group. The BH-3 only proteins connect to and deter 
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antiapoptotic BCL-2 proteins. This results in the release of proapoptotic Bax 

and Bak proteins and engenders more mitochondrial membrane integrity loss 

(Taylor et al., 2008). Puma stimulates apoptosis due to DNA damage, Bim 

does the same in a context marked by limitedness of growth factors. 

Conversely, other BH-3 only proteins resist the inhibitory action of 

antiapoptotic proteins and/or trigger the multidomain proapoptotic proteins 

(Taylor et al., 2008). Antiapoptotic BCL-2 proteins inhibit the BH-3 only 

protein mediated oligomerisation of the proapoptotic multidomain proteins in 

the outward mitochondrial membrane. This is the source of cytochrome C and 

other mitochondrial proteins release. The BCL-2 protein family regulates 

apoptosis through the activation of Bax and Bak proteins in response to 

apoptotic signals. This results in the permeabilisation of the outer 

mitochondrial membrane. Thus, the fate of a cell is sealed by the balance 

between activators of Bax/Bak and antiapoptotic BCL-2 proteins (Taylor et al., 

2008). 

 

 

2.7 Effects of PDT in Vivo 

Some of the most documented effects of PDT, which enable the destruction 

of tumorous masses, include modification in the membrane permeability, 

fluidity reduction, and inaction of the enzymatic systems and receptors. The 

observation of the effects of PDT in vivo, reveals its ability to activate 

neoplastic destruction in numerous, synchronous or asynchronous manners. 

Clinically, vascular damage is predominantly caused by Photofrin mediated 

PDT and is the most dominant tumour death mechanism. Its macroscopic 

manifestations include acute erythema, edema, blanching and occasionally 

necrosis triggered by the stimulation of inflammatory mechanisms. 

Conversely, its microscopic manifestations include endothelial cell damage, 

platelet aggregation, vasoconstriction and hemorrhagic reactions in the 

treated tissues. At irradiation time; a high concentration of PS in tumour cells 
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facilitates cellular destruction by means of apoptotic or necrotic pathways. 

PDT is an effective means of inducing mitochondrial damages and apoptosis 

both in vivo and in vitro (Calin and Parasca, 2006; Moor et al., 2003). 

 

 

PDT trials conducted in cats revealed a good degree of tolerance and 

presented promising pharmacokinetic prospects. In contrast, the PDT 

treatment of rats with ALA exhibited extreme antitumour effects; an 85% 

viability reduction and a direct cytotoxicity, in addition to vascular damage 

(Buchholz et al., 2005). However, the use of PDT in mice revealed significant 

tumour necrosis, the prolonging of mice’s survival and substantial effects in 

experimental melanoma (Keller et al., 2003). Subsequent studies indicated 

the stimulating effect of PDT on the immune system through the mediation of 

natural killer (NK) cells and macrophages. Although various cell types had 

been used in the stimulation of antitumour responses, the effect of NK cells 

following PDT was significant and encouraging for the treatment. This is due 

to the ability of NK cells to diminish the metastatic potential of surviving 

tumour cells. Indeed, an increase in tumour immunity was observed in PDT 

treated mice. This highlights the foremost role of neutrophils in initial tumour 

responses (Korbelik and Cecic, 1998), although macrophages have now 

been identified as one of the most effective initiators of the antitumour 

immunity. This is because the associated macrophages accumulate up to 9-

fold in tumour cells. In other words, macrophages contribute to PDT induced 

cytotoxicity. Notwithstanding the current limitation in the understanding of the 

complexity of the in situ effects of PDT, this treatment has proven to be an 

advanced method of fighting cancer; hence its clinical use as a cancer 

therapy in a few countries (Moor et al., 2003). 
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CHAPTER THREE 

MATERIALS AND METHODS 

 

3.1 Experimental Design 

A flow diagram showing an overview of this project is presented in Figure 12. 
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Figure 12 Flow diagram of ZnPcSmix and Hypericin mediated PDT. The project 

comprised of localisation, dose response and cell death studies. MCF-7 
cell cultures were divided into 4 study groups. Group 1 was an 
untreated control, group 2 received PS but was not irradiated and 
group 3 was irradiated with a 594 or 680 nm diode laser for Hypericin 
and ZnPcSmix respectively but received no PS. Group 4 was irradiated 
and received PS. All samples were incubated for 24 h (except for PCR 
array, 3 h) and thereafter localisation, dose response and cell death 
studies were performed. 

HUMAN MALIGNANT BREAST 
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GROUP 1 
No PS 
No irradiation 

 

GROUP 2 
PS 
No irradiation 
IRRADITION 

GROUP 3 
No PS 
Irradiation 
 

GROUP 4 
PS 

Irradiation 

3 h incubation 3 h incubation 

No irradiation (0 J/cm
2
) Irradiation (5, 10 and 15 J/cm

2
) 

ZnPcSmix (0.05, 0.1, 0.5 and 1 µM) at 680 nm 

Hypericin (0.5, 1, 1.5, 2, 4 and 6 µM) at 594 nm 

nmnm 
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A list of consumables (Appendix A), chemical solutions and medium 

constituents (Appendix B) and calculations (Appendix C) performed within this 

methodology are provided. Ethics approval was obtained from the Faculty of 

Health Sciences Academic Ethics committee of the University of 

Johannesburg to perform this research project (AEC58/01-2010) (Appendix 

D). 

 

 

3.2 Human Breast Cancer Cells (MCF-7) 

Cell lines are isolated cells that are grown outside their natural environments 

and under precise conditions (pH, temperature, nutrients, and growth factors) 

in culture flasks, which are appropriate for cell attachment and growth. The 

cell growth can be monitored on a regular basis.  While some cells have a 

limited passage capability before becoming senescent and dying, cancer cell 

lines can grow and proliferate indefinitely. Thus, cell culture refers to the 

controlled multiplication of primary cells, isolated from tissues of multicellular 

organisms. Cell lines are identified according to properties including cell 

strain, chromosome number, membrane receptors and growth factors. 

Culture conditions are cell line dependent and can result in different 

phenotypes. Many cells are cultured as a monolayer on flat plastic dishes 

(flasks) and are also known as a two dimensional (2 D) cell line (Freshney, 

2005). 

 

 

MCF-7 cells are a human breast cancer cell line and were first isolated from a 

Sexagenarian lady at the Barbara Ann Karmanos Cancer Institute in Detroit. 

The cancer institute was formerly known as the Michigan Cancer Foundation-

7, from which the acronym MCF-7 was derived (Soule et al., 1973). MCF-7 

cells have ER and the ability to process estrogen in the form of estradiol. The 

cell line is therefore an ER positive control cell line (Pratt and Pollack, 1993). 



42 
 

Cells form clumps and grow as monolayers and this growth can be inhibited 

by both alpha tumour necrosis factor (α-TNF) and anti estrogen actions. 

Genetic studies have revealed that the karyotype of this cell line is 69 

chromosomes. A MCF-7 cell line from the American Type Culture Collection 

(ATCC) was used for this research project. 

 

 

3.2.1 Cell culture 

The MCF-7 breast cancer cell line (ATCC: HTB 22) is an adherent cell line 

and was used throughout this project. MCF-7 cells were grown as a 

monolayer and attached to the bottom of cell culture flasks. Cells were grown 

to 85% confluence in 25 ml complete DMEM (Gibco Invitrogen Corporation, 

41966). DMEM was supplemented with 10% (v/v) FBS (Gibco Invitrogen 

Corporation, 10106), 1% (v/v) penicillin-streptomycin (PAA Laboratories 

GmbH, P11-010) and 1 µg/ml Amphotericin B (PAA Laboratories GmbH, P11-

001) in an 85% humidified atmosphere at 37°C and 5% CO2. The cells were 

incubated at 37˚C, in 5% CO2 and 85% humidity throughout the project and 

observed on a daily basis to monitor cell growth. 

 

 

Tissue culture media has a pH indicator (phenol red) added to monitor cell 

growth. When cells have used up nutrients in the media and produced by 

products/waste, the pH changes and induces a subsequent change in the 

colour of the media. The colour of the media changed from red to yellow as 

an indication of the decrease in pH value when this occurred the media was 

discarded and replaced with fresh complete DMEM after cells were washed 

twice with 4 ml Hanks balanced salt solution (HBSS, Gibco Invitrogen 

Corporation, 14170088). Upon reaching confluence, the media was discarded 

and cells were washed twice with HBSS, trypsinised with 1 ml/25 cm2 

TryplExpress (Gibco Invitrogen Corporation, 12604) and incubated at 37˚C, 
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5% CO2 and 85% humidity for 5 min, to allow the cells to detach from the 

culturing surface of the flasks. Four militres of HBSS was added, the cell 

suspension was transferred into a 50 ml tube and centrifuged at 2,200 rpm 

(Laboratory Scientific Equipment, Hermle Labotechnik Centrifuge, 60090391) 

for 4 min. The supernatant was discarded and the cells were resuspended in 

1 ml HBSS for cell counting (Trypan blue exclusion assay). After performing a 

cell count and spinning down, cells were resuspended in complete DMEM 

and used for cell stocks, experimentation or further culturing.  

 

 

3.2.2 Cell stock preparation  

After performing a cell count and centrifugation, cells were resuspended 

either with complete DMEM for cell culture or in freezing media for storage at 

low temperatures. Cells were cultured from passage 8 to 15 and were frozen 

to ensure continuous availability at every passage of the cell line.  Cells were 

resuspended at a concentration of 4 x 106 cells/ml in freezing media 

(Biochrom AG, F2270). One millilitre of the cell freezing media was 

transferred to 2 ml cryovial tubes and placed in a polystyrene box at -20˚C to 

stabilise the temperature. Frozen cell stocks were then transferred to the        

-80˚C freezer and at a later stage stored at the appropriate temperature         

(-150˚C cryofreezer or in liquid nitrogen). When the 15th passage was 

reached a frozen stock at a low passage number was thawed in the water 

bath at 37˚C for 2-3 min until a small amount of ice remained in the vial. The 

contents of the cryovial tubes was pipetted into prewarmed complete DMEM 

containing 20% FBS (v/v), to dilute out the freezing media, and the culture 

flasks were incubated at 37˚C, 5% CO2 and 85% humidity overnight before 

they were examined under the microscope. 
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3.2.3 Preparation of cells for experimentation 

After cell counting and centrifugation, cells were resuspended and seeded at 

a concentration of 6 x 105 cells in 3 ml culture media in 3.4 cm2 diameter 

culture dishes. Culture dishes were incubated for 4 h to allow the cells to 

attach. Cells were then ready for experimental applications. For better 

examination of cells during the subcellular localisation study and Hoechst 

staining, cells were seeded at a concentration of 2 x 105 cells in 3 ml.  

 

 

3.3 Photosensitisers 

A mixed isomer of ZnPcSmix was used in this study and its effects in PDT in 

MCF-7 cells were investigated. It is a mixture of several sulfophthalocyanines 

and was synthesised by Prof Tebello Nyokong (Department of Chemistry, 

Rhodes University, South Africa) from (OH2) ZnPc and fuming sulphuric acid 

(30% SO3) (Seotsanyana-Makhosi et al., 2006). Such compounds with central 

atoms have triplet state quantum yields and an extended lifespan of their 

excited state (Ogunsipe et al., 2004; Kessel and Oleinick, 2010). The 

ZnPcSmix has a peak absorbance at 680 nm and four concentrations of this 

PS was used (0.05, 0.1, 0.5 and 1 µM) to determine which would be the most 

suitable to monitor and induce cell toxicity and death using PDT in vitro. 

 

 

Hypericin belongs to the 6th class of PSs (section 2.5.2.3) and is a naturally 

occurring photosensitising agent and is isolated from the plant Hypericium 

Perforatum. Due to its photophysical and photochemical properties, this PS 

generates superoxides and generates a high quantum yield of singlet oxygen. 

It is a potent antitumor agent with optimal tumoricidal responses around 593 

nm and induces apoptosis and /or necrosis of cancer cells following PDT. A 

commercially available Hypericin (Sigma Aldrich, 56690) was used to 

determine the concentration of Hypericin coupled with laser irradiation that 
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led to a 50% decrease in viability. This second PS was activated using a 594 

nm diode laser. 

 

 

3.4 Laser Irradiation 

All laser irradiations were conducted in a dark room using 594 or 680 nm 

diode lasers (Figure 13), which were provided by the National Laser Centre 

(South Africa). Cells in the culture dishes, without lids on, were continuously 

irradiated from above at different fluences (irradiation times). A FieldMate 

laser power meter was used to measure the output power of lasers and laser 

parameters used in this study are presented in Table 1. 

 

 

Unirradiated cells (group 1 and 2) were kept in the dark at room temperature 

during irradiations. Dosage was calculated as follows: Irradiance (J/cm2) = 

time (sec) x [power (W)/surface (cm2)] (Chen et al., 2008). 

 

 

 

 
 

 
Figure 13 The 680 nm diode laser used to irradiate the human breast cancer cells. 
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Table 1  Parameters of the lasers used in this study. 

Parameters Diode laser Diode laser 

Manufacturer Oriel Corporation Optoelectronics Technology 

Wavelength 680 nm 594 nm 

Wave emission continuous continuous 

Spot size 9.1 cm2 9.1 cm2 

Output power 52 mW 99 mW 

Power density 5.73 mW/cm2 11.58 mW/cm2 

Fluences 5 J/cm2 

10 J/cm2 

15 J/cm2 

5 J/cm2 

10 J/cm2 

15 J/cm2 

Irradiation times  16 min 50 s 

33 min 40 s 

 50 min 30 s 

7 min 11 s 

14 min 23 s 

21 min 35 s 

 

 

3.5. Biological Responses 

3.5.1 ZnPcSmix localisation 

Staining is the application of stains/dyes to samples to colour either the cells 

or cellular organelles. Fluorescent dyes absorb photons at a specific 

wavelength and emit back energy at a longer wavelength. They are 

covalently bound to macromolecules and are used for fluorescent imaging or 

spectroscopy (Tsien and Waggoner, 1995). Most stains can be used on either 

live or dead cells. Prior to staining, cells were fixed and permeabilised to allow 

the stain access to the cellular organelles. A mounting step followed to attach 

the coverslip cell preparations to glass microscope slides. For the localisation 

study (organelle staining), cells from group 2 (ZnPcSmix and no irradiation) 

were used. 
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The subcellular localisation of ZnPcSmix in MCF-7 cells was investigated due 

to the autofluorescence ability of the PS. Cells were grown at a concentration 

of 2 x 105 cells in 3 ml on sterile coverslips in 3.4 cm2 diameter culture dishes 

and treated with 1 µM of ZnPcSmix. After 24 h incubation, the media was 

discarded and culture dishes were washed twice with Phosphate buffered 

saline (PBS, Sigma Aldrich, P3744). Cells were fixed with 200 µl of 3.5% (v/v) 

formaldehyde (Sigma Aldrich, F8775) in DMEM and incubated at 37˚C for 15 

min. Cells were washed twice with PBS and then treated with 200 µl of 0.5% 

(v/v) TritonX-100 (Sigma Aldrich, T9284) in PBS and incubated at 37˚C for 10 

min for cell permeabilisation. Cells from group 2 were washed with PBS and 

treated with 50 µl of 35 nM of either Mitotracker (Invitrogen, M7514) for 

mitochondrial staining or Lysotracker (Invitrogen, L7526) for lysosomal 

staining. Following incubation at 37˚C for 20 min, cells were then washed with 

PBS and 50 µl of 0.1 mg/ml 4', 6-diamidino-2-phenylindole (DAPI, Invitrogen, 

D1306) was used to stain the nuclei. After 5 min of incubation, the 

preparations were rinsed with PBS and transferred to glass microscope slides 

which were previously treated with 30 µl of 20% (v/v) mounting media (Propyl 

gallate, Sigma Aldrich, 02370) in distilled water for attachment. The coverslip 

borders were sealed with nail polish. Slides were examined and micrographs 

taken using the Carl Zeiss microscope (Axio Z1 Observer). 

