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EXECUTIVE SUMMARY

Cancer is a disease that occurs following mutations in the genes, which
control cell growth. These mutations are caused by different causes and
viral infections are among those. Cancer cells can conquer other cells and
tissues causing changes to their deoxyribonucleic acids (DNA). Cancer
appears almost incurable once it has started to metastasize and invade
other body organs. At that stage, any therapeutic intervention was believed
to cause more harm than curative effects (Gallucci, 1985; Kardinal and
Yarbro, 1979). Late diagnosis and treatment reduces the possibility of an
effective cure (He et al., 2007). The development of a malignant tumour
from cells in the breast is known as breast cancer. Breast cancer is generally
initiated in the stromal cells, which are fibrous and fatty tissues, or in the
glandular cells; which produce breast milk (American Cancer Society,
2014). Breast cancer is the leading cancer among women and cause of
cancer death worldwide (Ferlay et al., 2008). It is a heterogeneous disease
with several markers, which are essential for diagnosis and include the
estrogen receptors (ER), progesterone receptors (PR) and human
epidermal growth factor receptor 2 (HER-2) (Mosoyan et al., 2013; Yang et
al., 2013).

Like all cancer, breast cancer can be cured if diagnosed at an early stage.
Treatment of cancer has evolved from palliative therapies to conventional
therapies, which consist of surgery, hormonal therapy, radiation therapy,
immunotherapy, chemotherapy, and adjuvant therapy. (Gallucci, 1985;
Kardinal and Yarbro, 1979). Photodynamic therapy (PDT) has become
popular as an alternative cancer treatment modality. PDT depends on
molecular oxygen and photodynamic action for effective cancer destruction
(Von Tappeiner and Jesionek, 1903; Von Tappeiner and Joblauer, 1904).
Today, PDT is designated as a chronological and minimally invasive cancer
therapy with numerous benefits over conventional treatments. The initial

step of this therapy consists of the administration of drugs to patients,



commonly known as photosensitizers (PSs); which refers to the light
sensitivity features of these compounds. Photosensitizers are formulated in
a specific manner that confers them to a limited biodistribution, low dark
toxicity (inactive state) and affinity to highly proliferating cells such as cancer
cells (Brown et al., 2004; Castano et al., 2004; Peng et al., 2009, Agostini
etal., 2011). The third generation PSs have minimal accumulation in normal
tissue and maintain a high tumour binding specificity (Konan et al., 2002;
Hudson et al., 2005; Staneloudi et al., 2007). Furthermore, Staneloudi et al.
(2007) found that PSs conjugated to biomolecules such as single-chain
monoclonal antibody fragment, are also more effectively cleared from the

circulation than first and second generation PSs.

The engineering of small particles led to nanotechnology, an
interdisciplinary field that enables exceptional interactions with molecules
both on the surface of and inside cells (Wei, 2012; Cai and Chen, 2007). In
nanomedicine, nanoparticles (NPs) are applied to medicine and can be
simultaneously used as medical imaging agents, therapeutic agents,
diagnostic agents, active implant agents or drug delivery agents (Selim and
Hendi, 2012). Nanoparticles have attracted attention because of the surface
to mass ratio, the quantum properties, and the capability of NPs to absorb
and carry others compounds (Buzea et al., 2007; Chaturvedi et al., 2012;
Lubick and Betts, 2008). Drug delivery NPs are commonly used in
nanomedicine and offer additional advantages such as improving drug
therapeutic effect and pharmacological properties. They do so by enhancing
the solubility of poorly water soluble drugs, altering pharmacokinetics,
improving bioavailability, improving specificity toward targeted cells and
extending drug half-life (Bednarski et al., 2015). In this study, we aimed to
conjugate NPs to a second generation PS and determine the photo-induced
cell damage of the multiple particles delivery complex (MPDC) in breast

cancer cells.



A dose response study was performed on a commercially available breast
cancer cell line (MCF-7), cultured as monolayer, treated with two gold NPs
(AuNPs and AuDENPSs) and irradiated to evaluate the light-induced cell
damage and identify the NPs, to be conjugated to a sulfonated Zinc
Phthalocyanine (ZnPcSmix). Two concentrations of NPs were used (1 and 3
mM) and laser irradiation was done using a 532 nm diode laser at fluences
of 5, 10 and 15 J/cm? before assessing cell viability (trypan blue exclusion
assay), proliferation (Adenosine triphosphate (ATP) luminescence assay)
and cytotoxicity (lactate dehydrogenase (LDH) membrane integrity assay).
Conjugated compounds or MPDC were synthesized and characterized by
ultraviolet visible (UV-Vis) and Fourier transform infrared (FTIR or IR)
spectroscopies, transmission electron microscopy (TEM) and Zeta potential
analysis for absorption peak, FTIR spectral shift and identification of new
functional groups, shape and size, and surface charge and size distribution,

respectively.

In order to determine the optimal concentration of conjugate to be used for
the cell damage study, a second dose response was conducted using 5
concentrations (0.1, 0.3, 0.5, 0.7 and 0.9 uM) of conjugate and one laser
fluences (10 J/icm?) before assessing cell viability, proliferation and
cytotoxicity. Thereafter, the ultimate study was conducted using 0.3 uM
ZnPcSmix-AuUDENPs (MPDC) and 10 J/cm? laser fluence using a 680 nm
diode laser. Cell damage was assessed by inverted light microscopy for cell
morphology; fluorescent microscopy for subcellular localization; Apoptox-
Glo triple assay for all cell viability, caspase activity and identification of
cytodamage markers; flow cytometric analysis for both cell death pathways
and mitochondrial membrane potential, enzyme linked immunosorbent
assay (ELISA) for cytochrome C release and real-time reverse transcriptase
polymerase chain reaction (RT-PCR) array for gene expression following
MPDC-mediated PDT.

\



The first dose response revealed that gold encapsulated dendrimers
(AUDENPSs) were the most suitable NPs for photo-induced cytodamage and
were used for conjugation to a second generation PS (ZnPcSmix). Results
showed that AuNPs induced a significant increase in cytodamage in a light-
dependent (irradiated AuNPs) and light-independent manner (unirradiated
AuNPs). AuDENPs were better photo-destructive agents and induced

significant cytodamage only with the irradiated AUDENPSs.

Characterization analysis revealed that MPDC had an absorption peak at
674 nm, and FTIR spectra peak shifts at 3126.12 and 1636.56 when
compared to those of AUDENPs (3341.86 and 1640.23, respectively) and at
3126.12, 1636.56, 1400.42 and 501.19 when compared to those of
ZnPcSmix (3529.39, 1638.50, 1400.46 and 638.35, respectively). New
functional groups were identified in MPDC and confirmed successful
conjugation. MPDC had a spherical shape and a size of less than 5 nm in
diameter. The zeta potential revealed a surface charge of +36 mV. The size
distribution analysis indicated than more than 95% of MPDC has an average
diameter of 5 nm (approximately) and no further purification procedure was
required. MPDC had good physical and photosensitizing properties, which
had therapeutic importance as 674 nm is in the near infrared region of the

spectrum (therapeutic window).

The photosensitizing abilities of the conjugate were tested in the second
dose response, which showed a decreased cell viability around 50% when
MCF-7 cells were treated with 0.3 uM MPDC and a laser fluence of 10
Jicm?. These parameters were used to conduct the cell damage
experiment. Subcellular localization of any PS has a critical importance for
the induction of cytodamage. MPDC localized in mitochondria and
lysosomes, which are the preferred subcellular localization sites for PSs.
The laser activated MPDC in PDT treated cells caused significant change
in cell morphology and the appearance of apoptotic-like morphological

features. Increase in cytotoxicity, caspase activity, cell depolarization and

VI



level of cytochrome C release was identified with PDT-treated cells. Finally,
the primary response of PDT on the expression of genes involved in cell
death pathways was investigated. Four genes were affected and the
upregulation of BAX, BCL-2, CASP2 and ULK-1 genes subsequent to PDT

was observed.

This study showed that the therapeutic efficiency of NPs and second
generation PSs can be improved by combination of these two agents.
MPDC demonstrated effective photo-damaging capability with relatively low
concentration when compared to ZnPcSmix or AUDENPs mediated-PDT.
Even at the low dose used during the cell damage study, the MCF-7 cells
were still sensitive to the treatment. The induction of mitochondrial
dependent (intrinsic) apoptosis is likely to be the main mode of cell death.
Evidence of induction of autophagy (seen by the upregulation of the ULK-1
gene) and probable formation of autophagosomes may indicate the means
of killing the cancer cells more effectively. The gene expression profile
confirmed that the cell destruction is due to PDT and eliminated the
suspicion of an accidental cell death scenario, which mostly occurs during
necrotic responses. Future work should be conducted on both monolayer
and multicellular tumour spheroid MCF-7 cells and further combination of
the ZnPcSmix-AUDENPs compound to antibodies that are specific to breast

cancer.
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Global Cancer burden. An estimated 14.1 million cases were
reported with lung (13%), breast (12%), bowel (10%) and
prostate (8%) been the most diagnosed cancers. Meanwhile,
deaths due to cancer totaled to 8.2 million with lung (19%),
liver (9%), stomach (9%) and prostate (8%) being the most
common (Cancer Research UK, 2014).

Anatomy of the breast. During lactation, milk moves from the
alveoli through the lactiferous ducts to the nipple
(http://cnx.org/contents/9ccchad9-6490-4e5b-a366-
9991b7dbc56c@4).

Conventional therapy modalities. Cancer cells are removed
through surgery, destroyed by radiation or through an
administered drug (http://www. hirt-
japan.info/en/what/difference.html).

Light penetration into tissue is a function of the wavelength.
Shorter wavelengths have minimal penetration and are
absorbed by the majority of systematic chromophores, while
at longer wavelengths in the red to near infrared region the
penetration is deeper (http://www.ilightpro.com/What-is-
IPL/Benefits-of-IPL.aspx).

Porphyrin structure (Chemistry About, 2009).

Mechanism of action in photodynamic cancer therapy.
Following diagnosis, a photosensizer is administrated and
preferentially accumulates in neoplastic cells. Light activation
leads to the destruction of cancerous cells and tissues
(Regehly, 2008).

Modified Jablonski energy level diagram for photodynamic
therapy (PDT). This therapy requires three elements: a
photosensitizer (PS), light, and molecular oxygen (O2). So, S1
and Sn indicate ground or zero, first and n order of the singlet
electronic state of PS, respectively. T1 represents the triplet
state of the excited PS. The molecule undergoes intersystem
crossing (ISC) and triplet state PS interacts with O,
generating different ROS, which cause cytotoxicity and
subsequent cell death (Majumdar et al., 2014).