 

 

3.5.2 Dose response study 

MCF-7 cells were treated with 0.5, 1, 1.5, 2, 4 or 6 µM Hypericin and 

irradiated to deliver 3 energy densities (5, 10 and 15 J/cm2) using a 594 nm 

diode laser. Cells were divided into 4 groups; untreated control cells (group 1: 

no Hypericin and no irradiation), Hypericin treated cells (group 2: no 

irradiation), irradiated cells (group 3: no Hypericin) and PDT treated cells with 

Hypericin (group 4). After treatment and 24 h incubation, cells were washed, 

trypsinised, incubated and transferred to eppendorf tubes for centrifugation. 
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The Trypan blue exclusion assay was then performed to determine the effects 

of Hypericin mediated PDT on cell viability. After PDT, the effect of Hypericin, 

a naturally occurring phototherapeutic agent, was compared to the laboratory 

synthetic agent (ZnPcSmix) for cancer photodynamic applications after the 

Trypan blue exclusion assay. 

 

 

Another dose response study was performed on MCF-7 cells using 

concentrations of 0.05, 0.1, 0.5 and 1 µM of ZnPcSmix and laser fluences of 5, 

10 and 15 J/cm2. Cells were divided into 4 groups: untreated cells (group1: no 

ZnPcSmix and no irradiation), ZnPcSmix treated cells (group 2: no irradiation), 

irradiated cells (group 3: no ZnPcSmix) and PDT treated cells with ZnPcSmix 

(group 4). Here the dual effect of ZnPcSmix and laser irradiation was tested.  

 

 

After treatment (PS alone, irradiation alone and PDT), or not (group 1), cells 

were incubated and prepared for biological assays. Then, the media was 

removed, cells were rinsed with prewarmed HBSS and replaced with 1 ml of 

prewarmed fresh complete media. The appropriate amount of PS was added 

to the relevant culture plates (group 2 and 4) and incubated at 37˚C, 5% CO2 

and 85% humidity for 24 h. The media was then removed; cells were rinsed 

with prewarmed HBSS and replaced with 1 ml of prewarmed fresh complete 

media before the relevant culture plates (group 3 and 4) were irradiated at 5, 

10 or 15 J/cm2. The unirradiated culture plates were placed in a dark 

container on the bench during irradiation. It is critical to rinse the culture 

plates before irradiation to remove all traces of PS that does not enter the 

cells. The excess PS will be activated during irradiation and result in false 

results as a consequence of excess ROS production. After 24 h incubation at 

37˚C, 5% CO2 and 85% humidity, media was collected and stored at room 

temperature for cytotoxicity analysis (ZnPcSmix treated cells). Cells were 
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washed twice with 1 ml HBSS, trypsinised with 0.5 ml TryplExpress for 5 min 

at 37˚C, 5% CO2 and 85% humidity. One millilitre of HBSS was added to 

remove all traces of the trypsinised cells and the cell suspensions were 

transferred into eppendorf tubes for centrifugation at 22,000 rpm (Laboratory 

Scientific Equipment, Hermle Labotechnik Centrifuge, 60090391) for 5 min. 

The supernatants were discarded and the cell pellets were resuspended in 

600 µl HBSS. The newly obtained cell suspensions were used to conduct the 

viability (Hypericin and ZnPcSmix treated cells) and proliferation assays 

(ZnPcSmix treated cells). 

 

 

3.5.2.1 Cellular morphology  

After 24 h incubation and before media was collected for cytotoxicity analysis, 

morphology pictures of ZnPcSmix treated cells were taken. Changes in cell 

structure were examined using an inverted microscope (Olympus, CKX41) 

and morphological pictures were taken using the SC30 Olympus camera. 

Each image was compared to that of the untreated control (group 1). 

Indicators such as debris, cellular fragments and the number of free floating 

cells were taken into consideration to determine the degree of change in cell 

viability and increased mortality. 

 

 

3.5.2.2 Cellular viability: Trypan blue exclusion assay 

The Trypan blue exclusion assay was used to determine the percentage 

viability of each cell suspension. Cells with an intact cellular membrane did 

not take up the dye and maintained a clear appearance under a microscope 

while damaged cells were stained blue as they took up the dye. A Trypan 

blue exclusion assay was performed to determine the cell count and 

percentage viability after PDT and the concentration of PS coupled with laser 

irradiation that induced a 50% decrease in viability.  
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Ten microliters of cell suspension was added to 90 µl of 0.4% Trypan blue 

(Sigma Aldrich, T8154) in HBSS (1:10 dilution) and carefully mixed. The 

Trypan blue cell suspension mixtures were allowed to stand for 3 min before 

a small volume (10 µl) was transferred to both counting chambers on either 

side of a Bright-LineTM hemocytometer by placing a pipette tip at the edge of 

the coverslip and allowing each chamber to fill by capillary action. The 

hemocytometer was viewed under a microscope (Olympus, CKX41) and the 

total number of cells (intact and damaged) in both chambers was counted. 

Total number of cells was determined by multiplying the average number of 

cells per square by 105 (dilution factor x 104). Percentage viability was 

obtained by multiplying the fraction of the number of viable cells over the total 

number of cells by 100. 

 

 

3.5.2.3 Cellular proliferation  

ATP luminescence 

ATP is the specialised carrier of energy within a cell. The quantification of 

ATP indicates the presence of metabolically active cells. The ATP 

luminescence assay was performed to assess cell proliferation using the 

CellTiter-Glo® luminescent cell proliferation assay (Promega, G7570). The 

ATP assay exploits the properties of luciferase to generate a sensitive stable 

luminescent signal and prevents endogenous ATP release during cell lysis.  

 

 

Fifty microliters of ATP CellTiter-Glo® reagent was added to an equivalent 

volume of cell suspension (from the 600 µl, section 3.5.2) for each different 

treatment in an opaque-walled 96 well plate (BD Biosciences, 353296). The 

plate was mixed on an orbital shaker at 250 rpm (Heidolph Polymax Orbital, 

Labotec, 1040) for 2 min to induce lysis and incubated for 10 min at room 

temperature in the dark. The application led to the production of a 
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luminescent signal that was measured using a Multilabel Counter (Perkin 

Elmer, VICTOR3™, 1420) in relative light units (RLU). A background control 

well containing 50 µl of media was included and the RLU value obtained from 

the background control well was deducted from all the RLU values of the 

other wells. 

 

 

alamarBlue® 

Intact cells maintain a reducing state within their cytosolic environment. This 

reducing cellular potential converts redox indicators (alamarBlue®, Invitrogen, 

DAL 1025) into a detectable fluorescent product. A mitochondrial flavoprotein, 

also known as diaphorase, catalyzes the oxidation of alamarblue® reagent 

into its reduced red form. The amount of fluorescence or absorbance is 

proportional to the number of living cells and corresponds to cellular 

metabolic activity. Damaged cells have a lower metabolic activity and thus 

generate a lower signal than intact cells. This assay incorporates an 

oxidation-reduction indicator that can both fluoresce and undergo colorimetric 

changes. Cellular metabolic activities induce a shift from the oxidised and non 

fluorescent blue indicator form to the reduced fluorescent red form. 

 

 

 In the assay 10 µl alamarBlue® was added to 90 µl of cell suspension 

(section 3.5.2) to a final concentration of 10% (v/v) in a 96 well plate. The 

plate was thoroughly shaken on an orbital shaker at 250 rpm (Heidolph 

Polymax Orbital, Labotec, 1040) for 2 min and incubated for 2 h at 37˚C, 5% 

CO2 and 85% humidity in the dark. Following incubation, the generated signal 

was first referenced at 620 nm and then the absorbance value was measured 

at 550 nm, using a Multilabel Counter (Perkin Elmer, VICTOR3™, 1420). A 

background well containing 90 µl of media was included and the absorbance 



52 
 

value obtained with the background control was deducted from the 

absorbance value of the other wells. 

 

 

3.5.2.4 Cytotoxicity  

Cytotoxicity was assessed by measuring the amount of LDH released from 

the cytosol due to membrane damage. This oxidoreductase interconverts 

lactate into pyruvate. Its discharge from the cytosol leads to an unusual 

increase of the enzyme in the bloodstream in vivo or culture media in vitro.  In 

the nonradioactive colometric assay, LDH reacted to convert a tetrazolium 

salt (in the reconstituted reagent, oxidised form) into a quantifiable red-

formazan product (reduced form) in a NADH dependent reaction. The product 

of this enzymatic reaction is proportional to the number of cells that have 

been lysed or damaged. 

 

 

Cytotoxicity was evaluated using the CytoTox96® nonradioactive cytotoxicity 

assay (Promega, G400). Fifty microliters of reconstituted reagent was added 

to an equal volume of culture media (section 3.5.2) in a 96 well plate and 

incubated in the dark at room temperature for 30 min. The colorimetric 

compound was measured spectrophotometrically at 490 nm using a Multilabel 

Counter (Perkin Elmer, VICTOR3™, 1420). 

 

 

3.5.3 Cell death study  

Subsequent to cell dose response studies, 0.5 µM ZnPcSmix and 10 J/cm2 

was identified as the PDT combination that caused a 50% decrease in cell 

viability. Using these parameters, enough cells were available to carry on with 

the cell death study. In this study, two groups were considered; the untreated 

control cells, which received no ZnPcSmix or laser irradiation, and the 
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experimental group, which received 0.5 µM ZnPcSmix and irradiation at      

680 nm with 10 J/cm2 4 h post incubation. Twenty four hours post irradiation, 

cell suspensions were obtained in the same way as stated in section 3.5.2. 

 

 

3.5.3.1 Flow cytometry 

Flow cytometry is a technique used for the classification of particles/cells in a 

flow system to deliver them individually past a point of measurement. Light is 

scattered at 2 directions and large number of cells are examined in a short 

time period (Davey and Kell, 1996). 

 

 

Annexin V- fluorescein isothiocyanate (FITC) apoptosis detection (Sigma 

Aldrich, APO-AF) was used to determine the cell death events after PDT. The 

kit uses a combined Annexin V-FITC to detect phosphatidyl serine sites on 

the membrane of apoptotic cells and has PI to label necrotic cells at sites of 

membrane damage. Therefore this assay measured two parameters and 

gave an overview of the cell population; apoptotic cells (Annexin V-FITC 

positive, PI negative; or positive for both), necrotic cells (Annexin V-FITC 

negative, PI positive) and viable cells (Annexin V-FITC negative, PI negative).  

 

 

Actinomycin D is a chemotherapy drug used for neoplastic conditions and a 

cytotoxic inducer of apoptosis. An apoptotic control sample, which was 

treated with Actinomycin D, was included for the Annexin V-FITC and PI 

staining. MCF-7 cells were grown according to the standard protocol and the 

sample was treated with 1 µg/ml Actinomycin D (Sigma Aldrich, A9415) 24 h 

prior to Annexin V-FITC and PI staining. 
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Cells were treated with 0.5 µM ZnPcSmix and irradiated at 10 J/cm2. After 

incubation, cells were trypsinised and washed with HBSS. Cells were 

resuspended in 1X binding buffer at a concentration of 1 x 106 cells/ml and 

100 µl of the cell suspension was transferred into flow cytometry tubes. Five 

microliters of each Annexin V-FITC and PI reagents were added and the 

tubes were thoroughly mixed and incubated for 10 min at room temperature 

in the dark. Within 1 h, flow cytometric analysis was performed on the BD 

FACSAria (BD Biosciences, 642226) and Annexin V-FITC and PI were 

detected as a green and red fluorescence, respectively. 

 

 

3.5.3.2 Hoechst staining 

Hoechst is a blue fluorescent dye used to stain nucleic acids and has a high 

affinity for AT rich regions. It is excited at 343 nm and emits light at 483 nm. 

This staining was performed to determine nuclear changes after PDT. 

Hoechst 3328 (Sigma Aldrich, H6024) is a sensitive bis benzimide derivative 

compound that binds to double stranded DNA in the minor groove forming a 

new fluorescent complex. Thus cells with intact double stranded DNA and 

nuclei show high nuclear fluorescence, while damaged cells show a low 

dense cytoplasmic fluorescent signal (Allen et al., 2001).  

 

 

After cell permeabilisation and fixation as previously described (section 3.5.1), 

cells from the untreated control (group 1) and PDT treated cells (group 4) 

were washed with PBS and stained with 50 µl of 0.5% (v/v) Hoechst stain in 

HBSS. Cells were incubated for 5 min before coverslips were inverted onto 

glass microscope slides, which had 30 µl of 20% (v/v) mounting media on and 

the coverslip borders were sealed with nail polish. Slides were examined 

using the Carl Zeiss microscope (Axio Z1 Observer). 

 



55 
 

3.5.3.3 Cell death Enzyme Linked Immunosorbent Assay (ELISA) 

ELISA is a biochemical assay used to detect and measure the presence of a 

substance in a sample. During ELISA, target analytes/substances have a 

high affinity for a specialised type of protein, which is produced by the 

immune system and known as antibodies. The assay is based on the 

principle of sandwich enzyme immunoassay; monoclonal antibodies are 

directed against DNA and histone associated DNA fragments, allowing the 

determination of mono- and oligonucleosomes following cell damage (Ning et 

al., 2000). A cell death ELISA kit (Roche, 11 774 425 001) was used to detect 

and quantify the DNA histone complexes formed during nuclear 

fragmentation. 

 

 

Twenty microliters from each sample; untreated control, ZnPcSmix control, 

irradiated control, positive control (DNA-histones complex), negative control 

(lysis buffer), background control (ABTS substrate buffer) and PDT treated 

cells was transferred into a microplate well. The positive, negative and 

background control samples were all supplied with the kit. After adding 80 µl 

of immune reagent to each well, the microplate was covered with foil and 

incubated for 2 h at room temperature in a Labcon shaking incubator 

(Amersham) set at 300 rpm. The solution was discarded and the wells rinsed 

3 times with 150 µl of incubation buffer and then 100 µl of ABTS solution was 

added to the wells. The microplate was incubated for 20 min at room 

temperature on a plate shaker (Heidolph Polymax Orbital, Labotec, 1040), set 

at 250 rpm.  In the final step, 100 µl of ABTS stop solution was added to the 

wells and the microplate was read at 405 nm and referenced at 490 nm using 

a Multilabel Counter (Perkin Elmer, VICTOR3™, 1420). 
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3.5.3.4 Real-time Reverse Transcriptase Polymerase Chain Reaction   

Gene expression analysis was performed using real-time Reverse 

Transcriptase Polymerase Chain Reaction (RT-PCR). The technology 

monitors the amplification of gene products during cycles in real-time. Gene 

expression analysis is performed due to the real-time RT-PCR selectivity and 

the multigene profiling capacity of microarray. SYBR Green is a dye used to 

detect any double stranded DNA moelcule and binds to their nitrogenous 

bases leading to a high fluorescent signal in the presence of double stranded 

DNA (Bustin et al., 2005; Wang et al., 2006).  

 

 

Complementary DNA (cDNA) is the template used for RT-PCR and is 

synthesised from RNA. The RNeasy kit (Qiagen, 74104) with QIAshredder 

homogenisers (Qiagen, 79654) was utilised to extract RNA from the MCF-7 

cells due to the specific binding properties of a silica-membrane and the 

speed of microspin technology.  The use of a high salt buffer allows the 

extraction of up to 100 µg of RNA longer than 200 bases bound to the 

RNeasy Silica-membrane. 

 

 

Such extraction of nucleic acid depends on the properties of the Silica-

materials. Silica-membranes are cation rich components and these ions, such 

as sodium ions, form cation bridges. In solution, and under high salt 

concentration (pH<7), these ions disrupt hydrogen bonds between water 

molecules (-O…..H+). The cation bridges in the Silica-membranes attract 

negatively charged oxygen in the backbone phosphate groups of nucleic 

acids. Nucleic acids thus become tightly bound to the Silica-membranes and 

during extraction washing processes remove all unbound substances and 

contaminants. Under low ionic strength (pH>7), during the elution phase, 

purified nucleic acids are eluted (Lai et al., 2007). 
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Extraction of ribonucleic acid (RNA) 

RNA extraction was performed using the RNeasy kit (Qiagen, 74104) with 

QIAshredder homogenisers (Qiagen, 79654) on treated MCF-7 cells, which 

were incubated for 30 min prior to RNA extraction. Cells were trypsinised, the 

supernatants discarded, and cells washed with PBS to remove all traces of 

culture medium. A volume of 600 µl of RLT buffer was added to the cells, 

which were mixed by vortexing. RLT buffer inactivates RNase to guarantee 

purification of intact RNA.  Reagents and cell suspensions were loaded on 

the QIAcube (Qiagen) and RNA isolation was performed. Thirty microliters of 

eluted RNA was collected and kept on ice.  

 

 

RNA quantification 

The eluted RNA was quantified using the Quant-iT™ RNA Assay kit 

(Invitrogen, Q32852) on the Qubit™ fluorometer. Thin-walled, clear 0.5 ml 

optical-grade PCR tubes were used to quantify the RNA. The working solution 

of the assay was prepared by diluting Quant-iT™ RNA reagent in Quant-iT™ 

RNA buffer in a 1:200 ratio and stored at room temperature. A volume of    

190 μl working solution was loaded into two tubes for standards (1 and 2) and 

10 μl of each Quant-iT™ standard was added to the appropriate tube and 

mixed. For isolated RNA, 199 μl working solution and 1 μl of the eluted RNA 

sample was mixed. Both standard and sample tubes had a final volume of 

200 μl. The mixtures were incubated at room temperature for 2 min and then 

measured in the Qubit™ fluorometer. The Qubit™ fluorometer was calibrated 

using the two standard tubes and then RNA sample concentration (µg/ml) 

was calculated by the instrument once the volume of sample (1 μl) was 

selected. The total concentration of RNA isolated was calculated by 

multiplying the concentration of the RNA (µg/ml) by the total eluted volume 

(30 μl).  
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RNA purity 

RNA purity was evaluated by obtaining the ratio of the absorbance value at 

260 nm over the value at 280 nm using the Biomate 3 spectrophotometer 

(Thermospectronic, 335904P). One microliter RNA was added to 99 μl buffer 

AE (Qiagen, 19077) in a quartz cuvette to quantify nucleic acids. The buffer 

consists of 10 mM Tris-Cl and 0.5 mM EDTA; pH 9.0. 

 

 

The ratio A260/280 nm is an important indicator of the quality of the RNA and it 

is used to evaluate the degree of purity. Due to the aromatic rings, proteins 

absorb light at 280 nm. An ideal RNA sample should have a ratio between 1.8 

to 2 and a ratio less than 1.8 indicates protein contamination.  

 

 

Complementary DNA (cDNA) synthesis 

In molecular biology, the central dogma states that the flow of genetic 

information is from DNA to RNA through transcription and then RNA to 

protein through translation of the transcript. In some cases (RNA virus), the 

flow is from the transcript to DNA through reverse transcription, a reaction 

catalysed by a RNA dependent DNA polymerase, known as reverse 

transcriptase. Since then, reverse transcriptases have been utilised to convert 

RNA into its cDNA counterpart. 

 

 

In this study, QuantiTect Reverse Transcriptase has a high affinity for RNA 

and the ability to synthesise cDNA from as little as 10 pg RNA. After RNA 

quantification and purity were performed, a volume containing 30 ng of RNA 

was used for RNA reverse transcription into cDNA using the QuantiTect 

Reverse Transcription kit (Qiagen, 205311). The PCR Array system used 

yields results with as little as 25 ng or as much as 5 µg total RNA per array. A 
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genomic DNA (gDNA) elimination reaction mixture (final volume of 14 µl) was 

prepared on ice and consisted of gDNA wipeout buffer, template RNA and 

RNase free water (Table 2). 

 
Table 2  Genomic DNA elimination reaction and various components. 
 

Component Volume/reaction Final concentration 

gDNA wipeout buffer 

Template RNA 

RNase free water 

2 µl 

Variable (30 ng) 

Variable 

1X 

Final volume 14µl - 

 

gDNA elimination tubes were incubated for 8 min at 42˚C and placed on ice. 

A final volume of 20 µl of reverse transcription reaction was prepared on ice 

by adding Quantiscript Reverse Transcriptase, QuantiscriptRT Buffer, RT 

Primer Mix and 14 µl of the gDNA elimination reaction according to Table 3. 

The reverse transcription reaction tubes were kept on ice, mixed and 

incubated for 15 min at 42˚C. Then the reverse transcription reaction tubes 

were incubated for 3 min at 95˚C to inactivate Quantiscript Reverse 

Transcriptase. The cDNA was stored at -20˚C and/or used as a template in 

the real-time PCR array. 

 

 

cDNA purity  

Purity of the cDNA was determined before being used for real-time PCR. The 

purity was determined by the ratio between the absorbance values at 260 and 

280 nm (A260/280 nm). One microliter cDNA was added to 99 μl buffer AE 

(Qiagen, 19077) in a quartz cuvette and read using the Biomate 3 

spectrophotometer. Ratios between 1.82 and 1.94 were obtained and used 

for gene expression analysis (Appendix C). 
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Table 3  Reverse transcription reaction and various components.  
 

Component Volume/reaction 

Reverse-Transcription master mix 

Quantiscript Reverse Transcriptase 

Quantiscript RT Buffer 

RT Primer Mix 

Template RNA 

gDNA elimination reaction 

 

1µl 

4µl 

1µl 

 

14µl 

Final volume 20 µl 

 

 

Gene expression 

The synthesised cDNA was used for real-time PCR to study the expression of 

a panel of genes involved in death and senescence using the Human Cell 

Death PathwayFinderTM PCR Array (SABiosciences, PAHS-212A) and 

Stratagene Mx3000p®. The RT² Profiler PCR Array profiles the expression of 

84 genes; all involved in the mechanisms of cellular death (Table 4). The RT2 

Profiler PCR Array System takes advantage of real-time PCR performance 

and combines it with the ability of microarrays to detect the expression of 

many genes simultaneously.  
 

 

The PCR plate contains 96 wells arranged in 12 columns (1 to 12) and 8 rows 

(A to H). The first 84 genes (wells A1 to G12) are important for the different 

cell death pathways and the remaining 12 consist of 5 housekeeping genes 

(wells H1 to H5) inserted for normalisation of the PCR Array data, 1 gDNA 

control gene (well H6) for gDNA contamination, 3 Reverse Transcription 

Controls (RTC, wells H7 to H9)  and 3 Positive PCR Control genes (PPC, 

wells H10 to H12) for assessment of the efficiency of the primer set provided 
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in the kit and of a predispensed artificial DNA sequence, respectively (Figure 

14). 

 

 
Table 4 Functional gene grouping of the human cell death pathway finder 

profiler (updated from SABiosciences, PHAS-212A). 
 

Cell death Gene subunits 

Pro-Apoptotic ABL1, APAF1, BCL2L11, BIRC2 (c-IAP2), CASP1 (ICE), 

CASP2, CASP6, CASP7, CASP9, CD40 (TNFRSF5), 

CD40LG (TNFSF5), CFLAR (CASPER), DFFA, FASLG 

(TNFSF6), GADD45A, NOL3, TNFRSF10A (TRAIL-R). 

Anti-Apoptotic BCL2A1 (Bfl-1/A1), BIRC3 (c-IAP1), IGF1R, MCL1, 

TNFRSF11B, TRAF2, XIAP. 

Apoptosis and 

Autophagy 

AKT1, BAX, BCL2, BCL2L1 (BCL-X), CASP3, FAS 

(TNFRSF6), TNF, TP53. 

Apoptosis and 

Necrosis 

ATP6V1G2, CYLD, SPATA2, SYCP2, TNFRSF1A 

Autophagy APP, ATG12, ATG16L1, ATG3, ATG5, ATG7, BECN1, 

CTSB, CTSS, ESR1 (ERa), GAA, HTT, IFNG, IGF1, INS, 

IRGM, MAP1LC3A, MAPK8 (JNK1), NFKB1, PIK3C3 

(VPS34), RPS6KB1, SNCA, SQSTM1, ULK1. 

Necrosis BMF, C1orf159, CCDC103, COMMD4, DEFB1, 

DENND4A, DPYSL4, EIF5B, FOXI1, GALNT5, GRB2, 

HSPBAP1, JPH3, KCNIP1, MAG, OR10J3, PARP1 

(ADPRT1), PARP2, PVR, RAB25, S100A7A, TMEM57, 

TXNL4B. 

 

 

The cDNA was thawed on ice and 92 μl of RNase-DNase free water was 

added to make a final volume of 111 μl. An experimental cocktail was 
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prepared and the SABiosciences RT2 qPCR master mix, the diluted cDNA 

mixture and RNase-DNase free water were mixed in a 50 ml RNase-DNase 

free tube according to the manufacturer protocol (Table 5). The 

SABiosciences RT2 qPCR Master mix is specifically designed for the 

Stratagene Mx3000p® and consists of a RT2 SYBR Green (detected dye) and 

ROX (reference dye) qPCR components. 

 

 
Figure 14  Layout of the catalogued 96 well PCR Array. Wells A1 through G12 

contain individual qPCR assays for the 84 genes relevant to the human 
cell death pathway. Wells H1 through H5 contain a panel of 
housekeeping genes (HK1-HK5) used for normalising the PCR array 
data. Well H6 to H12 contain controls namely genomic DNA 
contamination (GDC), Reverse Transcription Controls (RTC), and 
Positive PCR Control (PPC). 

 

 

The 96 well PCR array plate was loaded by adding 25 µl of the experimental 

cocktail to each well. The PCR array plate was sealed with the optical thin 

walled 8-cap strips and kept on ice. The plate was centrifuged for 1 min at 

room temperature at 1,000 xg using a Heraeus Labofuge 400 centrifuge 

(Thermo Scientific) to remove all air bubbles. The Stratagene Mx3000p® was 
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programmed as follows: 1 cycle, 10 min at 95˚C to activate the HotStart DNA 

polymerase, 40 cycles of 15 sec and 1 min at 95˚C and 60˚C respectively (the 

annealing step). During the annealing step of each cycle, SYBR Green 

intercalates and detects double stranded DNA from every well. 

 
Table 5  Experimental cocktail preparation for RT-PCR application.  
 

Plate format: 96 well 

2x SABiosciences RT2 qPCR Master mix 1,350 µl 

Diluted First Strand cDNA Synthesis Reaction 102 µl 

Water 1,248 µl 

Final Volume 2,700 µl 

 

 

The annealing step is followed by an amplification step. It is at this stage that 

the target DNA sequence will be amplified through a thermal process of 

repeated heating (for DNA melting) and cooling (for enzyme dependent 

replication) steps. The DNA melting step unwinds the double stranded helical 

molecule into two single stranded DNA molecules. Both single stranded DNA 

molecules are used as a template by DNA polymerase for the amplification of 

the target DNA sequence in the cooling step. SYBR Green is not specific and 

detects any other double stranded DNA such as the target DNA in each well, 

primer dimers, contaminant DNA or products from misannealed primers. 

 

 

After PCR cycling, it is important to do a melt curve analysis, which is an 

evaluation of the dissociation of the helical molecule. During the heating step, 

hydrogen bonds between the nitrogenous bases are destabilised and the 

double stranded DNA starts to dissociate. As the dissociation occurs, the 

molecule becomes hyperchromic due to the increase in the absorbance 
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intensity. The melting point is the temperature at which 50% of hydrogen 

bonds are disrupted. This physical property is dependent on the G-C content 

of nucleic acid molecules and it is used for identification purposes. Therefore, 

the identification of a single peak in each well indicates the amplification of 

one specific gene. The software of the Stratagene Mx3000p® has a melting 

curve program that was run immediately after the above cycling program and 

the instrument was preprogrammed as follows: 95˚C, 1 min; 65˚C, 2 min 

(optics off) and 65 to 95˚C at 2˚C per min (optics on). A melt curve with one 

peak for each well in the plate at temperatures greater than 80˚C had to be 

obtained. 

 

 

Real-time PCR array data analysis 

After programming the instrument, a loaded PCR array plate was placed on 

the real-time thermal cycler and the program was run. The threshold cycle 

(Ct) value for each well was calculated using the instrument software. All Ct 

values equal to or greater than 35 were considered as absence of amplicon 

(negative). A gDNA control well (well H6) with a Ct value greater than 35 

indicates that there was no gDNA contamination. A positive Ct value (Ct<35) 

indicates gDNA contamination. PCR control wells (PPC, wells H10 to H12) 

with a positive Ct value indicated successful amplification and the Ct value 

should be 20±2 (should not vary by more than 2 cycles between PCR Arrays 

being compared). Larger differences in average Ct PPC values between 

plates and wells on the same plate indicates different amounts of starting 

template or the presence of PCR amplification inhibitors in each sample, 

which then requires purification steps. An average Ct PPC value above 22 

indicates a problem with the cycling condition or sensitivity of the instrument. 

The software used the average Ct values of all 5 housekeeping genes to 

normalise the 84 genes studied; the average Ct value of all 5 of the 

housekeeping genes was deducted from the gene Ct value. 
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The Ct values were exported to a blank Excel spread sheet for use with the 

SABioscience PCR array Data Analysis Template available from the 

SABioscience website with the suitable pathway focused genes (PAHS-

212A). The PCR Array Data Analysis software automatically performed the 

calculations and interpretation of the control wells upon including Ct data from 

the real-time instrument. The results are presented in a tabular format, a 

scatter plot, a three-dimensional profile, and a volcano plot (when replicates 

are included). The Student t-test is used to calculate the p value and the 

significant difference of gene expression. Fold-change (2^(ΔΔCt)) was 

calculated by dividing the normalised gene expression (2^(ΔCt)) of the test 

sample by the normalised gene expression (2^(ΔCt)) of the control sample. 

Fold-change values greater than one indicate a positive or an up-regulation, 

and the fold-regulation is equal to the fold-change, while fold-change values 

less than one indicate a negative or down-regulation. The fold-regulation is 

the negative inverse of the fold-change. The p values were calculated based 

on the Student’s t-test of the replicate 2^(ΔCt) values for each gene in the 

control group and treatment groups. A value of p<0.05 was considered 

significant. 

 

 

3.6 Statistical Analysis  

Dose response study experiments were repeated six times (n=6), gene 

expression experiments were performed three times (n=3) and cell death 

experiments were repeated four times (n=4) on different MCF-7 cell 

populations. Each biochemical assay was done in duplicate, the average of 

which was used and the mean, standard deviation, standard error and 

significant changes were calculated using SigmaPlot Version 11.0 software, 

manufactured by Systat Software Incorporation. The results were recorded for 

statistical analysis and the one-tailed Student t-test (difference between 

control and experimental group) and one-way analysis of variance (ANOVA, 
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difference between treated groups) was used for each independent variable. 