Type | and type Il photoreactions, where 1P is the PS in the
singlet ground state, 3P* is PS in the triplet excited state, S
is a substrate molecule, P-is reduced PS, S* is an oxidized
substrate molecule, Oz is molecular oxygen (triplet ground
state), Oz is the superoxide anion, 20z is triplet ground-state
oxygen, 10z is singlet excited state oxygen, and S (O) is an
oxygen adduct of a substrate.

Synthesis of phthalocyanine (Swavey and Tran, 2013).

Pathways of PDT-induced tumor cell death or destruction.
The antitumor effects of PDT include three main
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mechanisms: direct tumor cell killing, vascular destruction
and immune system activation. (Anaphase-promoting
complexes, APCs; hypoxia-inducing factors, HIF; vascular
endothelial growth factor, VEGF; cyclooxygenase-2)
(http://www.hindawi.com/journals/ijp/2012/637429/fig5/).

Generations of nanostructures. Passive nanostructures
made up the first generation and consist of dispersed,
contact and products incorporating nanostructures. The
second generation nanostructures are active with distinctive
biological and physico-chemical characteristics.
Nanosystems form the third generation while the fourth
generation, or molecular nanosystems, are integrated
nanosystems (Center for Responsible Nanotechnology,
2002).

Multifunctionality of nanoparticles and percentage of
application. Drug delivery and diagnostics are the most
common applications of nanoparticles (Wagner et al., 2006).

Many nanoparticles have been investigated for biomedical
and cancer applications (Cai et al., 2008).

General structure of a dendrimer. A dendrimer has a core
and several branching points. The number of termini is
determined by the number of generations
(http://lwww.horiba.com/scientific/products/particlecharacteri
zation/applications/pharmaceuticals/dendrimers/).

Synthesis of polybranched dendrimers. Dendrimers are
synthesized in a series of reactions, with the first reaction
(G0), having 1 protected site and 1 unprotected site in a
relatively standard conjugation. However, using GO's
product, G1 can be synthesized having 1 protected and 2
unprotected sites. By similar methods, G2 offers a 1:4 ratio
of reaction sites, G3 offers a 1:8 ratio, and G4 offers 1:16.
(Annam Pharma, 2013).

Schematic diagrams showing enhanced permeability and
retention of nanoparticles in tumors. Normal tissue
vasculatures are lined by tight endothelial cells, thereby
preventing nanoparticle drugs from escaping or
extravasation, whereas tumor tissue vasculatures are
hyperpermeable allowing preferential accumulation of
nanoparticles in the tumor interstitial space, known as
passive nanoparticle tumor targeting (Nie et al., 2007).

A schematic illustration of radiotherapy using nanopatrticles.
Once administrated, nanoparticles make their way to tumour
sites, where they accumulate. Light is absorbed by the
particle to heat the particle and surrounding tissue. Heat
produced will kill cells and light may also be used to produce
high energy oxygen molecules which will chemically react
with and destroy cells (Wijesena, 2015).
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Flow diagram of AuNPs, AuDENPs and MPDC mediated
PDT. The project comprised of MPDC synthesis and
characterization, dose response and cell damage 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 but received no PS.
Irradiation was done with a 536 or 680 nm diode laser for
AuNPs/AuDENPs and MPDC respectively. 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. PS
refers to AUNPs, AUDENPs or MPDC. Dose response 1 was
done with only nanoparticles and excludes morphology,
while dose response 2 was performed with MPDC.

Chemical structure of tetrasulfonatede zinc phthalocyanine,
one of the main components of ZnPcSmix. The mixture
consists of mono-, di-, tri- and tetrasulfonated mPcs
(http://www.google.com.gt/patents/EP2222791B1?cl=en).

Layout of the catalogued 96 well PCR Array. Wells Al
through G12 contain individual gPCR 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).

Absorption spectra of AUDENPs. The absorption peak of
AuDENPs is at 524 nm.

Absorption spectra of ZnPcSmix. The absorption peak of
ZnPcSmix is at 678 nm.

Absorption spectra of MPDC (AuDENPs-ZnPcSmix). The
absorption peak of AUDENPS-ZnNPcSnix is at 674 nm.

Comparative Infrared Spectra of samples. The bottom
spectra of AUDENPs showed 2 peaks, the middle spectra of
ZnPcSmix had 5 peaks and the top spectra of the MPDC with
8 distinct peaks (identications of new functional groups).

Transmission Electron Microscopy of MPDC (AuDENPs-
ZnPcSmix). The MPDC was spherical in shape with an
average size of less than 5 nm (3.53, 4.60, 3.23 and 5.24 nm
green scale).

Subcellular localization of MPDC in MCF-7 cells. DAPI-
stained nuclei (blue), Mito- and Lyso-tracker-stained
mitochondria and lysosomes (green), respectively. MPDC
(red) localized in both mitochondria and lysosomes and is
seen as the emergence of the yellowish tint between green
and red. Distinct blue fluorescence was seen (merged
image) as MPDC did not localize in the nuclei but in the
perinuclear area.
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Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Morphology of untreated, irradiated, MPDC-treated and
PDT-treated MCF-7 cells. No morphological change was
noted in irradiated- or MPDC-treated cells when compared to
untreated cells. Morphology of PDT-treated MCF-7 changed,
and changes included an elongation of cells, decrease in cell
number, detachment and rounding off (200x magnification).

Apoptox-Glo Cell viability assay in MCF-7 cells using
400/550 ex/em filter. When compared to untreated control
cells, the fluorescent signal of both laser-irradiated and
MPDC-treated cells did not present any major change in cell
viability. The irradiated MPDC exhibited a decrease in cell
viability and indicated as ** (p<0.01).

Apoptox-Glo Cytotoxicity assay in MCF-7 cells using
485/535 ex/em filter. When compared to untreated control
cells, the fluorescent signal of both laser irradiated and
MPDC treated cells did not present any major increased
toxicity. The irradiated MPDC exhibited an increase in
cytotoxicity, shown as ** (p<0.01).

Apoptox-Glo Caspase luminescence assay in MCF-7 cells.
When compared to untreated control cells, the luminescent
signal of both laser-irradiated and MPDC-treated cells did not
present any major increased caspase activity. The irradiated
conjugate displayed high luminescent signal, thus an
enhanced caspase activity and indicated as *** (p<0.001).

Evaluation of mitochondrial membrane potential using flow
cytometric analysis of JC-1 fluorometric stain. Percentage of
polarized (black) and depolarized (grey) mitochondrial
membrane potential were determined and compared to the
percentage of the corresponding mitochondrial membrane
potential of untreated cells. Only the PDT-treated cells
showed a change in mitochondrial membrane potential
(p<0.01).

Estimation of cytochrome C levels in untreated and treated
MCF-7 cells. Both cells treated with laser alone or MPDC
alone did not lead to an increased colorometric signal when
compared to the untreated cells. PDT-mediated cells showed
increased signal shown as *** (p<0.001) and evidence of
undergoing cell damage.

Gene expression profile of MPDC-treated cells was analyzed
using the Human Cell Death Pathway Finder Profiler™ 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 volcano plot. 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.

Gene expression profiles of PDT-treated MCF-7 cells with
0.3 uM MPDC and 10 J/cm? was analyzed using the Human
Cell Death Pathway Finder Profiler™ PCR Array System.
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Figure 34

Conjugate mediated PDT induced changes in gene
expression and BAX, BCL-2, CASP-2 and ULK-1 genes
were significantly up-regulated as represented in the volcano
plot. 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.

The primary response of conjugate-mediated PDT on the
expression of genes involved in cell death pathways was the
up-regulation of Ulk-1, Bax, Casp-2 and Bcl-2 genes. The
UIk-1 protein protonates and activates the FIP200. Ulk is part
of a protein complex containing Atg13, Atgl0 and FIP200
(autophagosome), which drives the subsequent cellular
damage and death. The Bax protein directly affects the
mitochondria while the Cas-2 protein is activated by reactive
oxygen species (ROS) and then Casp-2 transforms a
mitochondrial damaging protein into its truncated and
activated form (iBid). The p53-induced death domain
associated protein (PIDD) can also convert pro-Casp-2 into
the active Casp-2. Apoptogenic proteins (such as
Cytochrome C) released from mitochondria participate in the
assemblage of the apoptosome, activation of other effectors
(Casp-3/6/7) and cell death. Mitochondrial damage and
depolarization induce change in cellular ATP levels,
activation of the 5 adenosine monophosphate activated
protein kinase (AMPK) and AMPK-induced cell death. This
cell death response stimulates Bcl-2 protein to prevent
further cell damage.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Cancer refers to a group of diseases that are characterized by unregulated
cell proliferation throughout the body. Cancer is predicted to cause more
damage and its incidence is thought to increase by more than 80% by the
year 2030, especially in developing regions. Breast, colorectal and lung
cancers are the most diagnosed, and their incidences are related to
extended lifespan and increased cancer related risk factors such as
smoking, unhealthy diet and obesity (Centre for Disease Control and

Prevention, 2015; National Cancer Institute, 2015).

Photodynamic therapy (PDT) is a minimally invasive therapeutic approach
that targets and destroys cancers. This approach combines light, oxygen
and photochemical agents known as photosensitizers (PSs). Each PS is
activated by light irradiation at a precise wavelength, which matches the
absorption properties of the PS. Light activated PSs interact with molecular
oxygen leading to the generation of reactive oxygen species (ROS) such as
singlet oxygen, hydroxyl radicals, superoxide anions and hydrogen
peroxide. Generated ROS is cytotoxic and causes sequential cell damage
and eradication of cancer cells. Photosensitizers have a special affinity for
cancer cells and, hence, reduce the toxic effects to adjacent healthy cells.
PSs have attracted the interest of researchers as seen with the
development of first, second and now third generation PSs (Agostinis et al.,
2011; Calzavara-Pinton et al., 2007).

Abraxane, a nanoparticles-albumin-paclitaxel conjugate, has been
approved by the United States Food and Drug Administration (US-FDA) for
breast and lung cancer treatment, and marked the entry of nanotechnology



in cancer therapy (Gradisha et al., 2005; Casaluce et al., 2012).
Nanoparticles (NPs) have the ability to passively accumulate in tumours, a
mechanism known as the enhanced permeability and retention (EPR)
effect. Once inside a cell, NPs damage the vasculatures of tumour cells
(Torchilin, 2011; Maeda et al., 2006; Matsumura and Maeda, 1986).

1.2 Problem Statement

In Africa, it has been recognized that malaria, tuberculosis (TB), human
immune deficiency and acquired immune deficiency syndrome (HIV/AIDS)
are major heath-threatening conditions. Currently, cancer has emerged as
a major health problem in developing continents as the condition causes
more deaths than malaria, TB and HIV/AIDS, taken together. It is now the
most common condition on the continent, with 16 million new cases
diagnosed annually (World Health Organization, 2008). It was estimated
that South Africa could see an increase in incidence up to 78% in cancer
cases by 2030. Breast cancer is the most common occurring cancer in
South African women, and increased incidence is seen each year (Benn,
2009; Herbst, 2015).

Target therapy is a new treatment approach that aims to increase the
therapeutic efficacy by using conjugated compounds rather than one
therapeutic agent. In order to realize selective delivery, certain receptors on
the tumour cell surface have been identified as potential targets, and NPs
have the ability to recognize and bind to these receptors. NPs can be
conjugated to chemotherapeutic agents and deliver them into tumour cells
after uptake and internalization by receptor-mediated endocytosis (Aslain et
al., 2013; Torchilin, 2005).

In this study we intended on improving photo-induced cell damage in breast
cancer cells by combining NPs to a second generation PS, sulfonated Zinc-

Phthalocyanines (ZnPcSmix), which previously showed effective light-



induced cytodamage in various cancer cell lines. Using gold nanoparticles

(AuNPs), we wanted to determine the effects of AUNPs alone, irradiated

AuNPs, and AuNPs combined to ZnPcSnmix before and after irradiation. We

also wanted to determine the role of AuNPs at the centre of a dendrimeric-

PS hybrid, and how it would affect the therapeutic efficacy in vitro using a

MCF-7 breast cancer cell line.

1.3

Objectives of the Study

This objectives of the study were as follow:

to compare the light-induced effects of two gold structured
nanoparticles in a breast cancer cell line,

to combine the most suitable gold structured nanoparticle to
sulfonated Zinc-Phthalocyanine (ZnPcSmix),

to characterise the combined compounds also known as multiple
particles delivery complex (MPDC),

to determine the treatment parameters that leads to an approximately
50% decrease in cell damage,

to determine the subcellular localization of MPDC,

to identify the photo-induced mechanisms of cell damage
subsequent to MPDC-mediated PDT,

to elucidate the expression profile of genes involved in cell death
pathways.



CHAPTER TWO

LITERATURE REVIEW

2.1 Cancer

Vertebrate organisms consist of organ systems composed of several
functioning organs. Organs are made of tissues that are in turn made up of
numerous cells; the basic units of life. An individual consists of trillions of
living cells and regulatory mechanisms for proper control of cellular events
and activities, including cell growth, division and death (Cavalier-Smith,
1987; Pepper and Herron, 2008; Folse and Roughgarden, 2010). However,
when these mechanisms fail to regulate cellular activities, the cells begin to

grow out of control and become cancerous.

Cancer arises following cell malignant transformations, which render cells
self-sufficient and insensitive to regulate growth signals, and are able to
sustain angiogenesis and evade apoptosis, as well as to replicate
perpetually and invade neighboring cells and tissues. These
transformations are triggered by mutations that occur from exposure to
harmful chemicals, radiation, ultraviolet (UV) light, and genetic replication
inaccuracies. These mutagens alter the genetic material by altering the
structure and sequence of nucleotide bases. Errors occurring during cellular
replication, as well as in protein synthesis, are the principal consequences
and influence cell growth, division and aging (Jumaa et al., 2005; Hanahan
and Wienberg, 2000; Fadeel and Orrenius, 2005).

Subsequent to deoxyribonucleic acid (DNA) damage, normal cells activate
repair or death mechanisms to deal with the damage. While in cancer cells,
such damage remains unrepaired and stimulates further cell replication and
transformation. Such genetic modification can be acquired from parents

(inherited mutations), malfunctioning metabolism (hormones, immune



conditions) or inappropriate genetic replication. Additionally, external stimuli
such as cigarette smoke or sun exposure, and infections may cause tumour

formation through genetic damage and modification.

All these effectors may lead to cancer formation and may act together. After
exposure to cancer-inducing factors, an extended time lapse is usually
observed before symptoms become detectable in the form of a tumour. A
tumour is a swelling or abnormal mass of tissue that may be solid or not. A
tumour can be considered as pre-malignant or non-cancerous, also known
as benign, as they do not spread to other body parts (American Cancer
Society, 2014). Like leukemia, certain cancers do not form tumours, they
are usually comprised of blood or blood-forming particles and move into
other tissues where they mature. Though cancer may metastasize, they are
named based on their site of origin and differ in their manifestations and
required specific therapeutic approaches. As a consequence of the
uncontrolled spread of cancer cells, death of the entire organ and the
organism is usually the ultimate outcome (Bonnet et al., 2004; American
Cancer Society, 2014). Many cancers as seen today could have been
prevented, especially those caused by the heavy consumption of cigarette
and alcohol. In 2014, more than 31% of estimated cancer deaths was due
to tobacco use, and a similar proportion of cancer occurring in economically
developed countries was associated with poor eating habits and lifestyles
(American Cancer Society, 2014).

2.1.1 Burden of cancer

An approximated 12 million new cancer cases occurred annually worldwide,
with the majority located in developing regions. Cancers affecting the lungs,
female breasts, bowel and prostate glands are diagnosed more frequently
with lung cancer representing one tenth of all occurring cancers in men
(Figure 1). In 2012, a global estimation of 8.2 million lives were lost due to

cancer, and 60% of those were from developing regions. Lung, liver,



stomach and bowel cancers are the most deadly forms of cancers and
account for 50% of all cancer deaths worldwide. The most diagnosed and
also most damaging is lung cancer, which causes a fifth of cancer-related
deaths (Cancer Research UK, 2014).

Liver @ Stomach

Figure 1: Global Cancer burden. An estimated 14.1 million cases were reported with
lung (13%), breast (12%), bowel (10%) and prostate (8%) been the most diagnosed
cancers. Meanwhile, deaths due to cancer totaled 8.2 million with lung (19%), liver
(9%), stomach (9%) and prostate (8%) being the most common (Cancer Research
UK, 2014).

2.1.2 Cancer stages

From the time of exposure, to cancer inducible factors, to death, the cancer
cell evolves from its most undamaged form to its most devastating state,
and is known as the cancer stage. Staging is a comprehensible approach
to identify the tumour size, location, proliferating rate and metastasizing
ability. It provides health professionals with further information on the

physiological status of neighboring organs and predictions on the type of
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treatment and its efficacy, risk of recurrence and prognosis of the cancer
(American Society of Clinical Oncology, ASCO, 2015).

Most cancers have five stages. The first or stage 0, is characterized by a
cluster of cells that have become tumourous and start to proliferate. At this
stage the tumour is still small and highly treatable through standard surgical
removal. In stage 1, tumour cells are localized and diffuse through the
basement membrane where they start to invade nearby tissue. It is called
the early cancer stage or localized stage as growing cancer cells remain in
a lump partly in neighboring tissue, and begin to threaten life. The following
stage (stage 2) or regional spread occurs as a result of lymph vessel
invasion by the ever proliferating cancer cells, which also get into the lymph
nodes (immune system). At this stage the tumour is large in size, grown in
depth and has spread within the overall area. In stage 3, the cancer
formation is iniated and stage 4 is the most severe, includes metastasis to
distant lymph nodes, into the blood stream where cancer cells invade
complete capillaries and further to any body parts. They form new colonies
in other organs and it is called advanced or metastatic stage (Cancer
Institute NSW, 2014).

2.1.3 Cancer in Africa

Since 2008 no comprehensive cancer study has been done involving the
entire African continent. Cancer has been identified as a strengthening
public health concern in Africa. It is anticipated that 1.28 million new cancer
cases and 970 000 cancer deaths will occur annually by 2030, which will
result from a decrease in the burden of communicable diseases, adoption
of new dietary and lifestyle behaviors, and prolonged life. The lack of
awareness of current and future cancer burdens coupled with present and
prominent public health issues, including HIV/AIDS, malaria, TB, and

perinatal complications lead to relatively little attention and allocation of



resources to fight cancer (Ferlay et al., 2008; World Health Organization,
2008).

Africa has a unigue and mosaic demography with respect to nationalities,
beliefs, languages, dialectics, culture, and economic status. Together these
demographic factors may effect the incidence and outcomes of cancer.
Also, whites of European provenance, represent a substantial percentage
of inhabitants, as much as 9% in South Africa (CIA, 2010; Statistics South
Africa, 2012). Cancer in Africa shows remarkable discrepancies that are
dependent on demographic factors, which determine the type of cancer,
stage of diagnosis, survival, and incidence as well as death rates. These
differences highlight various risk factors, detection practices (diagnostic and
screening), recognition of early signs and symptoms and availability of
treatment (Jemal et al., 2010; Kavanos, 2006; Curados et al., 2007).

Major cancers in men

Kaposi sarcoma had the leading incidence as well as leading number of
cancer deaths in Eastern Africa. When compared to the male population in
Northern Africa, these rates appeared to be 20 times less and coincided
with a lower incidence of disease caused by the human herpes virus (Ferlay
et al., 2008; Ziegler et al., 2003). Esophageal cancer was ranked as the
second most occurring and deadliest cancer in Eastern African men. These
figures were seven times higher than the rest of the continent, with the
exception of the southern part of Africa, which was 30% more (Ocama et
al.,, 2008; Schneider et al.,, 2007). Esophageal cancer is not fully
understood, but the major risk factors include poor diet, and consumption of
both tobacco and alcohol. A synergic relationship was established between
smoking and alcohol as people who smoke and drink heavily had a 30-fold

increased risk (American Cancer Society, 2014).



Liver cancer is the most common cancer and leading cause of cancer-
related death in Middle and Western African men. Chronic infection with
hepatitis B virus in sub-Saharan Africa and hepatitis C virus in Northern
Africa are the main source of the cancer on the continent and worldwide
(Blumberg, 1984; Franceschi and Raza, 2009; American Cancer Society,
2014). Lung cancer was the most diagnosed and largest cause of cancer
deaths among Northern African men in 2008. This incidence rate appeared
to have doubled in the southern part of the continent, where the tobacco
epidemic and smoking are more prominent. In Southern African men,
smoking may contribute to 65% of lung cancer and similar trends are seen
in western countries (Reddy et al., 1996; Shafey et al., 2009; Sitas et al.,
2004).