Statistical significance is shown as p<0.05(*), p<0.01(**) or p<0.001(***) when 

compared to the untreated control cell and graphs and tables are represented 

as the mean ± standard error. 
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CHAPTER FOUR 

RESULTS 

 

4.1 Cell Culture 

Breast cancer cells (MCF-7) were cultured in supplemented DMEM. When 

confluent (Figure 15), cells were seeded at a final concentration of 6 x 105 

cells in 3 ml culture media in 3.4 cm2 diameter culture dishes. Four hours 

later, cells were treated with different doses of ZnPcSmix (0; 0.05; 0.1; 0.5 and 

1 µM) or Hypericin (0.5, 1, 1.5, 2, 4 and 6 µM). Cells were then incubated for 

3 h to allow the respective PS to enter the cells and irradiated either with a 

680 nm diode laser (0; 5; 10 and 15 J/cm2) for ZnPcSmix treated cells or with a 

594 nm diode laser (0, 5, 10 and 15 J/cm2) for Hypericin treated cells. Twenty 

four hours post irradiation, cellular morphology, viability, proliferation, 

cytotoxicity and cell death assays were performed to evaluate cellular 

responses subsequent to ZnPcSmix treated cells. Trypan blue exclusion assay 

was performed on Hypericin treated cells and compared to ZnPcSmix treated 

cells. 

 

 
Figure 15 Microscopic representation of confluent breast cancer cells. Cells grew 

as an anchored, flat monolayer sheet. 
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4.2 Biological Responses 

4.2.1 ZnPcSmix localisation 

Fluorescent staining was performed to determine the primary subcellular 

localisation sites of ZnPcSmix in MCF-7 cells 3 h after the PS was added 

(Figure 16). Nuclei were stained with DAPI (blue, Figure 16a, e and i), 

mitochondria were stained with Mitotracker (green, Figure 16d) and 

lysosomes were stained with Lysotracker (green, Figure 16h).  

 

 

ZnPcSmix autofluoresced red (Figure 16b, f and j) and did not localise in the 

nuclei as there was no overlapping of fluorescence (Figure 16c). Red 

fluorescence was seen around the nuclei and therefore this PS has 

perinuclear localisation. When stained with mitotracker, there was an overlap 

with ZnPcSmix fluorescence when the images were merged, as seen by the 

yellow fluorescence (Figure 16g). The same overlap in fluorescence was 

seen when MCF-7 cells were stained with Lysotracker (Figure 16k). Thus it 

can be said that ZnPcSmix localises within both the mitochondria and 

lysosomes of MCF-7 cells. 

 

 

4.2.2 Dose response study 

A dose response study was performed to identify the combination of ZnPcSmix 

concentration and laser fluence that induced approximately 50% cell death. 

Four concentrations of ZnPcSmix and three laser fluences were used during 

this dose response study. Twelve distinct experimental samples were treated 

with both ZnPcSmix and laser irradiation and incubated for 24 h before cellular 

responses were assessed. Cell viability (Trypan blue exclusion assay) was 

used for comparison between ZnPcSmix and Hypericin, cell proliferation (ATP 

luminescence and alamarBlue®) and cytotoxicity (LDH membrane integrity) 

were examined to determine the effectiveness of ZnPcSmix mediated PDT. 
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Figure 16 Subcellular localisation of ZnPcSmix in MCF-7 cells. DAPI stained the 

nuclei (blue a, e and i), Mito- and Lysotracker stained mitochondria 
(green, d) and lysosomes (green, h), respectively. ZnPcSmix (red, b, f 
and j) localised in both the mitochondria and lysosomes as the red and 
green fluorescence overlapped as indicated by the yellow fluorescence 
(g and k). Distinct red and blue fluorescence were seen (merged) as 
ZnPcSmix does not localise in the nuclei and ZnPcSmix localised in the 
perinuclear area (c).  

 

 

4.2.2.1 Cellular morphology 

Before cells were used for biological assays, the morphology of all treated 

cells were examined by inverted light microscopy and compared to the 

untreated control cells (no irradiation and no ZnPcSmix). Digital images were 

taken and are shown in Figures 17 to 21.  

 

 

Laser irradiated and ZnPcSmix treated cells did not present any morphological 

disparity as they preserved the MCF-7 cell morphological features which 

include spindle shaped cells with strong proliferation and adhesion properties 
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(Figure 17). Neither laser irradiation alone (Figure 17 b-d) nor ZnPcSmix alone 

(Figure 17 e-h) had damaging effects on the MCF-7 cells. These cells did not 

present any morphological disparity as compared to untreated control cells 

(Figure 17 a). All cells grew as spindle shaped cells with strong proliferation 

and adhesion properties. 

 

 
 
Figure 17 Morphology of MCF-7 cells treated with either laser irradiation or 

ZnPcSmix. The untreated control (a) received no PS and was not 
irradiated. Cells were irradiated at 5 (b), 10 (c) and 15 J/cm

2
 (d). 

ZnPcSmix treated cells received 0.05 (e), 0.1 (f), 0.5 (g) and 1 µM (h) of 
the PS. No morphological change was noted (200 x magnification). 

  
 

 

PDT treated cells showed morphological changes and these changes were 

more pronounced with the increase in ZnPcSmix concentration (Figures 18, 
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19, 20 and 21). At a concentration of 0.05 µM ZnPcSmix, cells remained 

identical to the untreated control cells (Figure 18). Cells treated with 0.1 µM 

ZnPcSmix showed signs of a decrease in cell density as the laser fluence 

increased (Figure 19 c and d). 

 

 
 
Figure 18  Morphology of PDT treated MCF-7 cells with 0.05 µM ZnPcSmix. The 

untreated control (a) received no PS and was not irradiated. Three 
hours after receiving the PS, cells were irradiated at 5 (b), 10 (c) and   
15 J/cm

2
 (d) using a 680 nm diode laser. At this concentration of 

ZnPcSmix, PDT treated cells showed no morphological changes when 
compared to the untreated control cells (200x magnification). 

 

 

With higher concentrations of ZnPcSmix during PDT (Figures 20 and 21), cells 

lost their characteristic shape, became rounded as they detached from the 

culture surface and appeared as free floating round structures at higher 

fluences (Figure 20 d) and at the highest ZnPcSmix concentration (Figure 21). 

It was seen that the morphological changes were also a function of the 
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irradiation time; the longer the cells were irradiated, the more the changes 

were noticeable. Slight cellular elongation was the first sign of morphological 

change, followed by the decrease in the number of attached cells and the 

rounding up of cells (Figure 20 b, c and d, respectively). The majority of PDT 

treated cells with 1 µM ZnPcSmix were round irrespective of the laser fluence 

used (Figure 21 b, c and d). This showed that the observed morphological 

changes depend mainly on the concentration of PS used. The major 

observed changes included abnormal elongation (swelling), rounding up, 

detachment from culture plates and blebbing, which is the irregular bulge in 

the plasma membrane of the cell. 

 

 
 
Figure 19  Morphology of PDT treated MCF-7 cells with 0.1 µM ZnPcSmix. The 

untreated control (a) received no PS and was not irradiated. Three 
hours after receiving the PS, cells were irradiated at 5 (b), 10 (c) and 15 
J/cm

2
 (d) using a 680 nm diode laser. When compared to the untreated 

control, all PDT treated cells showed a slight decrease in cell density 
and cell morphology started to change as cells became elongated (200x 
magnification). 
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Figure 20  Morphology of PDT treated MCF-7 cells with 0.5 µM ZnPcSmix. The 
untreated control (a) received no PS and was not irradiated. Three 
hours after receiving the PS, cells were irradiated at 5 (b), 10 (c) and 15 
J/cm

2
 (d) using a 680 nm diode laser. Morphological change was 

observed in a fluence dependent manner; the longer the cells were 
irradiated, the more cell changes were noted when compared to the 
untreated control. These changes included an elongation of cells (b), 
decrease in cell number and detachment (c) and rounding off (d) (200x 
magnification). 

 

 

 

4.2.2.2 Cellular viability  

Trypan blue exclusion assay for Hypericin  

The proportion of viable and damaged cells was determined after the Trypan 

blue exclusion assay was performed and the percentage viability obtained 

(Table 6). The untreated control cells were not treated with laser irradiation or 

Hypericin. These cells were 99% viable and no major change in percentage 

viability was noted with cells treated with either laser irradiation alone or 

Hypericin alone (at any concentration). 
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Figure 21  Morphology of PDT treated MCF-7 cells with 1 µM ZnPcSmix. The 

untreated control (a) received no PS and was not irradiated. Three 
hours after receiving the PS, cells were irradiated at 5 (b), 10 (c) and 15 
J/cm

2
 (d) using a 680 nm diode laser. Morphological features of PDT 

treated cells had totally changed when compared to the untreated 
control. Most cells have already rounded off as they detached from the 
culture surface (200x magnification). 

 

 

Significant decreases in cell viability were seen with cells treated with the 

following concentrations of Hypericin in PDT: 1 µM irradiated at 15 J/cm2 

(p<0.05); 1.5 µM irradiated at 15 J/cm2 (p<0.01), 2 µM irradiated at 10 or     

15 J/cm2 (p<0.05 and p<0.01 respectively), and 4 and 6 µM irradiated at 5, 10 

and 15 J/cm2 (p<0.05, p<0.01 and p<0.001, respectively). It was observed 

that the percentage viability did not decrease below 60% when 0.5, 1 and 1.5 

µM Hypericin were used in PDT. A decrease below the same mark was 

observed with the other 3 concentrations (2, 4 and 6 µM). Two combinations 

of Hypericin and laser fluence were found to have resulted in 48 and 53% cell 

viability, which corresponded to 2 µM Hypericin coupled with 15 J/cm2 and    
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4 µM Hypericin coupled with 10 J/cm2, respectively. The treatment of 4 µM 

Hypericin and 10 J/cm2 was identified as the combination of Hypericin 

concentration and laser fluence that induced a decreased viability of around 

50%. 

 
Table 6 Trypan blue percentage viability of different treatments. The percentage 

viability ranged from 99 to 32%. Significant differences (p<0.05*) 
(p<0.01**) (p<0.001***) were noted when compared to the untreated 
control cells (0 µM Hypericin and 0 J/cm

2
). The Trypan blue exclusion 

assay was repeated six times (n=6). Cells treated with 4 µM of Hypericin 
and 10 J/cm

2
 was found to have resulted in 53% cell viability. 

 

Laser 

fluence 

0 µM 

Hypericin 

0.5 µM 

Hypericin 

1 µM 

Hypericin 

1.5 µM 

Hypericin 

2 µM 

Hypericin 

4 µM 

Hypericin 

6 µM 

Hypericin 

0 J/cm
2
 99±1.24 98±1.11 99±1.25 99±0.85 99±1.08 98±0.86 97±1.49 

5 J/cm
2
 98±0.59 99±0.91 94±0.86 92±1.08 88±0.69 76±1.34* 69±2.54* 

10 J/cm
2
 99±0.76 98±0.48 84±0.91 83±0.64 62±1.08** 53±1.47** 46±1.44** 

15 J/cm
2
 99±1.64 97±0.65 68±0.86* 63±1.47** 48±1.32** 38±2.16*** 32±1.25*** 

Data shown are means plus standard errors ±. 

 

 

When treated cells were compared between each other, changes in PDT 

treated cells with 1 µM Hypericin at 15 J/cm2 were found to be significant 

(p<0.05) when compared to all the irradiated cells, Hypericin treated cells, all 

PDT treated cells with 0.5 µM Hypericin, and PDT treated cells with 1 µM 

Hypericin at 5 J/cm2 and 1.5 µM Hypericin at 5 J/cm2. Changes in PDT 

treated cells with 1.5 µM Hypericin at 15 J/cm2 were found to be significant 

(p<0.05) when compared to PDT treated cells with 1 µM Hypericin at 5 J/cm2, 

1.5 µM Hypericin at 5 J/cm2, 2 µM Hypericin at 5 J/cm2. Changes in PDT 

treated cells with 1.5 µM Hypericin at 15 J/cm2 were found to be significant 

(p<0.01) when compared to all the irradiated cells, all Hypericin treated cells, 
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all PDT treated cells with 0.5 µM Hypericin. Changes in PDT treated cells with 

2 µM Hypericin at 10 J/cm2 were found to be significant (p<0.05) when 

compared to PDT treated cells with 1 µM Hypericin at 5 J/cm2, 1.5 µM 

Hypericin at 5 J/cm2, 2 µM Hypericin at 5 J/cm2. Changes in PDT treated cells 

with 2 µM Hypericin at 10 J/cm2 were found to be significant (p<0.01) when 

compared to all the irradiated cells, all Hypericin treated cells, all PDT treated 

cells with 0.5 µM Hypericin. Changes in PDT treated cells with 2 µM Hypericin 

at 15 J/cm2 were found to be significant (p<0.05) when compared to PDT 

treated cells with1 µM Hypericin at 5 J/cm2, 1 µM Hypericin at 10 J/cm2, 1.5 

µM Hypericin at 5 J/cm2, 1.5 µM Hypericin at 10 J/cm2, 2 µM Hypericin at 5 

J/cm2, 4 µM Hypericin at 5 J/cm2. Changes in PDT treated cells with 2 µM 

Hypericin at 15 J/cm2 were found to be significant (p<0.01) when compared to 

all the irradiated cells, all Hypericin treated cells, all PDT treated cells with 0.5 

µM Hypericin. 

 

 

Changes in PDT treated cells with 4 µM Hypericin at 5 J/cm2 were found to be 

significant (p<0.05) when compared to all the irradiated cells, all Hypericin 

treated cells, all PDT treated cells with 0.5 µM Hypericin. Changes in PDT 

treated cells with 4 µM Hypericin at 10 J/cm2 were found to be significant 

(p<0.05) when compared to PDT treated cells with 1 µM Hypericin at 5 J/cm2, 

1 µM Hypericin at 10 J/cm2, 1.5 µM Hypericin at 5 J/cm2, 1.5 µM Hypericin at 

10 J/cm2, 2 µM Hypericin at 5 J/cm2 and 4 µM Hypericin at 5 J/cm2. Changes 

in PDT treated cells with 4 µM Hypericin at 10 J/cm2 were found to be 

significant (p<0.01) when compared to all the irradiated cells, all Hypericin 

treated cells, all PDT treated cells with 0.5 µM Hypericin. Changes in PDT 

treated cells with 4 µM Hypericin at 15 J/cm2 were found to be significant 

(p<0.05) when compared to PDT treated cells with 1 µM Hypericin at           

10 J/cm2, 1 µM Hypericin at 15 J/cm2, 1.5 µM Hypericin at 10 J/cm2, 1.5 µM 

Hypericin at 15 J/cm2, 2 µM Hypericin at 5 J/cm2, 4 µM Hypericin at 5 J/cm2 
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and 6 µM Hypericin at 5 J/cm2. Changes in PDT treated cells with 4 µM 

Hypericin at 15 J/cm2 were found to be significant (p<0.01) when compared to 

PDT treated cells with 1 µM Hypericin at 5 J/cm2, 1.5 µM Hypericin at 5 J/cm2. 

Changes in PDT treated cells with 4 µM Hypericin at 15 J/cm2 were found to 

be significant (p<0.001) when compared to all the irradiated cells, all 

Hypericin treated cells and all PDT treated cells with 0.5 µM Hypericin. 

 

 

Changes in PDT treated cells with 6 µM Hypericin at 5 J/cm2 were found to be 

significant (p<0.05) when compared to all the irradiated cells, all Hypericin 

treated cells, all PDT treated cells with 0.5 µM Hypericin, and PDT treated 

cells with 1 µM Hypericin at 5 J/cm2 and 1.5 µM Hypericin at 5 J/cm2. 