In contrast to lung cancer, bladder cancer incidence and mortality rates
among Southern African men are half of those seen in Northern African
men, especially in Egyptian men, who have the highest incidence of bladder
cancer in the world (Parkin, 2008). Infection with the Schistosoma
hematobium parasite may account for the prediposed individuals more than
40% incidence of bladder cancer on the continent (Mostafa et al., 1999;
Parkin, 2006). Among Southern African men, prostate cancer was the most
diagnosed with an incidence rate that doubles that of the second highest
regional rate in Western Africa and almost seven times higher than the
lowest regional rate in Northern Africa. This elevated rate was due more to
increased diagnosis than to occurrence (Parkin et al., 2008).

Major cancers in women

Cervical cancer represented more than 25% of all cancer occurring among
Eastern African women in 2008, and was also the leading cause of death
due to cancer. Eastern Africa had the highest cervical cancer rate
worldwide. This could have been attributed to the lack of preventive

measures and the high prevalence of human papilloma virus (HPV) infection



(Ferlay et al., 2008; American Cancer Society, 2011). In contrast to cervical
cancer in Eastern African women, breast cancer was the commonest cancer
and leading cancer-related death among women in Southern and Northern
Africa for the same period of time. With the high prevalence of white
populations, which are prone to a high prevalence of reproductive risk
factors for breast cancer (early menarche, late pregnancy and obesity), this
makes the southern part of African the region with the highest incidence

rate for breast cancer (Parkin et al., 2010; Vorobiof et al., 2011).

In contrast to male cancers, cervical cancer in Eastern African women and
breast cancer in both Southern and Northern African women were the most
commonly occurring cancer among women, with a similar frequency to the
rest of the continent. However, a shift from previous decades had been and
continues to be seen in which breast cancer is taking over cervical cancer,
and becoming more and more prominent in Africa due to the adoption of the

kind of lifestyle associated with developed countries (Mackay et al., 2006).

2.2 Breast Cancer

Breast cancer is the development and proliferation of abnormal cells within
the breasts. It usually begins in the inner lining of the lactiferous milk ducts
or the lining of the lobules and is known as ductal carcinoma and lobular
carcinoma, respectively (Figure 2). The majority of breast cancer occurs in
females due to the physiological function of the female breasts to produce
milk (Birkenfeld and Kase, 1994).

Breast cancer is the leading cancer among women and cause of cancer
death worldwide (Ferlay et al., 2008). The condition has several markers
and is known as a heterogeneous disease. The estrogen receptors (ER),
progesterone receptors (PR) and human epidermal growth factor receptor
2 (HER-2) are essential for diagnosis and selection of suitable therapies.

Additionally, most breast cancer tumours express alpha estrogen receptor

10



(aER), which is of particular importance in cancer therapy (Mosoyan et al.,
2013; Yang et al., 2013).

Areolar glands

Fat tissue

Areola ducts

Lobule

; . Milk flow
(contains aveoli)

Lactiferous
Suspensory sinuses

Nipple ligament

Figure 2: Anatomy of the breast. During lactation, milk moves from the alveoli
through the lactiferous ducts to the nipple (http://cnx.org/contents/9cccba49-6490-
4e5b-a366-9991b7dbc56c @4).

2.2.1 Risk factors

It appears that breast cancer is more common among elderly women in
developed countries, who have prolonged lives as compared to their
counterparts in developing countries. The risk of breast cancer increases
with age; the older a woman is, the higher her risk of the disease. A woman
in her 60s is 100 times more likely to develop this cancer than a 20 year old
female (Institute of Medicine, 2012).

The risk seems to be proportional to the hormonal activity in the breasts. A
mother who breast-feed decreases her lifetime risk of contracting breast
cancer. Women who have breast-feed by the age of 20 years further
decrease their lifetime risk of this cancer. The risk increases slightly with late
pregnancy and doubles in women who have their first child at an age older

than 30 years, and triples in women who never give birth. Both pregnancy
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and breast-feeding play a preventive role in breast cancer (Collaborative
Group on Hormonal Factors in Breast Cancer, 1997; Newcomb et al., 1994).
Additionally, increased blood levels of estrogen increases the risk of breast
cancer, while increased blood levels of progesterone is associated with a
decreased risk of the same cancer in premenopausal women (Yager and
Davidson, 2006).

Experts argue that lifestyles and diet of women in rich and poor countries
are the major differential factors. With the globalization and adoption of
developed countries lifestyle, this discriminatory aspect of the disease
seems to fade away in poor countries, which currently showed increased
breast cancer incidence and higher mortality rate (Mackay et al., 2006;
Parkin et al., 2010; Vorobiof et al., 2011). In the United Kingdom, alcohol
consumption accounts for 6% of breast cancer in women. Alcoholic
beverages can be classified as a carcinogen as it can lead to breast cancer
development in women in a dose-dependent manner. As a woman’s
consumption of alcohol increases, so does her risk of breast cancer (Allen
et al., 2009). Low fat intake has been found to have a slight decrease on
breast cancer risk and recurrence in premenopausal women (Chlebowskin
et al., 2009; Hunter et al., 1996; Prentice et al., 2006). However, a high
intake of dietary fat was found to play a minor role in the development of
breast cancer and should be avoided (Pala et al., 2001; Sonestedt et al.,
2008).

A British Broadcasting Corporation news report announced that gaining
excess weight post menopause increases the risk of developing cancer,
particularly breast cancer. A 10 kg gain resulted in an increase in 18%, while
an increase of 25 kg in women older than 25 years led to a 45% increased
risk of breast cancer (British Broadcasting Corporation, 2006). Several other
studies have supported the finding that obesity was associated with
increased risk of breast cancer as obese women are likely to develop larger

tumours, and experience poor breast cancer prognosis with a 30%
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increased risk of mortality (Ligibel, 2011; Protani et al., 2010; Kroember et
al., 2005; Caan et al., 2006; Holmes et al., 2005). Women with a close
relative with breast or ovarian cancer has a risk of developing these
cancers. Generally, breast cancer is not inherited and hereditary breast
cancer accounts for only 5% of all breast cancer. A woman with a mutation
in breast cancer genes (BRCA1 and BRCA2) has a 60 to 80% risk of
developing breast and/or ovarian cancers (Malone et al., 1998).

2.3 Cancer Treatments

2.3.1 Conventional modalities

Breast cancer, like any other cancer, can be cured if diagnosed at an early
stage, late diagnosis and treatment reduces the possibility of an effective
cure (He et al., 2007). Many conventional means of dealing with cancer exist
and consist of surgery, hormonal therapy, radiation therapy,
immunotherapy, chemotherapy, and adjuvant therapy. Ancient practices
declared cancer incurable once it had started to metastasize and invade
other body organs. At that stage, any therapeutic intervention was believed
to cause more harm than curative effects. The first recorded evidence of
breast cancer dates from Ancient Egypt around 1500 BC; while no effective
treatment were available, palliative treatments were well-known as the only

treatment option (Gallucci, 1985; Kardinal and Yarbro, 1979).

Primitive surgery, with multiple complications, was then developed and
emerged as a treatment option due to the fact that cancer essentially forms
a tumour including benign tumours, which are localized and do not spread
to other body parts. Following the discovery of anesthesia in 1846 key
ongoing improvements in general surgery as well as in cancer surgery
advanced, and that stage of development was known as the century of the
surgeon. Cancer surgeries or cancer operations are medical procedures
that remove the entire tumour and surrounding lymph nodes (Figure 3)
(American Cancer Society, 2014; Sudhakar, 2009).
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Figure 3: Conventional therapy modalities. Cancer cells are removed through
surgery, destroyed by radiation or through an administered drug (http://www.hirt-
japan.info/en/what/difference.html).

In the late 1970s, ultrasound (sonography), computed tomography (CT
scans), magnetic resonance imaging (MRI scans) and positron emission
tomography (PET scans) were fully developed and commonly used in
surgery. In the 215t century, methods such as miniature video cameras and
endoscopy are being utilized to remove organs through tube, and less
invasive methods including cryosurgery (liquid nitrogen spray) are being
used to destroy tumours. Currently, a device that is able to generate an
intense beam of electromagnetic radiation is being used for drilling and
cutting purposes in surgery (Sudhakar, 2009). Despite its efficacy in
removing neoplastic tissues, surgery is limited to certain cancer stages and
is a very risky procedure as wound-associated problems, extreme bleeding
and increased patient morbidity are often observed (Steele et al., 2006; El-
Tamer et al., 2007; Vitug and Newman, 2007; Hogan and Joyce , 2012).

The usage of x-rays, gamma rays, and charged particles in cancer therapy
is known as a radiation therapy. It is a common therapeutic procedure in the
United States and approximately half of all cancer patients would receive
this therapy. These high-energy radiation particles are directed to the
cancer site and destruction occurs through nucleic material damage (Figure

3). Cell damage beyond repair leads to obstruction in cell division, cell
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degradation and elimination through the bodie’s natural defense
mechanisms. Systemic radiation is commonly used to deliver radioactive
agents, which travel through the bloodstream to the cancer cells. Both
external beam radiation and internal radiation approaches can be utilized to
deliver radioactive material to neoplastic sites (Veldeman et al., 2008; Noda
et al., 2009).

In cases of curative intent, radiation therapy is mostly used in combination
with other conventional therapeutic modalities. Radiation therapy is usually
offered as a treatment plan, which starts with simulation. The therapy
targets both cancer and normal cells, yielding numerous side effects.
Potential damage to normal cells is taken into consideration during the
planning phase, and the tolerated dose of radiation by normal cells is
determined in the targeted location prior to treatment. Many observed
palliative effects are often associated with this therapy in some parts of the
body, including the brain, spine, bones and esophagus (Kavanagh and
Timmerman, 2006; Brada et al., 2007; Patel and Arthur, 2006; Lam et al.,
2007).