Changes in PDT treated cells with 6 µM Hypericin at 10 J/cm2 were found to 

be significant (p<0.05) when compared to PDT treated cells with 1 µM 

Hypericin at 5 J/cm2, 1 µM Hypericin at 10 J/cm2, 1.5 µM Hypericin at             

5 J/cm2, 1.5 µM Hypericin at 10 J/cm2, 2 µM Hypericin at 5 J/cm2 and 4 µM 

Hypericin at 5 J/cm2. Changes in PDT treated cells with 6 µM Hypericin at     

10 J/cm2 were found to be significant (p<0.01) when compared to all the 

irradiated cells, all Hypericin treated cells, all PDT treated cells with 0.5 µM 

Hypericin. Changes in PDT treated cells with 6 µM Hypericin at 15 J/cm2 were 

found to be significant (p<0.05) when compared to PDT treated cells with 1 

µM Hypericin at 15 J/cm2, 1.5 µM Hypericin at 15 J/cm2, 2 µM Hypericin at 10 

J/cm2, 4 µM Hypericin at 5 J/cm2 and 6 µM Hypericin at 5 J/cm2. Changes in 

PDT treated cells with 6 µM Hypericin at 15 J/cm2 were found to be significant 

(p<0.01) when compared to PDT treated cells with 1 µM Hypericin at 5 J/cm2, 

1 µM Hypericin at 10 J/cm2, 1.5 µM Hypericin at 5 J/cm2, 1.5 µM Hypericin at 

10 J/cm2 and 2 µM Hypericin at 15 J/cm2. Changes in PDT treated cells with 

6 µM Hypericin at 15 J/cm2 were found to be significant (p<0.001) when 

compared to all the irradiated cells, all Hypericin treated cells and all PDT 

treated cells with 0.5 µM Hypericin.  
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Trypan blue exclusion assay for ZnPcSmix 

The proportion of viable and damaged cells was obtained after the Trypan 

blue exclusion assay was performed. The percentage viabilities after the 

ZnPcSmix mediated PDT are presented in Table 7. The untreated control had 

a high percentage viability (98%) and no major viability changes were 

observed when cells were either treated with laser irradiation alone or with 

ZnPcSmix alone (at any concentration). After PDT, the percentage viability 

decreased significantly to as low as 42% in ZnPcSmix treated cells. The 

decrease occurred in a dose dependent manner. 

 
Table 7 Trypan blue percentage viability of different treatments. The percentage 

viability range from 99 to 42% and the lowest percentages were noted 
with 1 µM ZnPcSmix treated samples. Significant differences (p<0.05*) 
(p<0.01**) (p<0.001***) were noted when compared to the untreated 
control cells only. The Trypan blue exclusion assaywas repeated six 
times (n=6).Cells treated with 0.5 µM ZnPcSmix and 10 J/cm

2 
was found 

to have resulted in 54% cell viability. 
 

Laser fluence 0 µM 

ZnPcSmix 

0.05 µM 

ZnPcSmix 

0.1 µM 

ZnPcSmix 

0.5 µM 

ZnPcSmix 

1 µM 

ZnPcSmix 

 

0 J/cm
2
 

 

98±0.62 

 

98±0.36 

 

98±0.26 

 

94±0.57 

 

93±0.62 

 

5J/cm
2
 

 

99±0.89 

 

95±0.61 

 

90±0.84 

 

81±1.51 

 

71±2.76 * 

 

10 J/cm
2
 

 

98±1.26 

 

95±0.72 

 

90±0.88 

 

54±1.38 ** 

 

42±1.45 ** 

 

15 J/cm
2
 

 

98±0.77 

 

94±0.68 

 

88±1.29 

 

44±1.77 ** 

 

42±1.15 ** 

Data shown are means plus standard errors ±. 
 
 

The higher the concentration of PS and laser fluence used, the more cells 

were damaged and Trypan blue dye entered cells through damaged 

membranes. Significant decreases were obtained when cells were treated 

with 0.5 and 1 µM ZnPcSmix and these treatments were: 0.5 µM irradiated at 

10 or 15 J/cm2 (p<0.01), 1 µM irradiated at 5, 10 and 15 J/cm2 (p<0.05, 
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p<0.01 and p<0.01, respectively). The nearest 50% decrease in cell viability 

was obtained when cells were treated with 0.5 µM ZnPcSmix and a laser 

fluence of 10 J/cm2 and led to 54% viability.   

 

 

Changes in PDT treated cells with 0.5 µM ZnPcSmix at 10 and 15 J/cm2 were 

significant (p<0.01) when compared to all the irradiated cells, ZnPcSmix 

treated cells, PDT treated cells with 0.05 and 0.1 µM and PDT treated cells 

with 0.5 µM at 5 J/cm2. Significant changes (p<0.05) were also observed 

when PDT treated cells with 1 µM at 5 J/cm2 were compared to all the 

irradiated cells and ZnPcSmix treated cells with 0.05 and 0.1 µM. Changes in 

PDT treated cells with 1 µM at 10 and 15 J/cm2 were found to be significant 

(p<0.05) when compared to PDT treated cells with 0.1 µM at 5, 10 and        

15 J/cm2; and with 0.5 and 1 µM at 5 J/cm2. With the same PDT treated cells, 

higher variation degrees were made (p<0.01) when compared to all the 

irradiated cells, ZnPcSmix treated cells and PDT treated with 0.05 µM. 

 

 

4.2.2.3 Cellular proliferation 

ATP luminescence 

The Cell Titer-Glo ATP luminescence assay was performed to determine the 

rate of cellular proliferation and cellular metabolic activity after ZnPcSmix 

mediated PDT. The level of ATP present was determined in all samples and 

treatments were compared to the untreated control. Cells treated with laser 

irradiation alone or ZnPcSmix alone showed no significant change in ATP level 

(Figure 22). ZnPcSmix in the absence of irradiation did not affect the 

mechanisms of ATP consumption and synthesis. No significant difference 

was seen when treated cells (irradiated and ZnPcSmix treated) were 

compared to each other.  
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Figure 22 ATP luminescence cell proliferation assay in MCF-7 cells. When 

compared to untreated control cells, the relative light units (RLU) of 
both laser irradiated and ZnPcSmix treated cells did not present any 
major change in cell proliferation and no significant change in ATP 
levels was noted. 

 
 

A significant decrease in ATP levels was noted in all PDT treated cells with 

the exception of those treated with 0.05 µM ZnPcSmix (Figure 23) that was 

inversely proportional to both the ZnPcSmix concentration and the laser 

fluence used.  An increase in ZnPcSmix concentration during PDT resulted in 

lower detection of ATP luminescence. When irradiated at 5, 10 and 15 J/cm2, 

PDT treated cells showed a significant decrease in ATP levels when treated 

with 0.1 µM (p<0.05, p<0.05 and p<0.01 respectively), 0.5 µM (p<0.01, 

p<0.01 and p<0.001 respectively) and 1 µM (p<0.01, p<0.001 and p<0.001 

respectively). ZnPcSmix showed significant ATP depletion in a dose 

dependent pattern. 
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Figure 23 ATP luminescence cell proliferation assay in PDT treated MCF-7 cells.  
Activated ZnPcSmix during PDT caused a decreased in cell proliferation. 
A decrease in ATP levels was observed with most of PDT treated cells 
when compared to the untreated control and significant differences 
(p<0.05*) (p<0.01**) (p<0.001***) were noted.  

 

 

When PDT treated cells were compared between each other, PDT treated 

cells with 0.5 µM ZnPcSmix at 5 J/cm2 (p<0.05) and 0.5 µM ZnPcSmix at 15 

J/cm2 (p<0.01), and 1 µM ZnPcSmix at 5 J/cm2 (p<0.05), 10 J/cm2 (p<0.01) 

and 15 J/cm2 (p<0.01) were found to be significant when compared to       

0.05 µM ZnPcSmix PDT treated cells. PDT treated cells with 0.5 µM ZnPcSmix 

at 15 J/cm2 and 1 µM ZnPcSmix at 10 and 15 J/cm2 were found to be 

significant (p<0.05) when compared to PDT treated cells with 0.1 µM 

ZnPcSmix at   5 J/cm2. 
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alamarBlue® 

The alamarBlue® assay was performed to determine the rate of cellular 

proliferation. The absorbance values of untreated and treated cells were 

measured and the absorbance values were compared to that of the untreated 

control. No significant change in proliferation rate was noted when laser 

irradiated or ZnPcSmix treated cells were compared to the untreated control 

(Figure 24). No significant difference was seen when treated cells (irradiated 

and ZnPcSmix treated) were compared to each other. 

C
on

to
l

 a
la

m
a
rB

lu
e
 (

A
 5

5
0
 n

m
)  

0

100

200

300

400

500
n=6

10
 J

/c
m

2

15
 J

/c
m

2

0.
05

 
M

0.
1 

M

0.
5 

M

1 
M

5 
J/

cm
2

 
Figure 24 alamarBlue® cell proliferation in MCF-7 cells. Both irradiated alone and 

ZnPcSmix treated cells did not show any significant proliferation change. 

  

PDT treated cells showed a reduced proliferation rate (Figure 25). Significant 

changes in cell proliferation were observed when cells were treated with 

ZnPcSmix at 0.1 µM and 15 J/cm2 (p<0.05), 0.5 µM and 10 or 15 J/cm2 

(p<0.05), and 1 µM and 5, 10 or 15 J/cm2 (p<0.05, p<0.01 and p<0.01 
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respectively). No significant difference was seen when PDT treated cells were 

compared to each other. 
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Figure 25 alamarBlue® cell proliferation in PDT treated MCF-7 cells. PDT treated 

cells had slow proliferation rates and significant differences (p<0.05*) 
and (p<0.01**) were noted when compared to the untreated control cells 
only.  

 
 
4.2.2.4 Cytotoxicity 

The CytoTox96® nonradioactive cytotoxicity assay was performed to assess 

the level of LDH released into the culture media and to determine the degree 

of cellular damage, in particular cellular membrane damage of the MCF-7 

cells. The release of LDH from the cytosol into the culture media was 

quantified and the absorbance measured. Both laser irradiated cells alone 

and ZnPcSmix treated cells alone released insignificant amounts of LDH 
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resulting in absorbance values similar to that of the untreated control cells 

(Figure 26). No significant difference was seen when treated cells (irradiated 

and ZnPcSmix treated) were compared to each other. 
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Figure 26 The CytoTox96® nonradioactive cytotoxicity assay in MCF-7 cells. 

Irradiated cells and ZnPcSmix treated cells alone showed no significant 

change in LDH levels when compared to the untreated control cells 

only.  

 

PDT treatment induced an increase in cell membrane damage, as noted by 

the significant increase in the level of LDH detected with 0.05 µM ZnPcSmix 

and the other concentrations (p<0.05 and p<0.01 respectively) when 

compared to the untreated control cells (Figure 27). Changes in PDT treated 

cells with 1 µM ZnPcSmix at 15 J/cm2 were found to be significant (p<0.05) 

when compared to those treated with 0.05 µM ZnPcSmix at 5 J/cm2.  
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Figure 27 The CytoTox96® nonradioactive cytotoxicity assay in PDT treated MCF-

7 cells. Cellular damage was significant in all PDT treated cells and 

significant levels of LDH were noted. Significant differences (p<0.05*) 

and (p<0.01**) were noted when compared to the untreated control cells 

only.  

 

4.2.3 Cell death study 

4.2.3.1 Flow cytometry 

Annexin V-FITC was used in conjunction with PI to distinguish the types of 

cell population. One hour after staining, flow cytometric analysis was 

performed to identify the cell population of each sample. The majority of the 

cell population in untreated control cells and ZnPcSmix treated MCF-7 cells 

were viable (89% and 91% respectively) and stained negative for both 

Annexin V-FITC and PI (Table 8). However, when compared to untreated 
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control cells, significant changes in cell population were noted with both 

Actinomycin D and PDT treated cells. More than 75% of cells were 

undergoing cell death; they were positive for both stains (late apoptotic, 

p<0.01), positive for Annexin V-FITC (early apoptotic, p<0.01), and the 

population of normal cells decreased significantly (p<0.001).  

 

 
Table 8 Percentage of various cell populations after flow cytometric analysis. 

Normal cells were both negative for Annexin V-FITC and PI, early 
apoptotic cells were positive for Annexin V-FITC but negative for PI, 
late apoptotic cells were positive for both Annexin V-FITC and PI, and 
necrotic cells stained positive for PI. The lowest percentage of cell 
death (apoptotic and necrotic) were obtained with untreated and 
ZnPcSmix controls. These apoptotic populations significantly increased 
(around 65%) in Actinomycin D and PDT treated cells. Experiments 
were repeated four times (n=4) and significant differences (p<0.01**) 
and (p<0.001***) were noted when compared to the respective 
population type of the untreated control cells. 

 

Cell 

population 

Untreated 

control 

ZnPcSmix 

control 

Actinomycin D PDT 

Normal 89±1.07 91±0.32 24±0.67*** 21±0.89*** 

Early apoptotic 4±0.89 5±1.04 34±0.38** 37±1.06** 

Necrotic 3±0.43 2±0.81 11±0.74 13±0.94 

Late apoptotic 4±0.52 2±1.12 31±1.23** 29±0.76** 

Data shown are means plus standard errors ±. 

 

 

4.2.3.2 Hoechst staining 

Hoechst staining was performed to assess nuclear changes and detect the 

degree of nucleic acid degradation. The Hoechst stain is a fluorescent 

permeable DNA dye that binds preferentially to AT base pairs. No difference 

in the size of the nucleus between the unirradiated ZnPcSmix treated cells 
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(Figure 28 b) and the untreated control cells (Figure 28 a) was seen as the 

PS remained inactive in the absence of light. Smearing around the nuclear 

regions was seen 3 h after the activation (irradiation) of ZnPcSmix (Figure 28 

c). With an increase in incubation time post irradiation (9 and 15 h), it 

appeared that the nuclear diameter kept on decreasing and the smear 

progressively disappeared (Figure 28 d and e respectively). 
 

 
Figure 28 Hoechst immunofluorescence staining in MCF-7 cells. Intense 

fluorescence was seen when the nuclei of the untreated control (a) and 
unirradiated ZnPcSmix treated (b) were analysed. After 3 h incubation 
post PDT (c), the nuclei appeared smaller in size with smears seen 
around them, an indication of nuclear condensation (damage). The 
smear cleared up and smaller distinct nuclear fluorescence was seen 9 
and 15 h after irradiation (d and e respectively) (200x magnification). 

 

 

4.2.3.3 Cell death ELISA 

Apoptotic cell death is characterised by nuclear fragmentation and 

oligonucleosomal DNA degradation. A cell death photometric enzyme 

immunoassay was performed to determine cytoplasmic histone-associated 
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DNA fragments (mono- and oligonucleosomes) subsequent to PDT in MCF-7 

cells. No significant quantity of DNA fragments was detected when cells were 

treated either with laser alone (10 J/cm2) or ZnPcSmix alone (Figure 29). 

However, a significant increase in the quantity of DNA fragments as 

compared to the untreated control was noted after PDT (p<0.01). The change 

in histones associated DNA fragment was found to be significant (p<0.01) 

when PDT treated cells were compared to those treated with both irradiation 

and ZnPcSmix alone. 
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Figure 29 Evaluation of nuclear degradation using the Cell Death Detection ELISA 

assay. Untreated control cells (MCF-7) and both laser irradiated and 
ZnPcSmix treated MFC-7 cells showed low amounts of DNA 
fragmentation. After PDT, the amount of DNA fragmentation 
significantly increased (p<0.01**). Significant difference was noted 
when compared to the untreated control cells. 

 

 
4.3.2.4 Real-time RT-PCR 

Real-time RT-PCR was performed to identify the up- or down- regulation of 

84 genes involved in different cellular death pathways 3 h after PDT. Along 

with the studied 84 genes, 12 other genes were incorporated, and these 
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included 5 housekeeping genes to normalise the genes of interest, 1 gDNA 

control gene, 3 reverse transcription control genes (RTC) and 3 positive PCR 

control genes (PPC). The SABioscience RT2 First Strand kit was not used for 

cDNA synthesis and hence the RTC controls were not validated. All these 

controls do not appear in the results panel of expressed genes. Purity checks 

of all nucleic acid (RNA and cDNA) samples were performed and the all 

purities were between 1.82 and 1.94. 

 

 

Real-time PCR array data analysis 

Gene expression profiles of ZnPcSmix treated MCF-7 cells  

MCF-7 cells were treated with 0.5 µM ZnPcSmix alone and incubated for 3 h, 

before RNA isolation was performed for real-time RT-PCR. Neither of the up-

regulated or down-regulated genes was significantly expressed (Figure 30). 

 

 
Figure 30 Gene expression profile of ZnPcSmix treated cells was analysed using 

the Human Cell Death Pathway Finder Profiler
TM

 PCR Array System. 
Treatment did not have an effect on the gene expression and none of 
the genes were significantly regulated as represented in the 3D Profile 
(fold-difference, a) and volcano plot (b). In the volcano plot, the 
horizontal line designates the target threshold (p=0.05) and vertical 
lines, the fold change (central) and target fold change threshold 
(peripheral) in gene expression.  
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Gene expression profiles of PDT treated MCF-7 cells  

The gene expression analysis of PDT treated MCF-7 cells was performed 

after RNA was isolated and cDNA synthesised for real-time RT-PCR. Results 

showed that BCL-2 (p<0.05), DFFA-1 (p<0.05) and CASP-2 (p<0.001) were 

significantly up-regulated when compared to the untreated control cells. None 

of the down-regulated genes was found to be significant (Figure 31). 

 

 
 
Figure 31 Gene expression profiles of PDT treated MCF-7 cells with 0.5 µM 

ZnPcSmix and 10 J/cm
2 

was analysed using the Human Cell Death 
Pathway Finder Profiler

TM
 PCR Array System. ZnPcSmix mediated PDT 

induced changes in gene expression and DFFA-1, BCL-2 and CASP-2 
genes were significantly up-regulated as represented in the 3D Profile 
(a) and the volcano plot (b). 
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CHAPTER FIVE 

DISCUSSION AND CONCLUSION 

 

Although recent reports indicate a decrease in cancer death rates mainly due 

to improved treatment modalities, cancer remains a major health problem and 

cause of mortality worldwide, accounting for 7.6 million deaths (around 13% 

of all deaths) in 2008 (WHO, 2012). About 30% of deaths due to cancer can 

be prevented and is as a result of high body mass, low fruit and vegetable 

intake, lack of physical activity, and tobacco and alcohol use (WHO, 2012; 

Jemal et al., 2010). Cancer of the breast is malignant with metastatic ability 

and remains resistant to many treatment modalities (Tan et al., 2010, Glas et 

al., 2006). In South Africa, 1 in 29 women is being diagnosed with breast 

cancer each year, and 1 in 4 will be diagnosed with the condition in their 

lifetime (CANSA, 2011). Breast cancer is the leading cancer in women 

(CANSA, 2011). Many cancer therapies are non-specific, killing both normal 

and cancer cells (Zea and Halaby, 2001). Research to develop novel cancer 

therapy is under evaluation and PDT is one of the current studied treatments. 

It is a target therapy for cancer cells and combines three non-toxic elements, 

namely the PS, laser irradiation and molecular oxygen (Manifold and 

Anderson, 2011). 

 

 

Activated by light at a specific wavelength, the PS is the principal inducer of 

cell damage and interacts with molecular oxygen to produce ROS, which 

causes cancer cell death (Rao et al., 2008; Plaetzer et al., 2008). The 

development of photosensitisers is therefore a critical research area in PDT, 

which focuses on the ability of photosensitisers to enter dense tumour tissues 

and to be activated within these tissues (Wilson, 2006). Other researches 
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investigate the development of devices and improvement of the delivery of 

light activated PS in tissues (Dolmans et al., 2003; Dickson et al., 2002). 

 

 

In this project, the photosensitising characteristic of a Zinc metallated 

phthalocyanine (ZnPcSmix) in MCF-7 breast cancer cells was investigated. 

The MCF-7 cell line is a suitable in vitro model cell line to study human breast 

cancer as they mimic well the problems seen with tumour resistance to 

treatment (Louie et al., 2010; Dumitrescu and Cotarla, 2005).  

 

 

In the first study, the subcellular localisation of ZnPcSmix was examined. 

ZnPcSmix autofluoresces in the red spectrum and fluorescent microscopy was 

performed to determine its primary sites of localisation. ZnPcSmix did not 

localise in the nuclei, but examination of the merged image revealed that it 

localised in the perinuclear area, which corresponds to the Golgi apparatus. 

However, it was revealed that both mitochondria and lysosomes are the 

primary sites of ZnPcSmix as shown by the overlap in red (ZnPcSmix) and 

green (mitochondria and lysosomes) fluorescence. Research conducted by 

other research groups used similar Zinc-phthalocyanines and reported that 

those PSs localised in the Golgi apparatus, mitochondria and lysosomes 

(Wood et al., 1997; Fabrics et al., 2001). Phthalocyanine delivery to the 

lysosomes is via endocytosis. Furthermore, these lysosome localised 

phthalocyanines accumulate in microzomes and in the mitochondria (Wood et 

al., 1997; Fabrics et al., 2001, Kessel and Luo, 1997). Lysosomes, despite 

their biological activity, are critical primary targets for PSs (Lin, 1991; Geze et 

al., 1993). ZnPcSmix was used in similar in vitro studies in lung and colorectal 

cancer cells, and it was reported that this PS localised in both mitochondria 

and lysosomes and its activated form led to good curative effects (Manoto et 

al., 2012). 
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Uncoupled mitochondrial permeability transition pores (MPTP) can inhibit the 

synthesis of energy leading to necrotic cell death. Release of mitochondrial 

proteins (cytochrome C, AIF, Diablo) activates cascades responsible for the 

changes to cell structure and function, resulting in apoptosis. Like any 

phthalocyanine, ZnPcSmix has a strong tendency to aggregate and has 

decreased water solubility. When in contact with tumour cells, which have a 

greater affinity for lipoproteins, ZnPcSmix is taken up and retained in the 

organelles of tumour cells, and upon light activation induces cell death. 

ZnPcSmix successfully entered the cells and had the ability in the presence of 

light, to induce cell death as it is localised in or near critical cellular 

organelles. After laser irradiation, the photodamaging effects of ZnPcSmix on 

cell morphology, cell viability, cell proliferation and cytotoxicity were noted.  

 

 

The dose response study revealed that the untreated control cells maintained 

normal cell morphology and showed the highest level of cell viability and 

proliferation and the lowest degree of cytotoxicity. Results indicated that 

ZnPcSmix, when used alone on cells, appeared to have no therapeutic value 

as the cells remained alive and morphologically identical to the untreated 

cells. Similar observations were made when only irradiated cells were 

examined. However, PDT treated cells showed morphological changes, which 

depended on the ZnPcSmix concentration and laser fluence used. At 0.05 and 

0.1 µM, PDT treated cells showed no major morphological changes. 

Morphological changes were seen with all PDT treated cells with 0.5 and       

1 µM; cells rounded up as their shape changed and detached from the plate 

to finally appear as free floating structures in the cell suspension, a process 

known as anoikis.  
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Anoikis is a programmed cell death event that takes place when cells lose 

contact with the extracellular matrix, in our case with the surface of the culture 

plastic dishes. These changes correspond to those of PDT treated cells 

undergoing cell death as described by Tesniere and coworkers (2008).  

Earlier work by Seotsanyana-Makhosi and colleagues (2006) examined the 

effects of Ge, Si and Sn phthalocyanine PSs and reported no changes in cell 

morphology on human esophageal carcinoma (SNO) cells and an increase in 

cell viability and proliferation in the untreated controls and PS controls. Those 

phthalocyanine PSs did not induce changes in morphology like ZnPcSmix, 

which remains inactive and unable to affect cell viability and proliferation in 

the absence of light. 

 

 

One of the greatest indicators of morphologically damaged/dying cells is their 

ability to take up certain dyes. Major changes in the Trypan blue exclusion 

assay were obtained with cells that received 0.5 µM and irradiated with 10 

and 15 J/cm2 (p<0.01), and 1 µM of ZnPcSmix and irradiated with 5, 10 and   

15 J/cm2 (p<0.05, p<0.01 and p<0.01, respectively) in PDT. At these 

concentrations, cells suffered severe membrane damage following PDT and 

the Trypan blue dye entered cells through these damaged membranes. All 

cells require energy to perform their metabolic functions and ATP is the 

immediate source of energy that drives cellular metabolism. Significant 

decreases in ATP levels were noted with all PDT treated cells with 0.1 

(p<0.05, p<0.05 and p<0.01), 0.5 (p<0.01, <0.01 and p<0.001) and 1 μM 

(p<0.01, p<0.001 and p<0.001), except for those that received 0.05 µM of 

ZnPcSmix. 

 

 

 At higher concentrations, the toxic derivatives from the activated ZnPcSmix 

(ROS) can affect the activities of the energy metabolic enzymes and therefore 
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result in a decrease in ATP levels. ZnPcSmix localised in mitochondria and 

probably Golgi apparatus and can therefore inhibit both protein and energy 

synthesis. Fagone and Jackowski (2009) proved that PSs that localise in the 

Golgi apparatus and mitochondria were able to inhibit both protein and 

energy production, respectively. ZnPcSmix was used in a similar study in PDT 

and a decrease in both percentage viability and ATP levels was observed in 

A549 human lung cancer cells (Manoto and Abrahamse, 2011). 

 

 

An effective treatment on cells with a high rate of proliferation like cancer cells 

would either prevent or decrease their proliferation. A significant decrease in 

proliferation was noted with PDT treated cells that received 0.1 µM and 

irradiated with 15 J/cm2 (p<0.05), 0.5 µM and irradiated with 10 and 15 J/cm2 

(p<0.05), and 1 µM ZnPcSmix irradiated with 5, 10 and 15 J/cm2 (p<0.05, 

p<0.01 and p<0.01, respectively). Wong et al., (2003) also reported a 

decrease in cell proliferation in FaDu hypopharyngeal carcinoma cells 24 h 

after PDT. The decrease induced by ZnPcSmix mediated PDT in this study 

might have been caused by the inability of PDT treated cells to respond to 

cell stimulating factors and the reduction in ATP as seen in the proliferation 

assays, or a combination of both. This decrease might also correspond to the 

decrease in metabolic and mitochondrial enzymatic activity such as the one of 

diaphorases, which might have become unable to catalyse and reduce 

alamarblue® reagent as a result of damaged suffered by mitochondria.  

 

 

Cancer cells are high energy consuming cells and the ATP depletion might 

have induced a decrease in proliferation. ATP is mainly produced during 

glycolysis and oxidative phosphorylation through the electron transport chain 

in mitochondria. During PDT, mitochondrial localised PSs can damage these 

organelles and induce the inhibition of oxidative phosphorylation and 
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therefore reduction in ATP levels (Shulok et al., 1998). Growth factors are 

signalling proteins capable of interacting and instructing cells which lead to 

specific cellular responses, including cell survival, differentiation and 

proliferation. These interactions are through binding to specific 

transmembrane receptors on the target cells (Lee et al., 2010). A study on 

human K562 myelogenous leukemia cells treated with Calixarenes mediated 

PDT showed that surviving cells after irradiation lost membrane integrity and 

mitochondrial function (Neagu et al., 2010). 

 

 

In the final assay of this dose dependent study, MCF-7 cell membrane 

integrity after PDT was assessed. PDT aims to kill cancer cells and therefore 

it should be toxic to those cells. LDH leakage is one of the signs of 

cytotoxicity and evidence of LDH leakage into the culture media as a result of 

the damage suffered by the  cellular components (membranes, DNA, fatty 

acids, proteins) due to PDT has been established before  (Broker et al., 2005; 

Manoto and Abrahamse, 2011). Photofrin (II) mediated-PDT has been 

reported to have induced a high level of LDH release and damage to both 

HeLa and Cask cell membranes (Das et al., 2000).  

 

 

After 24 h incubation, PDT treatment induced an increase in cell membrane 

damage. A significant increase in the level of LDH was detected in PDT 

treated cells with 0.05, 0.1, 0.5 and 1 µM ZnPcSmix (p<0.05, p<0.01, p<0.01 

and p<0.01 respectively). With this assay, the PDT treatement showed 

cytotoxic effects, which indicated increased damage in cell structure and were 

associated with the significant decrease in vital cell activity (ATP production 

and proliferation rate). As seen with the Trypan blue exclusion assay, which is 

also based on membrane damage, ZnPcSmix mediated PDT induced damage 

in cell membranes and a decrease in cell viability, and showed similar 
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cytotoxic effects to those of Photofrin (II) (Das et al., 2000). Activated 

ZnPcSmix led to an effective antitumor activity that relies on the generation of 

ROS during PDT. Additionally, ZnPcSmix localised in critical organelles, which 

have been shown in previous studies to be accumulation sites for PSs during 

PDT. 

 

 

After the ZnPcSmix dose dependent study, different samples of MCF-7 cells 

were treated with both a defined concentration of Hypericin (0, 0.5, 1, 1.5, 2, 

4 and 6 µM) and laser irradiation (0, 5, 10, and 15 J/cm2). Thereafter, the 

Trypan blue exclusion assay was performed. A cell viability decrease around 

50% was obtained when cells were treated with 4 µM and 10 J/cm2. At a 

similar laser fluence, the same percentage in cell viability was obtained with 

0.5 µM ZnPcSmix after PDT. The newly synthesised ZnPcSmix was therefore 8 

times stronger than the naturally occurring Hypericin. Hypericin is a naturally 

occurring PS and its characteristics include photodynamic oxidising potential, 

tumour localisation ability, high singlet oxygen quantum yield upon 

illumination and minimal dark toxicity (Head et al., 2006). Hypericin has the 

ability to induce PDT in cancer cells both in vivo and in vitro (Head et al., 

2006; Chen et al., 2001; Assefa et al., 1999). Based on its relatively low 

effectiveness, it was decided not to continue with Hypericin. 

 

 

The characteristics of the natural occurring sensitisers (Hypericin) were 

thoroughly studied and the first generation sensitisers (porphyrins) were 

developed. The latter ones were further studied and second generation 

sensitisers (Phthalocyanines) were developed. ZnPcSmix absorbs light near 

the infrared region of the electromagnetic spectrum, which confers a better 

light penetration into tumour tissues. Additionally, Phthalocyanine PSs are 

lipophilic compounds with a better chemical structure for better retention by 
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tumour tissues. They have sulphate groups attached to their periphery to 

increase their solubility in biological solvents.  

 

 

When compared to other second generation PSs, Phthalocyanines have 

central metal atoms which enhance significant singlet oxygen quantum yield. 

Moreover, the accumulation of Hypericin into neoplastic cells decreased with 

time as the PS was released from lipoprotein complexes and showed low 

fluorescence intensity in tumour tissues (Van de Putte et al., 2005). Therefore 

more Hypericin is needed to induce the same effects of a newly synthesised 

PS with better solubility characteristics, improved penetration properties, 

better retention index into tumour cells, and higher absorption of light and 

enhanced singlet oxygen quantum yield. 