Chemotherapy is one of the most commonly used cancer therapeutic
approaches along with surgery and radiation therapy, and have been used
separately or in combination to maximize the therapeutic effect in the past
decades. The discovery of nitrogen mustard as a potent anti-proliferating
agent for lymphoma, led to the development and use of numerous
chemotherapeutic drugs in research for better therapeutic approaches for
various cancer types (Sudahkar, 2009). Chemotherapy uses medicines or
drugs to cure cancer (Figure 3). Compared to surgery or radiation,
chemotherapy is not a targeted therapy and has the ability to kill cancer
throughout the body. The main propose is to cure cancer by preventing
cancer cells from metastasizing, preventing tumour growth, destroying
cancer cells throughout the body, and relieving the symptoms associated

with cancer. Several chemotherapeutic drugs can be used simultaneously
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and is known as combination chemotherapy, where each drug has a
different mechanism of action. This can enhance treatment efficiency and
reduce the possibility of cancer cells developing drug resistance (von
Minckwitz et al., 2012; Barker et al., 2009).

Drug parameters such as type, dosage, delivery strategy, administration
frequency and duration of the treatment vary according to the cancer type
and stage, and have to be determined prior to commencement of treatment
for optimal effect (Zirakzadeh et al., 2013; Gralow et al., 2008). Due to the
fact that chemotherapy is a fairly generalized therapy as it affects most of
the body parts, the manifestation of numerous side effects are mostly seen
after chemotherapy interventions. In order to alleviate these side effects,
current research aims to develop new approaches for drug combination,
liposomal and monoclonal antibody therapy to target cancer cells, chemo-
protective agents to normal cells, hematopoietic stem cell transplantation
and chemotherapeutic agents to overcome drug resistance (Kadakia et al.,
2012; Sak, 2012; Albain et al., 2009).

2.3.2 Photodynamic therapy (PDT)

An alternative cancer modality, PDT has become popular over the years
with its discovery dating back to the early 20" century. It was accidentally
revealed that certain fluorescent dyes identified as acridine orange localized
in Paramecium spp. Protozoa and had the ability to destroy their hosts after
extreme sunlight exposure of those microorganisms (Raab, 1900; Oleinick
and Evan, 1998). It was also elucidated that the destruction seen required
the involvement of molecular oxygen leading to the recognition of
photodynamic action (Von Tappeiner and Jesionek, 1903; Von Tappeiner
and Joblauer, 1904). Today, PDT is known as a promising anticancer
treatment that uses distinctive drugs, along with light at a precise
wavelength to complement the absorption properties of the drugs to Kill

various neoplastic cells. Photoradiation therapy, phototherapy or
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photochemotherapy are other types of PDT (Mroz et al., 2011; Manifold and
Anderson, 2011; Juzenas and Juzieniene, 2010; Huang, 2005).

Photodynamic therapy continues to gain interest in biomedical research and
application, where it is extensively used in both experimental and clinical
settings to successfully treat various cancers. Photodynamic therapy
produces toxic oxygen species that kill cells and these species are
commonly known as ROS such as singlet oxygen, superoxide, and hydroxyl
radicals. Some of the drugs used in PDT have been approved by the US-
FDA, and this treatment is being used for several conditions including
bladder conditions, cancer affecting the skin and gastrointestinal system,
non-cancerous skin conditions and retinal conditions (Hamblin and Mroz,
2008; Ortel et al., 2009).

Photodynamic therapy is a chronological process with numerous benefits
over conventional treatments; it is designated as a minimally invasive and
targeted therapy. In the clinical setting, the initial step of this therapy
consists of the administration of drugs to patients through a predetermined
topical, oral or intravenous route. The drugs are commonly known as
photosensitizers (PSs), which refers to the light sensitivity characteristic of
these compounds. Photosensitizers are formulated in a specific manner that
confers on them a limited biodistribution, to have an affinity to highly
proliferating cells such as cancer cells, as will as low dark toxicity (inactive
state) (Brown et al., 2004; Castano et al., 2004; Peng et al., 2009, Agostini
et al., 2011). Time lapse, or drug to light interval, is observed for proper
localization of a PS into cancer cells. The duration of this interval can vary
and depends on the PS. Following this, the second step in this process is
the light-dependent activation of the PS. The core of the mechanism of

action is coupled with the interaction with molecular oxygen.
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Parameters in photodynamic reactions (light, PS, Oxygen)

Sunlight as the source of irradiation should be avoided as it has diverse
wavelengths and intensities, leading to inappropriate PS activation or non-
activation and unintended outcomes (Allison et al., 2004; Mang, 2004). Light
sources can vary, and for effective PDT, a specific wavelength of light that
matches the absorbance properties of the PS and proper light fluence are
required. The choice of both PS and light wavelength are determined by the
tumour location. Tissues have several chromophores and absorb light in the
form of photons. The lower light wavelengths are ideal for superficial
irradiation. Melanocytes in the skin, and both hemoglobin (Hb) and
oxyhemoglobin (HbO2) in red blood cells are able to absorb light in the red
region of the spectrum. Human tissues contain a high concentration of water
molecules, which absorb longer light wavelengths in the near-infrared
spectrum (NIR), offering better tissue penetration in vivo (Mang, 2004;
Allison et al., 2004; Brancaleon and Moseley, 2002; Sibata et al., 2001).

Photosensitizers are activated at different wavelengths, light is absorbed
maximally in the range of 650 to 1 350 nm. This is also known as the optical
window or therapeutic window and is preferred with a tissue penetration that
can reach up to 1 cm (Figure 4). Any photon in the therapeutic window
possesses enough energy to penetrate tissues and activate PSs (Plaetzer
et al., 2009; Zhu and Finlay, 2008). At wavelengths less than 600 nm, more
photons are absorbed by systematic chromophores and yield minimal
activation of PSs (Agostini et al., 2011). The importance of the light in PDT
and the accessibility of light to tumour cells has attracted the attention of

engineers to develop light devices suitable for PDT applications.
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Figure 4: Light penetration into tissue is a function of the wavelength. Shorter
wavelengths have minimal penetration and are absorbed by the majority of
systematic chromophores, while at longer wavelengths in the red to near infrared
region the penetration is deeper (http://www.ilightpro.com/What-is-IPL/Benefits-of-
IPL.aspx).

Today, several reliable light devices exist to deliver light to the region of
treatment and are commercially available. They include various lasers, light
emitting diodes (LEDSs), and fiber optic cables. With current technology, light
can be effectively introduced to almost any part of the body. Light
applicators can be designed and used for complicated and high risk
anatomical structures (Mang, 2004; Brancaleon and Moseley, 2002; Nyst et
al., 2007; Weersink et al., 2005; Samkoe et al., 2007; Drobizhev et al., 2006;
Juzieniene et al., 2004).

The availability of molecular oxygen in the treatment body area during light
irradiation is a determining factor for effective treatment. Without substantial
molecular oxygen, PDT will yield no therapeutic effect and possibly lead to
tumour resistance to PDT. Thus, the level of molecular oxygen has to be
evaluated during PDT (Huang et al., 2003; Chen et al., 2002; Vakrat-Haglili
et al., 2005). The presence of oxygen in the tumour can be assessed using

several methods including fluorescence quenching-based optical probes,
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PET, magnetic resonance spectroscopy, non-invasive phosphorescence
and real time imaging techniques (Vaupel and Mayer, 2007; Hutchingson et
al., 2004; Woodhaus et al., 2007; Vaupel et al., 2007). Oxygen depletion
during the photodynamic reaction can be compensated through
fractionating into regulated light and dark periods or decreasing the fluence
rate. The efficacy of PDT in hypoxic and cancer cells can be improved by
increasing the level of oxygen by hyperoxygenation, thus making cells more
susceptible to PDT. The level of oxygen is directly proportional to the
efficacy of PDT (Huang et al., 2005).

In photodynamic reactions, PSs are the central and most important
elements, they are naturally occurring or synthetic agents that are able to
absorb photons. Their interactions with molecular structures and ability to
transfer energy are critical for the induction of cytodamage (Allison et al.,
2004; Nastri et al., 2010; Denis and Hamblin, 2013). Photosynthesis is a
fundamental and indispensable biological process on earth as it makes
energy available for metabolism. Like PSs, many have been able to transfer
energy and have critical roles in photosynthetic reactions. However, PSs
suitable for PDT have characteristic structures that allow them to
successfully undergo photodynamic reactions, known as type | reaction and

type Il reaction.

Certain dyes, such as porphyrins (Figure 5) and chlorophyll derivatives from
plants and microorganisms have been reported to possess structures for
PDT applications. Most PSs have heterocyclic ring structures identical to
chlorophyll and hematoporphyrin structures (Allison et al., 2004). Several
compounds have been identified and characterized but only a few have
entered the clinical trial stage and received approval worldwide (Allison and
Sibata, 2010; Huang et al., 2008). Photosensitizers generally adhere to the
following criteria: they are commercially available, stable with simple
chemical formulation and low dark toxicity, hydrophilic (specially for

intravenous application) for adequate systemic application with multiple
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administration routes, preferentially accumulates in tumour cells, is rapidly
cleared from the body and normal cells, specifically light activated, and able
to generate photodynamic reactions with strong photocytotoxicity and with
pain free-therapy (Allison and Moghissi, 2013; Denis and Hamblin, 2013).
Since the discovery of PDT, the development of PSs has grown and

attracted the attention of many scientists.

Figure 5. Porphyrin structure (Chemistry About, 2009).

First generation PSs included hematoporphyrins and porphyrin and their
derivatives, and were developed between the 1970s and 1980s. Photofrin
became the first approved PS for clinical trials. Later, PSs belonging to this
primary generation were subjected to criticism for their extended retention
in the body, subsequent poor clearance, poorly defined and unstable
chemical structures, and their limitation to superficial conditions as their
poor absorption properties prevented light penetration, allowing only a
maximum light penetration depth of 5 mm (Allen et al., 2001; Huang et al.,
2008). These drawbacks then led to the development of second generation
PSs such as Foscan, Verteporfrin, Laserphyrin, Visudyne and
Phthalocyanine. Due to their good optical, photophysical and photochemical
characteristics, they have been intensively used in preclinical and clinical
trials for photodynamic applications in various solid tumours (Allen et al.,
2001; Loewen et al., 2006; Jankun et al., 2004; Du et al., 2006).
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Despite good reports, second generation PSs are currently being improved
and conjugated to molecules such as antibodies, liposomes and others to
form third generation PSs for target PDT applications. The conjugation is
thought to confer specific affinity to cellular markers, which may or may not
be tumour-associated markers. Conjugation may or may not affect
internalization processes, but improved internalization of PSs leads to
enhanced cytodamage in PDT (Huang et al., 2008). The availability of
multiple PSs with different structures and functional properties makes PDT
an extremely versatile and equally, an exciting approach to treat cancer.
The advanced understanding of molecular pathways helps to design
improved treatment regimens. As most cancers are treated with
combination therapies, PDT is integrated into rationally designed combined

regimens that exploit molecular responses to PDT for improved efficacy.

2.3.3 Photodynamic mechanisms of action

Photodynamic actions use and depend upon the combination of PSs, light
and molecular oxygen to cause cancer destruction through programmed or
non-programmed cell death pathways (Mroz et al., 2011; Oleinick et al.,
2002, Mfouo-Tynga and Abrahamse, 2014). In practice, PDT is a sequential
process and involves the diagnosis, administration of PSs, light activation
of PSs and tumour destruction (Figure 6) (Regehly, 2008; Majumdar et al.,
2014).

Upon light activation of PSs, the induction and the rest of the photodynamic
reactions depend solely on specific sets of PS characteristics, known as
photophysical and photochemical properties (Figure 7). The photophysical
properties allow the light activated PSs to change states. Prior to activation,
PSs are in a stable ground singlet state. Subsequent to light irradiation,
photon energy is absorbed by PS, which is excited single electrons in the
uppermost occupied orbit are brought to the lowermost unoccupied orbit,
taking the PS to an excited singlet state (Foote, 1991).
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Figure 6: Mechanism of action in photodynamic cancer therapy. Following
diagnosis, a photosensizer is administrated and preferentially accumulates in
neoplastic cells. Light activation leads to the destruction of cancerous cells and

tissues (Regehly, 2008).
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Figure 7: Modified Jablonski energy level diagram for photodynamic therapy (PDT).
This treatment requires three elements: a photosensitizer (PS), light, and molecular
oxygen (O2). So, S1 and Sy indicate ground or zero, first and n order of the singlet
electronic state of PS, respectively. T1 represents the triplet state of the excited PS.
The molecule undergoes intersystem crossing (ISC) and triplet state PS interacts
with Oy, generating different ROS, which cause cytotoxicity and subsequent cell

death (Majumdar et al., 2014).
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Many physical pathways may be involved during intersystem crossing,
converting the excited singlet state PS to the long-lived and excited triplet
state PS. The triplet state has the ability to undergo photochemical
processes and interact with triplet state molecules such as molecular
oxygen, through type | or type Il reactions (Figure 8). In a type | reaction,
electrons are transferred from the excited triplet state PS to molecular
oxygen forming a superoxide anion, which can later form hydrogen
peroxide. In the presence of a suitable reducing agent, hydrogen peroxide
can form hydroxyl radicals and hydroxide ions. In a type Il reaction,
electrons are transferred from the excited triplet state PS to molecular
oxygen forming an excited state singlet oxygen. Both type | and type Il
reactions generate ROS, which are responsible for the cytodamage
observed during PDT and type Il reactions occur more frequently in
photodynamic reactions (Foote, 1991).
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Figure 8: Type | and type Il photoreactions, where P is the PS in the singlet ground
state, 3P* is PS in the triplet excited state, S is a substrate molecule, P is reduced
PS, S* is an oxidized substrate molecule, O; is molecular oxygen (triplet ground
state), Oz is the superoxide anion, 30 is triplet ground-state oxygen, O, is singlet
excited state oxygen, and S (O) is an oxygen adduct of a substrate.
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2.4 Phthalocyanine

2.4.1 Phthalocyanine family of photosensitizer

Effective PSs tend to have a high affinity for excitation by apposite photons
and a low energy difference between the uppermost occupied molecular
orbit and lowermost unoccupied molecular orbit. This contributes to their
thus their seen deep color (Denis and Hamblin, 2013). Phthalocyanine (PC)
is a deep blue dye and belong to the family of second generation
macrocyclic structured PSs, which are porphyrin derivatives. They are
synthesized through various routes but the most common method of
synthesis consists of producing the tetrabenzoporphyrazin from o-
cyanobemzamide and phtalimide (Figure 9). With their porphyrin-like
structures, PC derivatives have the ability to transfer electrons and
accommodate more than 60 different elemental ions. They are multi-

functional and have been extensively used (Swavey and Tran, 2013).

Figure 9: Synthesis of phthalocyanine (Swavey and Tran, 2013).

An important subgroup of this family is the metal-containing PC (mPC, one
or two metal ions). They show enhanced electron transfer abilities and are
used for various applications in different fields including molecular
electronics, optoelectronics, and photonics (de la Torre et al., 2004; Cid et

al., 2007; Campidelli et al., 2008). Moreover, they have the merit and
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potential to be a good candidate PS for PDT as they display strong light
absorption capability in the NIR region of the spectrum, which offers greater
light penetration into tissues and adequate generation of singlet oxygen
(Dougherty et al., 1993; Moan, 1990; Cook et al., 1995). The unsubstituted
mPC shows low solubility in organic solvents, and the introduction of proper
substituents such as sulfonated groups increases their solubility
(Chaidogiannos et al., 2009; lannuzzi et al., 2014).

2.4.2 Cell death mechanisms

Cell death has been classified as programmed and non-programmed cell
death responses, which follow into apoptotic, autophagy and necrotic
pathways and cell senescence (Kroemer et al.,, 2009). Cell death is
continually under investigation and understood as the incapacity of cells to
maintain essential biological functions. However, this biological process
appears to be indispensable for both proper development and homeostasis
in mammalian individuals (Engelberg-Kulka et al., 2006). Damaged and
superfluous cells become harmful by obstructing normal physiological
performances and need to be removed through cell damaging mechanisms
such as cell death. Features of cell death are indicated in Table 1 (Schultz
and Harrington, 2003; Yuan and Kroemer, 2010).

Apoptosis is a regulated and chronological cell death mechanism that
eradicates old cells and superfluous cells without the release of harmful
substances. Cellular morphology, enzymatic activity, functional and
immunological features reveals the type of cell death response and can be
categorized as programmed, physiological, survival, accidental or
pathological responses (Table 1) (Kroemer et al., 2009). Nuclear and
membrane damage usually characterize apoptosis, which is also known as
a programmed cell death response (Erental et al., 2012). Apoptosis is
initiated by specific cellular signals that have the ability to stimulate the

cascade pathways and ultimately deliver a suicidal response. Activation of
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caspases,; cysteine aspartyl proteases are the hallmark of apoptosis as

these proteases induce and

regulate apoptotic-related events and

subsequent nuclear and polypeptide degradation. Caspases can stimulate

other effectors to destroy cellular contents (Patel et al., 2012; Peracchio et

al., 2012).

Table 1: Distinctive characteristics of cell death pathways. Different cell death

pathways can be classified according
autophagic,

(apoptotic,

necrotic),

enzymological

to morphological
criteria or

appearance
regulators

(distinctive classes of proteases, such as caspases, calpains and kinases) and
functional aspects (programmed or accidental, physiological or pathological).

CELL DEATH PATHWAYS

DISTINCTIVE Apoptosis Autophagy Necrosis
FEATURES
MORPHOLOGY Shrinkage; Blebbing; Decreased Cell Cell Swelling; Loss
Chromatin Size; Double of Membrane
Condensation; DNA  Membrane Integrity;
Degradation; Vesicles; Organelle
Nuclear Organelle Swelling; No DNA
Fragmentation, Degradation Laddering
Apoptotic Bodies
REGULATORS Death Receptors; mTOr; PI3 Kinase; Calcium lons; lon
Bcl-2 Family; Beclin ~ ATG Family; UPR  Channels;
1; Caspases; IAPs; Stress Sensors; Metabolic Failure;
Adaptor Proteins; Beclin 1; Kinase PARB, Calcium
Kinases; (INK); Bcl-2 Regulated
Phosphatases; Family; IP3 Proteins; RIP
Calcium lons, Receptor Kinase; Death
Calpains; BCNI1 Receptors;
Ceramides
STIMULI ROS; DNA Damage; Nutrient Bacterial Toxins;
Death Receptors Starvation; Protein  Metabolic poisons;
Ligands; Aggregation; ER Ischemia; Stroke;
Developmental Stress; Calcium Calcium Overload
Programs; Organelle Overload;
Stress; Anti-Cancer  Developmental
Drugs; ER Calcium Programs;
Release Hypoxia; Ischemia;
Damaged
Organelles;
Proteasome
Impairment
RESPONSE Programmed, Survival, Accidental,
physiological accidental, pathological
physiological

Abbreviations: ATG, autophagy; Bcl-2, B-cell lymphoma 2; IAPs, inhibitor of apoptosis proteins; IP3

receptor, Inositol 1,4,5-trisphosphate (IP3) receptors ER, Endoplasmic reticulum; mTOR, (mammalian)
target of rapamycin; PAR, poly(ADP-ribose); NO, Nitrite oxide; PARB, PAR-binding site; PI3 kinase,
phosphatidylinositide 3-kinases; UPR, Unfolded Protein Response; ROS, reactive oxygen species; RIP1:

a specific kinase that is recruited to the death-inducing signaling complex;
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Furthermore, the inhibition of pro-survival proteins activity and apoptosis are
enhanced by the binding members of the B-cell ymphoma 2 (Bcl-2) family.
Cells that are undergoing apoptosis round up and stop communicating with
adjacent cells, their plasma membrane start to bleb and phosphatidyl serine
translocates to the outer membrane layer. Further cellular alterations
include cross-linkage, protein polymerization, chromatin condensation,
nuclear fragmentation (into 185 nucleotides only) by cation dependent
endonucleases, cell fragmentation, and apoptotic bodies’ appearance and
removal. Apoptotic responses are further subdivided into the intrinsic and
extrinsic pathways (Yuan and Kroemer, 2010; Erental et al., 2012; Kim et
al., 2012; Kang et al., 2011).

A permeable mitochondrial membrane coupled with the release of some
apoptogenic proteins such as cytochrome C and coenzyme Q are among
the characteristic features of the intrinsic pathway, while death receptor
activation mediated by tumor necrosis factor receptor-1 (TNFR-1) or
Fas/CD95 protein from the plasma membrane is one of the main initial
events during the extrinsic pathway. Proteins such as beclin-1 prevent the
caspase-dependent cell death response and show anti-apoptotic potential
and activity (Yuan and Kroemer, 2010; Erental et al., 2012; Kim et al., 2012;
Kang et al., 2011).