 

 

The structural damage and decrease in cell viability and proliferation proved 

that ZnPcSmix mediated PDT is an effective treatment for breast cancer in 

vitro. Cell death mechanisms were studied to determine which mode of cell 

death mode was induced by this treatment. As previously mentioned, the 

change in both cell viability and morphology was similar to those of apoptotic 

cells. Flow cytometric analysis revealed that before PDT, most cells remained 

viable and stained negative for Annexin V-FITC and PI. After PDT or 

treatment with Actinomycin D, most cells stained positive for these dyes and 

apoptotic cells predominated over necrotic and normal cells, with more than 

65% of cells stained positive for Annexin V-FITC. This finding was consistent 

with the work of Chiu and colleagues (2003), which found that apoptotic 

events were identified after PDT using a Silicon phthalocyanine. Apoptosis 

was also reported to be the induced cell death mode after PDT and the 

intrinsic pathway was largely dependent on the caspase activation cascade 

after the release of cytochrome and other apoptogenic factors such as AIF 
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(Wei et al., 2001; Chen et al., 2001; Buytaert et al., 2005). Apoptosis is 

induced either through the receptor (extrinsic) or mitochondrial (intrinsic) 

pathway (Fulda, 2009). In normal cells, the phospholipid phosphatidylserines 

are localised in the cytosolic leaflet of the plasma membrane (Koopman et al., 

1994). Due to damage suffered by cells that resulted in structural changes, 

the phospholipid phosphatidylserines relocalised to the outer leaflet or nucleic 

acids become accessible. Annexin V binds to phospholipid 

phosphatidylserines of apoptotic cells and PI to nucleic acid of necrotic cells 

(Martin et al., 1995; Lecoeur, 2002).  

 

 

Apoptotic cells demonstrate dynamic structural changes, such as chromatin 

condensation and nucleosomal DNA fragmentation. Hoechst staining and 

fluorescent microscopy was reported to be efficient techniques to detect 

apoptotic events such as nuclear condensation and DNA fragmentation (Allen 

et al., 2001). Hoechst staining and fluorescent microscopy was performed to 

determine the occurrence of apoptotic nuclear condensation over a period of 

15 h after irradiation. The longer the cells were incubated before Hoechst 

staining, the smaller the nuclei radius was. The presence of smearing seen 

after 3 h is an indication of nuclear degradation and the identified nuclei had a 

reduced diameter when compared to the control. Nuclear condensation 

became evident from 3 h after PDT. This time coincides with other works, 

where the identification of apoptotic morphological changes such as 

chromatin condensation and nuclear fragmentation started to be evident 3 h 

after PDT (Fabrics et al., 2001; Allen et al., 2001). It has been shown that 

during apoptosis, AIF and Cyclophilin A (Cyp A) mediate chromatin 

condensation into degradation by associating the nuclear content with 

proteins into apoptotic bodies (Galluzzi et al., 2009). The entire nuclear 

content collapses outward against their periphery (Tone et al., 2007). 
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Nuclear fragmentation was reported to occur before the chromatin condenses 

when a cleft in the nuclear sap forms at the periphery or by budding. Budding 

involves chromatin condensation resulting in clumps that press against the 

nuclear envelope, and protruding and budding from the nuclear membrane 

(Coleman et al., 2003). Chromatin is composed of nucleosomes and each 

nucleosome consists of four kinds of core histones (H2A, H2B, H3, and H4). 

Histones interact with roughly 200 base pair long segments of DNA (Ajiro, 

2000). An ELISA was performed to detect and quantify the nucleosomal 

fragmented DNA bound to anti-histone antibodies (mono- and 

oligonucleosomes) subsequent to the induction of apoptosis. DNA 

fragmentation is a well-established marker of apoptosis and ZnPcSmix 

mediated PDT led to a significant level of DNA fragmentation in MCF-7 cells. 

Other studies also reported similar high levels of DNA fragmentation with 88% 

DNA fragmentation seen 24 h after 5 ALA mediated PDT of Jurkat cells (Gad 

et al., 2001). Kessel and Luo (1996) observed apoptotic DNA fragmentation 1 

h after PDT in murine leukemia cells, using two PSs that localised in 

lysosomes. During apoptosis, the effector caspase-3 cleaves the inhibitor of 

caspase activated DNase (ICAD) and releases the caspase activated DNase 

(CAD). CAD cleaves DNA at the internucleosomal linker sites between the 

nucleosomes. DNA fragmentation is a secondary event of apoptosis as a 

result of the initial action of caspase-3 on ICAD. Furthermore, most 

mammalian apoptotic cells demonstrate unique phosphorylation of H2B, 

which is associated with apoptosis specific nucleosomal DNA fragmentation 

and chromatin condensation. This unique phosphorylation of H2B is a useful 

biochemical hallmark of apoptotic cells (Ajiro, 2000). 

 

 

Real-time RT-PCR was performed to evaluate the gene expression after 

ZnPcSmix treatment alone and ZnPcSmix mediated PDT on MCF-7 cells. The 

Human Cell Death PathwayFinderTM PCR Array was used to determine the 
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expression of 84 genes involved in the different cell death pathways. The 

normalisation, fold change and statistics were automatically performed by the 

PCR Array data analysis software. The student’s t-test was used to calculate 

the P values from the replicate 2^ (ΔCt) values or fold change for each gene 

of the untreated cells (control), ZnPcSmix treated cells and PDT treated cells. 

None of the genes in ZnPcSmix treated cells was found to be significantly 

regulated, but three genes were significantly up-regulated after PDT. B-cell 

lymphoma 2 (BCL-2, Gene bank ID: NM 000633), caspase 2 (casp-2, Gene 

bank ID: NM 032982) and DNA fragmentation factor alpha (DFFA, Gene bank 

ID: NM 004401) and all their respective gene products are involved in the 

apoptotic cell death pathway.  

 

 

Alpha (α) DNA fragmentation factor is a 45 kD subunit of the heterodimer 

protein that catalyses both DNA fragmentation and chromatid condensation 

downstream of caspase-3. Caspase-3 activates DNA fragmentation factor (β-

subunit) by proteolytic cleavage of α subunit and its dissociation from the rest 

of the protein. The activated form of the DNA fragmentation factor modulates 

the apoptotic events, which include DNA fragmentation into nucleosomal 

units and chromatid condensation. Published reports state that apoptosis is 

the mechanism that removes toxic, cell debris and often followed by 

shrinkage and cell fragmentation (Lui et al., 1997). It was established that 

DNA fragmentation factor is required for genomic stability in mammalian cells 

and the protein is an important suppressor for cancer (Yan et al., 2006). 

 

 

Caspase-2 belongs to a family of cysteine proteases that are involved in cell 

death and inflammatory pathways (Alnamri et al., 1996). Caspase-2 

proteolytically cleaves proteins and associates with other proteins involved in 

apoptosis. In response to DNA damage, this enzyme also interacts with other 
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proteins to form an activation platform for proteases, known as a PIDDosome, 

a multiprotein complex constituted of the p53-induced protein with a death 

domain (PIDD) (Manzl et al., 2012). Caspase-2 also induces the release of 

cytochrome C and other mitochondrial apoptogenic proteins including AIF 

and smac (secondary mitochondria derived activator caspase) into the cell 

cytoplasm. This release is enough to activate other mitochondrial 

apoptosome in vitro (Bouchier-Hayes, 2010). Caspase is therefore a direct 

effector of the mitochondrial apoptotic pathway. 

 

 

In response to the high level of mitochondrial apoptogenic proteins in the 

cytosol such as cytochrome C, BCL-2 is overexpressed. BCL-2 is a member 

of a family of apoptotic regulated proteins and it is located on the outer 

membrane of the mitochondria. It was shown that high levels of cytosolic 

cytochrome C induced the overexpression of BCL-2 (Yang et al., 1997). One 

of the main roles of the BCL-2 protein is to prevent apoptosis by reducing the 

release of cytochrome C. 

 

 

This cell death study had shown that Annexin V stained cells were the most 

abundant and underwent both nuclear condensation and DNA fragmentation 

after PDT. The observed nuclear condensation and fragmentation degraded 

nucleic acids into their bases and nucleotides. ZnPcSmix primarily localises in 

mitochondria and could have induced mitochondrial damage after irradiation. 

Such damage was evident with the release of mitochondrial proteins including 

AIF that mediates nuclear condensation, cytochrome C and other 

apoptogenic factors. Such proteins trigger further cell degradation after the 

formation of apoptosomes in the cytosol. The apoptosomes activate more 

proteins including caspase-3, which is the main effector of apoptosis. 

Caspase-3 causes DNA damage and other caspase activation. The 
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overexpressed caspase-2 induced stress and apoptosis by the release of 

cytochrome C, AIF and smac proteins. The release of cytochrome C as a 

response to the overexpression of caspase-2 confirmed the action of 

apoptotic proteins and the induction of the mitochondrial apoptotic pathway 

following PDT. 

 

 

The uptake and retention of ZnPcSmix in MCF-7 human breast cancer cells 

was studied and the PS localised in lysosomes, mitochondria and around the 

nuclei (the Golgi apparatus). These sites are common targets of 

photosensitisation. Diffusion across the cell membrane was the most likely 

mode of entry. PSs may undergo relocalisation after irradiation and these 

sites are therefore identified as the primary sites. Besides effective subcellular 

uptake, the PS had no or minimal effect in the dark. Both cells treated with 

ZnPcSmix alone or irradiation alone did not present any significant change 

compared to the untreated control cells. However, when ZnPcSmix and 

irradiation were associated during PDT, cell damage occurred in a dose 

dependent manner. At lower concentrations, ZnPcSmix did not induce 

significant changes, but as the concentration increased the phototoxic effects 

became more pronounced. ZnPcSmix is an effective inducer of singlet oxygen 

with improved photo-oxidising abilities. The PS displayed appreciable 

photosensitivity at a low concentration when compared to Hypericin. ZnPcSmix 

was able to induce cell damage at a concentration 8 times lower than that of 

Hypericin. Our study demonstrated that apoptotic cells are the most abundant 

and also favoured by ZnPcSmix which is localised in mitochondria. Disruption 

of mitochondrial membrane function may be responsible for apoptotic events 

such nuclear condensation and fragmentation. Furthermore, three genes that 

are involved in the apoptotic cell death pathway were found to be up-

regulated. Apoptosis is a cell death mechanism that removes toxins and DNA 

fragmentation ensures the genetic stability and removal of damaged cells. 
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Additionally, caspase-2 triggered the release of apoptogenic proteins, which 

lead to more damage. ZnPcSmix mediated PDT effects led to an efficient cell 

death response in the MCF-7 cell line. The opportunity of controlling the 

mechanism of cell death has a great importance in the clinical context and the 

mitochondrial apoptotic pathway can be regulated, therefore it is a suitable 

mode of cell death for clinical studies.  

 

 

In conclusion, ZnPcSmix was successfully taken up and retained in the 

mitochondria, lysosomes and around the nuclei of MCF-7 human breast 

cancer cells. The activated PS exhibited good photosensitising characteristics 

and induced a decrease in cell viability and proliferation, and an increase in 

cytotoxicity. At a concentration 8 times lower than that of Hypericin and when 

used in conjunction with irradiation at 10 J/cm2, the PS led to 50% decrease 

in viability and the combination was used to study the cell death. An increase 

in apoptotic cell population, nuclear degradation and an increase in 

expression of three apoptotic genes were observed 24 h post PDT. Apoptosis 

was identified as the induced cell death pathway. However, the retention of 

ZnPcSmix on normal cells and effects on blood vessels, inflammation and 

immune response in situ neoplasia need to be studied and if they are found to 

be limited, future work would be advised to determine whether the results 

obtained in this in vitro study, could be applied in a clinical situation. 
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APPENDIX A 

LIST OF CONSUMABLES 

 

Table A1: List of consumables used throughout the study. 

Items Catalogue Number Company 

AE buffer 19077 Qiagen 

Amphotericin-β P11-001 PAA Laboratories GmbH 

AnnnexinV-FITC/PI 
apoptosis detection kit for 
apoptosis and necrosis 
(for flow cytometry): 

A2214 Sigma Aldrich 

alamarBlue® DAL1100 Sigma Aldrich 

Biofreezing medium F2270 Biochrom 

CellTiter-Glo® 
Luminescent Cell Viability 
kit 

G7570 Promega 

Centrifuge tube, 50 ml, 
PP flat top, sterile, bulk 

CR430829 Corning Products 

Clear nail varnish NY11553 Sally Hansen®DIV. DIST 
Cryogenic vial, Int-thread, 
2 ml, round 

CR430489 Corning Products 

Culture dishes  430165 Adcock Ingram 
Coverslips CG88 Lasec 
Cyto Tox96® non-
radiactive cytotoxicity 

G1780 Promega 

4’6-diamidine-2-
phenylindole (DAPI) 

AP402-0010 Sigma Aldrich 

1 mlDisposable pipette BD357522 Beckson Dickinson 
2 ml Disposable pipette BD357507 Beckson Dickinson 
5 ml Disposable pipette BD357543 Beckson Dickinson 
10 ml Disposable pipette BD357551 Beckson Dickinson 
25 ml Disposable pipette BD357525 Beckson Dickinson 
Dulbecco’s Modified 
Eagle Medium 

INV41966-029 Gibco Invitrogen 
Corporation 

ELISA cell death 
detection kit 

11774425001 Roche 

Eppendorf®, Microtubes Z666521 Sigma Aldrich 
Eppendorf®, Microtubes Z666505 Sigma Aldrich 
Eppendorf®, Microtubes Z666515 Sigma Aldrich 
Ethanol absolute 32221 Sigma Aldrich 
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Falcon (5ml) Polystyrene 
round bottom tube 

BD352054 Beckson Dickinson 

Foetal bovine serum A15-101 PAA Laboratories GmbH 
37% Formaldehyde 
solution 

F8775 Sigma Aldrich 

Glass slides MG42 Lasec 
Hanks balanced salt 
solution 

INV14170088 Gibco Invitrogen 
Corporation 

Heavy Tin foil 6001007162603 Pick n’ Pay 
Hoechst 33258   H6024 Sigma Aldrich  
Human malignant breast 
cancer cell line MCF-7 

ATCC: HTB 22 Sigma Aldrich 

Latex Gloves, medium, 
powder free 

EV40511 Scientific Group 

Microscope slides, 
frosted one side 

CLS294875 Corning Products 

Penicillin-streptomysin P11-010 PAA Laboratories GmbH 
Phosphate buffered 
saline 

P3744 Sigma Aldrich 

Propyl gallate, Fluka 02370 Sigma Aldrich 
Quant-ITTM RNA assay  Q32852 Gibco Invitrogen 

Corporation 
QuantiTect Reverse 
transcription kit 

205311 Qiagen 

RNeasy kit 74104 Qiagen 
RT2 profiler PCR array 
human cell death 

330231-A-12 PAHS-
212A 

SABioscienes 

RT2 qPCR SYBR 
Gree/ROX  

330522 SABioscienes 

Tissue culture dish 3.3 
cm2 diameter 

BD/353001 Beckson Dickson 

Tissue culture flask 25 
cm2, angled neck, vent, 
sterile 

CR/423052 Corning Products 

Tissue culture flask 75 
cm2, canted neck, anti-tip, 
vent, sterile 

CR/430641 Corning Products 

Tissue culture flask 175 
cm2, canted neck, vent, 
sterile 

CR/431080 Corning Products 

Triton X-100   T9284 Sigma Aldrich 
Trypan Blue powder T6146 Sigma Aldrich 
TryplExpress INV12605028 Gibco Invitrogen 

Corporation 
Universal fit pipette tips,1- CR4798 Corning Products 
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200 µl, Natural, Bulk 
Universal fit pipette 
tips,100-1000 µl,Bulk 

CR4868 Corning Products 

ZnPcSmix powder, molar 
mass:883g/mol 

 Synthesised and donated 
by Prof Tebello Nyokong 
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APPENDIX B 

LIST OF CHEMICALS, SOLUTIONS AND MEDIA  

 

Table B1: List chemicals, solutions and media used during the study. 