Photodynamic therapy using silicon phthalocyanine as PS caused
cytodamage in malignant T-lymphocytes. These specific PCs were effective
in destroying Bcl-2 proteins, inducing cytodamage and promoting apoptotic-
like events (Lam et al., 2010). In a similar experiment and upon irradiation,
a mPC in breast cancer cells led to the occurrence of apoptotic signs such
as the predominance of apoptotic cells, nuclear fragmentation,
oligonucleosomal degradation, and a marked increased level of Bcl-2, DNA
fragmentation factor alpha-1 and caspase 2 (Mfouo-Tynga et al., 2014).
Where mitochondria are the preferred site of subcellular location PSs are

prone to affect Bcl-2 protein and eventually induce apoptotic responses
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(Mroz et al., 2011). Another criterion for the induction of the apoptotic
pathway is the increased level and transfer of calcium ions (Ca?*) from the
endoplasmic reticulum (ER) to the mitochondria. A non-nuclear and Ca?*-
dependent apoptotic response was established by the overload of Ca?* in
the mitochondria and was seen as the cause of subsequent cytodamage
(Giorgi et al., 2015a). Photodynamic therapy that leads to increased levels
of intracellular Ca?* have the ability to cause cell death, which appears to
be p53-dependent (Giorgi et al., 2015b).

Autophagy is an essential but not yet fully understood cell death process
and is classified as programmed cell death (Nikoletopoulou et al., 2013).
However, it is recognized primarily as a survival mechanism, triggered by a
sub-lethal dose of stress (Jain et al., 2013). Moreover, this cell death mode
was shown to induce the immune response and to play a crucial role in PDT-
mediated damage, especially in apoptosis resistant cells (Michaud et al.,
2011). In the absence of autophagy actions, cancer cells had acquired and
shown resistance to treatment and increased cell survival after therapy (Di
et al., 2013). Decreased cell size, the appearance of double membrane
vesicles, and organelle alterations are among the most common observed

events during an autophagic response (Table 1).

Two ubiquitin-dependent mechanisms and 30 autophagic proteins (Atg) are
essential for autophagic responses. The Atg 7 protein plays a crucial role
and is able to activate other Atg proteins, autophagosomal assemblage and
molecular degradation (Xie et al., 2007). In the case of caspase inhibition,
another mechanism is triggered leading to catalase degradation and ROS
accumulation and events are related to autophagy (Yu et al., 2006). The
formation of an autophagosome wherein degradation takes place is a
distinctive mark of autophagy (Mizushima and Klionsky, 2007).
Appropriation, transportation to lysosomes, degradation and recycling of
residues make up the sequential steps of autophagy (Patel et al., 2012;
Peracchio et al., 2012).
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Photodynamic therapy-mediated cell death can be achieved through the
apoptotic pathway but it has also been associated with the induction of
autophagy in various cells. Photodynamic therapy-induced autophagy has
been identified as being a survival mechanism by preventing cell death.
However, in apoptotic-deficient cells, a successful PC-mediated PDT may
be induced cell death through activation of autophagic events. It has been
recognized that both apoptosis and autophagy are required for optimal cell
death responses where inhibiting autophagy has led to the development of
MCF-7 cells resistant to PC-mediated PDT and an enhanced MCF-7 cell
survival rate (Xue et al., 2010; Garg et al., 2015). Beclin-1 and mammalian
target of rapamycin (MTOR) proteins are prone to trigger an autophagy
response, and their functions can be altered by PSs that localize in the ER
(Mroz et al., 2011).

Cell death manifestation and inactivation of programmed cell death signals
in an accidental event refers to a non-programmed cell death response, also
known as necrosis. This is characterized by an inflammatory response
where various traumatic situations, toxins and infections are required stimuli
for proper necrotic cell death responses (Table 1) (Lemaster, 2005;
Kroemer et al., 2009). Inactivation of caspases, enhancement of both signal
transduction and catabolic activities have been shown to lead to a necrotic
response involving death domain and toll-like receptors. The receptor
interacting protein-1 (RIP-1) plays a critical role in the execution of necrotic
events. This is a serine/threonine kinase that regulates death receptor
signaling and necroptosis, a non-caspase dependent and necrotic-like
responses (Cho et al., 2011).

Evidence of both apoptosis and necrosis induction was reported after
leukemia cells were treated with dimethytetrahydroxeliandrone-mediated
and Hypericin-mediated PDT. At high doses, necrosis was identified in 75%

of oral cancer patients who were treated with aminolevulinic acid in PDT
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(Lavie et al., 1999; Grant et al., 1993). There appear to be no research

reports on the induction of necrosis following PC-mediated PDT.

2.4.3 ROS and mPC-mediated PDT

The term ROS is a collective acronym to designate chemically active and
reactive oxygen metabolites. According to their generating sources, they
can be subdivided into endogenous and exogenous ROS. Exogenous ROS
can be generated from tobacco, pollutants, xenobiotics and radiation while
endogenous ROS production is cell type-dependent and major sources
include mitochondria, peroxisomes, the ER and Nox (NADPH and oxidase)
complexes. However, the main sources of ROS in living cells are Nox
complexes, 5-lipoxygenase and mitochondria (Nova and Parola, 2008;
Turrens, 2003).

During immune responses, the Nox family of nicotinamide adenine
dinucleotide phosphate hydrogen (NADPH) oxidases located on cell
membranes are essential in innate immunity to produce ROS, metabolic by-
products and precursors of oxidants (Rada and Leto, 2008; Arwert et al.,
2012). Reactive oxygen species have several roles in different locations and
in the mitochondria; they facilitate the action of Tumour necrosis factor alpha
(TNF-a) by stabilizing hypoxia-inducing factor-1 (HIF-1) that regulates both
immune responses and activates TNF-a (Jung et al., 2008; Serra et al.,
2008). The absence of oxidases results in increased vulnerability of patients
diagnosed with microbial infection as ROS are able to neutralize and confine
bacteria into neutrophil phagosomes. Both Nox family proteins and ROS are
critical for an immune reaction and bacterial eradication (Brown et al., 2004).

Growth factors and cytokines are able to stimulate and induce both the Nox
complexes and 5-lipoxygenase, which is a complex functional oxidase
implicated in the generation of leukotrienes from arachidonic acid. The
action of cytokines cause membrane disturbances and the generation of
ROS (Droge, 2002; Soberman, 2003; Chiarugi and Cirri, 2003; D'Autreaux
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and Toledano, 2007). Mitochondria are the cells’ power house and are able
to utilize high energy intermediates to produce energy in the form of
adenosine triphosphate (ATP) through the electron transport chain across
the inner mitochondrial membrane. At complex | and complex Il of the chain
of the electrons are transformed into ROS, which is generally converted by
mitochondrial superoxide dismutase into a more harmless form that can
cross the mitochondrial membranes and reach the cytoplasm (Cadenas and
Davies, 2000). Damaged mitochondria may lead to the induction of cell
death in a caspase-dependent or caspase-independent manner and such
induction depends entirely on ROS (Green and Kroemer, 2004). The loss of
mitochondrial membrane integrity is related to the dissipation of the
mitochondrial inner transmembrane potential, causing permeabilization of
the outer mitochondrial membrane, release of apoptogenic proteins
(cytochrome C, Smac, Diablo and AIF) and finally resulting in apoptosis
(Tynga and Abrahamse, 2012; Nova and Parola, 2008).

Photodynamic therapy-mediated cell death mechanisms may include the
manifestations of tumouricidal effects, microvascular damage, and local
inflammatory reactions, all dependent upon the selection, concentration and
ability of the PS to interact with molecular oxygen and generate ROS (Figure
10) (Firdous et al., 2012; Brackett and Gollnick, 2011). Photodynamic
reactions might cause an acute inflammatory response and both increased
levels of inflammatory cytokines and leukocytes in treated tumour sites
(Guillaud et al., 1998; Allen et al., 2001). The development of acute stress
responses is characterized by an alteration in Ca?* levels, lipid metabolism,
and the production of cytokine and stress mediators (Mroz et al., 2011). In
several photodynamic reactions, molecular oxygen acts as the main
stimulus and is generated from mitochondria that activate the formation of

RIP-3 complex (Coupiene et al., 2011a; Coupienne et al., 2011b).
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Figure 10: Pathways of PDT-induced tumor cell death or destruction. The antitumour
effects of PDT include three main mechanisms: direct tumor cell killing, vascular
destruction and immune system activation. (Anaphase-promoting complexes,
APCs; hypoxia-inducing factors, HIF; vascular endothelial growth factor, VEGF;
cyclooxygenase-2, COX-2) (http://www.hindawi.com/journals/ijp/2012/637429/fig5/).

After their accidental discovery, the red-light-absorbing mPC have been
subjected to numerous experiments and utilized as chemical sensors,
semiconductors, non-linear optics and PSs. In PDT, they have been shown
to increase cell death in a caspase-dependent manner as well as
autophagy. Thus, they have been recognized as effective inducers of
photodamage in various tumour cells, their preferred accumulation sites
(Kadish et al., 2003; Pinzon et al., 2008; Cid et al., 2007; Barret et al., 1934).
Apoptotic and necrotic events are frequently identified in vitro, the promotion
of cell death through translocation of activated p38 to mitochondria,
phosphorylation of BCL-2 and/or BCL-X2, through facilitation of cytochrome
C release from mitochondria, caspase-mediated PARP cleavage and
inhibition of the P13/Akt/mTor pathway (Whitacre et al., 2000; Velloso et al.,
2012).
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A mixed sulfonated mPC with Zinc (ZnPcSmix) at the centre of the
macrocyclic structure has been reported to enter neoplastic cells and
localize in organelles such as the mitochondria, lysosomes and Golgi
apparatus. After activation with a 680 nm diode laser, the ZnPcSmix-
mediated PDT yielded good photodynamic and damaging effects in lung,
colon and breast cancer cell lines (Manoto et al., 2012; Mfouo-Tynga et al.,
2012). The effects in A549 cell lines included modified cell morphology,
decreased viability and increased cytotoxicity. The increased level of ROS
was an indication of its production in both monolayer as well as multicellular
spheroid models (Manoto et al., 2011; Manoto et al., 2013). A study of cell
death mechanisms following ZnPcSmix-mediated PDT pointed out the
abundance of apoptotic cells, nuclear degradation and up-regulation of Bcl-
2, DNA fragmentation factor alpha, and caspase-2 genes, which all pointed
to the involvement in apoptotic cascade events (Mfouo-Tynga et al., 2014).
When using sulfonated aluminium PC (AlIPcSmix) and sulfonated germanium
PC (GePcSmix) as a mPC in malignant cells, photo-activated forms yielded
cytotoxic effects in a dose dependent manner with a predominance of
apoptotic cells (Abrahamse et al., 2006). In a different study, the
photodynamic outcomes of sulfonated mPC (SnPC, SiPC and GePC) were
compared to sulfonated PC in esophageal cancer cell lines. Results
revealed improved induction of apoptosis and necrosis with the mPC

compared with the unmetallated PC (Setsanyana-Mokhosi et al., 2006).