MCF-7 Cell culture 

Complete DMEM for  

cell growth with 10% 

FBS 

DMEM 44.5 ml 

 FBS 5 ml 

Penicillin-streptomycin 0.25 ml 

Amphotericin 0.25 ml 

Complete DMEM for  

cell growth with 20% 

FBS 

DMEM 39.5 ml 

 FBS 10 ml 

Penicillin-streptomycin 0.25 ml 

Amphotericin 0.25 ml 

Photosensitisers 

0.0005 M ZnPcSmix 

(stock) 

ZnPcSmix powder 0.0005 g 

0.01 M PBS 1.25 ml 

0.0005 M Hypericin 

(stock) 

Hypericin powder 1 mg 

DMSO 4 ml 

Sterilisation 

70% Ethanol Absolute ethanol 70 ml 

Autoclaved distilled water 30 ml 

Experiments 

1 µg/ml Actinomycin D Powdered Actinomycin D 1 mg 

DMSO 0.8 ml 

1x Annexin V-FITC/PI 10x binding buffer 

Autoclaved distilled water 

1.7 ml 

17 ml 

Powdered Propidium Iodide 

1x binding buffer 

250 mg 

1 ml 

 

ATP Cell Titre-Glo ATP Cell Titre-Glo buffer 1 ml 



133 
 

reagent ATP Cell Titre-Glo substrate 0.007 mg 

0.01 M PBS Phosphate buffered dry saline 

powder 

1 packet 

Autoclaved distilled water 1 l 

0.1 mg DAPI 5 mg/ml DAPI (stock) 0.2 ml 

Autoclaved distilled water 9.8 ml 

3.5% Formalin solution 37% Formaldehyde solution 9.5 ml 

Autoclaved distilled water 90.5 ml 

10 mg/ml Hoechst stock Powdered Hoechst 0.001 g 

Autoclaved distilled water 1 ml 

LDH reconstitute  

substrate 

LDH assay buffer 1.2 ml 

LDH substrate mix 0.012 g 

0.1 M Propyl gallate in 

solution with glycerol  

and PBS 

Powdered Propyl gallate 0.212 g 

Concentrated glycerol 9 ml 

0.01 M PBS 1 ml 

0.5% Trixton-100 Trixton-100 0.5 ml 

Autoclaved distilled water 99.5 ml 

0.4% Trypan blue Powdered Trypan blue 0.4 g 

HBSS 100 ml 
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APPENDIX C 

CALCULATIONS 

 

C1. Calculation of cell viability 

• For cell viability assays the percentage of viable cells was determined 

after using the Trypan blue exclusion assay. 

• Once 100 µl of cellular suspensions were stained with 0.4% ( w/v) 

Trypan blue in HBSS, and transferred to the hemocytometer slide 

which was placed under a light microscope they were counted using 

the 10 x objective .  

• The number of viable cells which remained unstained and so were 

clear in colour were noted and the number of non viable cells which 

stained blue was noted. 

• All five squares of both chambers of the hemocytometer were counted. 

• An average count of viable cells which per square was determined by 

adding up the total number of viable cells per all the squares   counted 

on the hemocytometer and dividing this total number by 10 (the total 

number of square counted on the hemocytometer). 

• An average count of non viable cells per square was determined by up 

the total number of non viable cells per the entire square counted on 

the hemocytometer and dividing this total number by 10 (the total 

number of squares counted on the hemocytometer. 

• The average number of total cells per square was determined by 

adding the average count of viable cells per square to the average 

count of non viable cells per square. 

• The percentage of viable cells pen an experimental or control group 

calculated using the following formula: 

         % cell viability = (average count of viable cells per square) x 100 

                                     (average number of total cells per square) 
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C2. Calculation of cell seeding for culturing of cell in flasks 

• The number of viable cells obtained during cell viability calculation (C1) 

was multiplied by the total resuspension volume of cell media. 

• Once the total number of viable cells contained within the total 

resuspension volume of cell media was determined, the seeding ratio 

of cells per a cm2 was divided by this number, in order to obtain the 

volume of cells required to cover a cm2 surface area of the flask. 

• This number was then multiplied by the total surface area of the actual 

culture flask and the volume of the cells from the cell suspension that 

had to be added to the culture flask in order to obtain the correct 

seeding ratio of cells would be acquired. 

• Example calculation: if the average count of viable cells per a square 

after performing a Trypan blue was 180, and the cell pellet was 

resuspended in 5 ml of complete culture media and you wanted to 

produce a 75 cm2 cell culture flask with a seeding ratio of 5X105 

cells/cm2 the following  would perform calculation: 

• Viable cells = (180 viable cell / square) (10) (104) 

•                              = 1.8 x 107 cells / ml  

• 1.8 x 107 cells x 5 ml = 9 x 107 cells / 5 ml 

• (5 x 105 cells /cm2) / (9 X 107 cells / 5ml) = 0.005 ml/cm2 

• (0.028 ml/cm2) (75 cm2) =0.375 ml 

• Therefore from the 5 ml cell suspension you would remove 0.375 ml 

and pipette it into a 75 cm2  cell flask containing complete cell culture 

medium in order to seed  the flask at a ratio of 5 x 105 cells/cm2 

 

C3. Calculation of cell seeding for cryopreservation 

• The number of viable cells obtained during cell viability calculation (C1) 

and was divided by the required cryopreservation seeding ratio of cells 

(4 x 106) in order to obtain the volume of freezing media to be added.  
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• After centrifugation, the determined volume of freezing media was 

added to resuspend the cells and then 2 ml was allocated to each 

cryovial, in order to acquire the correct seeding ratio. 

 

Example calculation: if the average count of visible cells per a square after 

performing a Trypan blue was 160, and the cell pellet was suspended in 5 ml 

of HBSS and you wanted to cryopreserve cells with a seeding ratio of 4 x 106 

cells/ml. 

Calculation: 

• Viable cells / ml = (160 viable cells/ square)(10) (104) 

•                                 =1.6 x 107 cells /ml  

• 1.6 x 107 cells / ml x 5 ml =8 x 107 cells / 5 ml  

• (8 x 107 cells) / (4 x 106 cells) = 20 ml cryovials  

• 20 ml / (2 ml of cell suspension per vial) = 10 cryovials  

 

C4. Calculation for seeding of cell culture plates  

• To calculate the cell seeding ratio into a culture plate, the number of 

viable cells (C1) per ml, was multiplied by the total suspension volume 

cell media. 

• Once the total number of viable cells contained within the total 

suspension volume of the cell media was determined, this number was 

divided by the required culture plate seeding ratio of cells, in order to 

obtain the number of cell culture plates the cell suspension could 

produce. 

• The total suspension volume of cell media was then divided by the 

total of culture plate the cellular suspension could produce, obtaining 

the volume of cellular suspension to be added to each culture plate in 

order to acquire the correct seeding ratio. 

• The volume of cellular suspension to added to each culture plate was 

then subtracted from the volume of complete cell culture medium to be 
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contained within the culture plate in order to obtain the correct volume 

of complete cell culture medium to be added to each culture plate, 

before adding the calculated volume of cell suspension so each culture 

plate contained the exact same volume of culture media. 

 

Example calculation: if the average count of viable cell per cells per square 

after performing a Trypan blue was 80, and the cell pellet was resuspension 

in 2 ml of complete culture media and you wanted to calculate how many 3.3 

cm3 in diameter culture plates containing 3 ml of complete culture medium 

could be produced with a seeding ratio of 5 x 105 cells / 3.3 cm3, then would 

perform the following calculation: 

 

 Viable cells / ml = (80 viable cells / square)(10)(104) 

                                     =8 x 107 cells / ml  

 8 x 107 cells /ml x 2 ml = 1.6 x 108 cells / 2 ml  

 (1.6 x 108 cells / 2ml ) / (5 x 105 cells / 3.3 cm2) = 320 plate 

 (2 ml )/(320 culture plates)= 0.00625 ml of cell resuspension per 

culture plate 

 (3 ml volume of complete culture medium ) – (0.00625 ml of cell 

resuspension per culture plate) = 2.99375 ml of complete cell culture 

medium to be added to the culture plate. 

 Therefore from 2 ml cellular resuspension you would remove 0.00625 

ml and pipette it into a 3.3 cm3 in diameter culture plate containing 

2.99375 ml of complete cell culture medium, in order to obtain a culture 

plate which contains a total volume of 3 ml of complete culture medium 

and seeding ratio of 5 x 105 cells / 3.3 cm3. 
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C5. Calculation of working concentration of 0.5 µM Hypericin   

•  A stock solution of 0.5 mM Hypericin was made. 

• The culture plate contained 1 ml of relevant complete medium. Thus if 

you wanted to add working concentration of 0.5 µM Hypericin  which  

is equivalent to 0.0005 mM Hypericin to this culture  plate the stock 

concentration of  0.5 mM Hypericin would have to be diluted 

• The following calculation was done: 

 C1 V1 = C2 V 2  

 (0.5 mM Hypericin) V1 = (0.0005 mM Hypericin) (1 ml of medium)  

 V1 = 0.001 x 1 ml = 1 µl 

• Therefore 1 µl of the stock solution of 0.5 mM Hypericin 

photosensitiser was added to the culture plate which contained 1 ml of 

relevant complete growth culture medium in order to acquire a working 

concentration of 0.5 µM Hypericin. 

• Similar calculations were performed for the other working 

concentrations of Hypericin used and for the ZnPcSmix. 

 
Table C1: Calculation of Hypericin (stock) volumes that were added for different 

concentrations.  

0.5 mM Hypericin 
Working concentration 
tested in human metastatic 
melanoma dose response 
essay  

Calculated volume of 
Hypericin added to culture 
plate of cells containing 1ml 
of media  

0.5 µM Hypericin 1 µl 

1 µM Hypericin 2 µl 

1.5 µM Hypericin 3 µl 

2 µM Hypericin 4 µl 

4 µM Hypericin 8 µl 

6 µM Hypericin 12µl 
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Table C2: Calculation of ZnPcSmix (stock) volumes that were added for different 

concentrations.  

0.5 mM ZnPcSmix 

Working concentration 
tested in human metastatic 
melanoma dose response 
essay  

Calculated volume of 
ZnPcSmix Hypericin added to 
culture plate of cells 
containing 1ml of media  

0.05 µM ZnPcSmix  0.1 µl 

0.1 µM ZnPcSmix  0.5 µl 

0.5 µM ZnPcSmix  1 µl 

1 µM ZnPcSmix  2 µl 

 

 

C6. Calculation average laser irradiation times for the diode lasers 

•    The output power of the 594 nm diode laser was 99 mW  

•    The following formula was used to calculate all laser irradiation times: 

mW x 4   = mW/cm2 

                                               π(r)2 

 

mW/cm2  = W/cm2 

                                                  1.000 

 

                          Energy fluence (J/cm2) = Time (s) 

                                Work (W/cm2) 

 

                                                  Time (s) = Time (X min) 

                                                      60 

                                              X min x 60 = Y  

                          Time (s) – Y = Seconds to add to X min  
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C7. Purity of nucleic acid 

 

Table C3: Absorbance ratios of samples used for gene expression analysis. 

 A260/280 ratio 

  RNA cDNA 

 

Untreated control 

samples 

1.84 1.86 

1.90 1.91 

1.85 1.83 

1.89 1.92 

 

ZnPcSmix treated 

samples 

1.89 1.88 

1.90 1.87 

1.84 1.85 

1.88 1.91 

 

PDT treated 

samples 

1.92 1.93 

1.89 1.87 

1.94 1.86 

1.87 1.88 
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APPENDIX D 

ETHICAL APPROVAL  
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APPENDIX E 

RT-PCR RESULTS 

 

Gene expression profiling (p-values) 

Table E1: The p-values of genes analysed during the RT-PCR array.  

Position Symbols p-value (comparing to control group) 
  ZnPcSmix treated PDT treated 

A01  ABL1 0.220 0.280 
A02  AKT1 0.823 0.137 
A03  APAF1 0.365 0.999 
A04  APP 0.221 0.323 
A05  ATG12 0.310 0.304 
A06  ATG16L1 0.482 0.247 
A07  ATG3 0.859 0.240 
A08  ATG5 0.159 0.398 
A09  ATG7 0.204 0.274 
A10  ATP6V1G2 0.982 0.208 
A11  BAX 0.249 0.089 
A12  BCL2 0.106 0.049 
B01  BCL2A1 0.142 0.963 
B02  BCL2L1 0.094 0.258 
B03  BCL2L11 0.144 0.160 
B04  BECN1 0.915 0.251 
B05  BIRC2 0.888 0.534 
B06  BIRC3 0.062 0.348 
B07  BMF 0.238 0.243 
B08  C1orf159 0.435 0.341 
B09  CASP1 0.166 0.096 
B10  CASP2 0.129 0.005 
B11  CASP3 0.184 0.114 
B12  CASP6 0.213 0.100 
C01  CASP7 0.293 0.291 
C02  CASP9 0.225 0.444 
C03  CCDC103 0.563 0.653 
C04  CD40 0.353 0.590 
C05  CD40LG 0.861 0.142 
C06  CFLAR 0.746 0.119 
C07  COMMD4 0.243 0.178 
C08  CTSB 0.594 0.489 
C09  CTSS 0.490 0.228 
C10  CYLD 0.227 0.082 
C11  DEFB1 0.166 0.337 



143 
 

C12  DENND4A 0.215 0.646 
D01  DFFA 0.223 0.043 
D02  DPYSL4 0.425 0.829 
D03  EIF5B 0.197 0.370 
D04  ESR1 0.736 0.415 
D05  FAS 0.237 0.375 
D06  FASLG 0.166 0.096 
D07  FOXI1 0.768 0.096 
D08  GAA 0.200 0.287 
D09  GADD45A 0.301 0.996 
D10  GALNT5 0.934 0.237 
D11  GRB2 0.442 0.668 
D12  HSPBAP1 0.972 0.415 
E01  HTT 0.982 0.504 
E02  IFNG 0.122 0.096 
E03  IGF1 0.166 0.098 
E04  IGF1R 0.761 0.325 
E05  INS 0.181 0.096 
E06  IRGM 0.166 0.096 
E07  JPH3 0.544 0.631 
E08  KCNIP1 0.166 0.096 
E09  MAG 0.267 0.673 
E10  MAP1LC3A 0.288 0.491 
E11  MAPK8 0.921 0.391 
E12  MCL1 0.242 0.452 
F01  NFKB1 0.346 0.484 
F02  NOL3 0.200 0.206 
F03  OR10J3 0.396 0.096 
F04  PARP1 0.211 0.117 
F05  PARP2 0.391 0.331 
F06  PIK3C3 0.442 0.484 
F07  PVR 0.460 0.478 
F08  RAB25 0.379 0.156 
F09  RPS6KB1 0.146 0.167 
F10  S100A7A 0.166 0.096 
F11  SNCA 0.241 0.099 
F12  SPATA2 0.297 0.430 
G01  SQSTM1 0.530 0.312 
G02  SYCP2 0.662 0.669 
G03  TMEM57 0.679 0.522 
G04  TNF 0.529 0.741 
G05  TNFRSF10A 0.163 0.428 
G06  TNFRSF11B 0.203 0.191 
G07  TNFRSF1A 0.154 0.112 
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G08  TP53 0.107 0.301 
G09  TRAF2 0.441 0.485 
G10  TXNL4B 0.509 0.155 
G11  ULK1 0.929 0.057 
G12  XIAP 0.245 0.094 
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APPENDIX F 

LIST OF PUBLICATIONS 

 

 

 

 

 



146 
 

 



147 
 

 



148 
 

 



149 
 

 



150 
 

 

 

 



151 
 

 



152 
 

 



153 
 

 



154 
 

 



155 
 

 



156 
 

 



157 
 

 



158 
 

 



159 
 

 



160 
 

 



161 
 

 



162 
 

 



163 
 

 



164 
 

 



165 
 

 



166 
 

 

 

 

 

 

 



167 
 

 

 

 

 



168 
  



169 
 

 



170 
 

 



171 
 

 


	COPYRIGHT AND CITATION CONSIDERATIONS OF A THESIS
	Mfouo-Tynga_2013