2.5 Nanotechnology and Cancer Therapy

Nanotechnology is an interdisciplinary field and the engineering of small
particles, which measure approximately 1/1 000 the width of a single human
hair, can offer exceptional interactions with molecules both on the surface
of, and inside, cells (Wei, 2012; Cai and Chen, 2007). Four generations of
nanomaterials have been defined by the Centre for Responsible
Nanotechnology. These include passive nanostructures (1%t generation),

which are task-specific structures; active nanostructures (2" generation),
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which are multitask-specific structures such as actuators, drug delivery
devices, and sensors; nanosystems (3™ generation), which are multi-
interacting compounds; and finally integrated nanosystems (4" generation),

which consist of several incorporated systems (Figure 11).

1st: Passive nanostructures (1%t generation products)

a. Dispersed and contact nanostructures. Ex: aerosols, colloids

b. Products incorporating nanostructures. Ex: coatings; nanoparticle
reinforced composites; nanostructured metals, polymers, ceramics

-

;“‘& 2nd: Active nanostructures

ERE a. Bio-active, health effects. Ex: targeted drugs, biodevices

b. Physico-chemical active. Ex: 3D transistors, amplifiers,
actuators, adaptive structures

>
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Figure 11: Generations of nanostructures. Passive nanostructures made up the first
generation and consist of dispersed, contact and products incorporating
nanostructures. The second generation nanostructures are active with distinctive
biological and physico-chemical characteristics. Nanosystems form the third
generation while the fourth generation, or molecular nanosystems, are integrated
nanosystems (Center for Responsible Nanotechnology, 2002).

2.5.1 Nanoscale material properties

The interest of nanoparticles in research continues to escalade and grow in
popularity due to their wide possible application ranging from medicine,
industry and manufacturing. The relationship between properties and
nanoscales is dependent on a number of aspects of nanoscale and larger
scale. The most attractive characteristics of nanoparticles compared to
larger particles are the high surface area to volume ratio and their quantum
effects that may increase the reactivity and electrical strength of
nanoparticles (Buzea et al., 2007). Size plays a more pronounced role, the
smaller the size the greater the proportion of atoms at the periphery
compared to the core. It has been established that a 30 nm-sized particle is

likely to have 5% of its atoms at the surface, while 10 and 3 nm-sized
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particles would have 20% and 50% of its atoms at the surface, respectively
(Chaturvedi et al., 2012). It has been proposed that nanoparticles have
better surface area per unit mass and a nanoparticle of any given mass
material will likely be more reactant than the same mass of material
consisting of larger particles (most catalytic chemical reactions happen at
the surfaces) (Taniguchi, 1974; Lubick and Betts, 2008; Edelstein and
Cammarata, 1998).

In addition to size, the shape and morphological sub-structure of materials
are crucial criteria. Morphological structures depend on conditions such as
aerosol- (mostly solid or liquid phase in air); a suspension- (mostly solid in
liquids); or an emulsion- (two liquid phases). Modification of properties
depends on the presence of and kind of chemical agents. Indirectly, such
agents may bring stability against aggregation by maintaining charge and
altering the outermost layer of the particle (Liufu et al., 2004). Light-
mediated conductance of electrons at polar interfaces of nanopatrticles is
known as surface plasmon resonance. When the conductive nanoparticles
are smaller than the incident wavelength, a localized surface plasmon
resonance is generated, and such subwavelength scale nanostructures are
polaritonic or plasmonic in nature. Surface plasmon resonance is widely
used for measuring absorption of metal nanoparticles such as AuNPs and
AgNPs. Surface plasmon resonance is directly dependent on the
composition, size, geometry, dielectric environment and separation
distance of nanopatrticles (Zeng et al., 2014; Lis and Cecchet, 2014; Spring
et al., 2014, Link and El-sayed, 2000; Guang Xiang et al., 2010).

2.5.2 Impact of nanoparticles in medical research

Nanoparticles continue to attract attention and the increasing enthusiasm
that nanotechnology, as applied to medicine, has already brought significant
benefits in the diagnosis and treatments of several diseases (Selim and

Hendi, 2012). This attraction is mainly as a result of the surface to mass
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ratio, the quantum properties, and the capability of NPs to absorb and carry
other compounds (Buzea et al., 2007; Chaturvedi et al., 2012; Lubick and
Betts, 2008). Nanoparticles have been engineered in order to achieve
multifunctional applicability as they can be simultaneously used as medical
imaging agents, therapeutic agents, diagnostic agents, active implant
agents or drug delivery agents. Drug delivery NPs are the most commonly
used in nanomedicine (Figure 12) and offer additional advantages such as
improving drug therapeutic effect and pharmacological properties. They do
so by enhancing the solubility of poorly water-soluble drugs, altering
pharmacokinetics, improving bioavailability, specificity toward targeted cells
and drug half-life by decreasing immunogenicity and drug metabolism,
which release more controllable therapeutic compounds. Some NPs appear
as promising agents in the fight against chronical diseases (Bednarski et al.,
2015).

Active implants 1%
Drugs and therapies 2%
Imaging 4%

Biomaterials 6%

In vitro diagnostics 11% —
Drug delivery 76%

Figure 12: Multifunctionality of nanoparticles and percentage of application. Drug
delivery and diagnostics are the most common applications of nanoparticles
(Wagner et al., 2006).

The initial purposes when manufacturing NPs-based drug delivery are:
more specific drug targeting and delivery, a decrease in toxicity and
maintenance of therapeutic effects, greater safety and biocompatibility, and

faster development of safer new medicines. Additionally, other factors to be
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considered should include: drug incorporation and release, formulation
stability and shelf life, biocompatibility, biodistribution, targeting and

functionality (De jong and Borm, 2008).

2.5.3 Major nanoprobes

In previous decades, many nanomaterials have been developed for medical
applications to interact with biomolecules both on the surfaces as well as
inside the cells. This appeared as a revolution in the medical field and
guantum dots, carbon nanotubes, paramagnetic NPs, liposomes, gold NPs,
and other have been studied for biomedical applications in cancer as
indicated in Figure 13 (Cai et al., 2008).

Quantum dot

e

erfluorocarbon FeCo Dendrimer

Figure 13: Many nanoparticles have been investigated for biomedical and cancer
applications (Cai et al., 2008).

Quantum dots are semiconductor nanomaterials that possess specific and
size-dependent conductive features. The properties of quantum dots are
being used in diagnosis and treatment both in vitro and in vivo. These allow
for conjugation with biomolecules such as antibodies and peptides or small

molecules, where they act as probes to target cancerous structures with
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strong affinity to reveal cancer subcellular sites and tumor environment
(Bentelila et al., 2009; Hilderbrand et al., 2010; Wang and Chen, 2010). The
determination of the dominant and compensation mechanisms of tumour
distribution remains a major challenge in clinical setting (Sanz-Moreno and
Marshall, 2010).

Carbon nanotubes are good electrical and heat conductors with a large
surface area. They are made up of graphene sheets, which consist of a
single carbon atomic layer in a honeycomb framework. These tubes
possess properties that allow them to release heat after irradiation and their
chemistry favors functionalization (Gannon et al., 2007). Despite the lack of
cytotoxicity, nanotubes can accumulate inside cellular structures and are
one of the most potent nanomaterials with the ability to identify cancer cells
and deliver drugs to these cells. They possess unique physicochemical
properties and are used in cancer diagnosis and treatment (Gannon et al.,
2007; Shun-Ron et al., 2010). They have been experimented on in several
cancer treatment modalities and biomedicine areas. To overcome these
challenges, conjugation with polymers to functionalize the surfaces of
carbon nanotubes and render them better anticancer drug delivery systems
are being developed (Adeli et al., 2013).

A liposome is a spherical structured vesicle comprising of at least one lipid
bilayer and may contain surface ligands for used in drug delivery (Torchilin,
2006). The spherical lipid bilayers, constituents of liposomes, can be
synthesized from phospholipids and cholesterol, and encapsulate various
biomolecules for diverse applications (Rooijen and Nieuwmejen, 1980).
Liposomes form part of a class of delivery systems that consists of
microparticles, polymeric micelles, dendrimers and many more (Rai et al.,
2008). They were first discovered by Bangham and then become knwon as
controlled and targeted drug delivery systems (Bangham et al., 1965).
Several inappropriate applications using liposomes led to inadequate

treatment outcomes, suboptimal cancer detection and ineffective monitoring
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in cancer treatment (Zhou et al., 2012). In gene therapy, noninvasive
imaging approaches combined with liposomal nanoparticles have led to own
understanding of delivery and monitoring of the efficiency of the treatment
over an extended period (Zhou et al.,, 2012). Reformulated, improved
liposomes showed success and reintroduced liposomes into the cancer field
as vesicles for targeted drug delivery (Banerjee, 2001).

Dendrimers are repeatedly branched organic molecules and are
symmetrically arranged around the core (Figure 14). They are synthesized
in a series of reactions, starting with a dendron containing a single chemical
group called the focal point. The categories are determined by generation,
which is the number of repeated branching cycles that are achieved during
the synthesis (Figure 15). Every revolutionary cycle leads to the generation
of a dendrimer that is twice as big as the previous one. The higher the
generation, the more exposed functional groups there are on the periphery
and the more possible conjugation can take place (Horiba, 2015; Annam
Pharm, 2013).

branching
points

Figure 14: General structure of a dendrimer. A dendrimer has a core and several
branching points. The number of termini is determined by the number of generation
(http://www.horiba.com/scientific/products/particlecharacterization/applications/ph
armaceuticals/dendrimers/).
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Figure 15: Synthesis of polybranched dendrimers. Dendrimers are synthesized in a
series of reactions, with the first reaction (GO), having 1 protected site and 1
unprotected site in a relatively standard conjugation. However, using GO's product,
G1 can be synthesized having 1 protected and 2 unprotected sites. By similar
methods, G2 offers a 1:4 ratio of reaction sites, G3 offers a 1:8 ratio, and G4 offers
1:16. (http://www.annampharma.com/dendrimers.html, Annam Pharma, 2013).

Dendrimers are interesting and well defined nanostructures, which bear a
resemblance to biomolecules with high functionality, adaptability in drug
delivery and multi-branched architectures. They are specially structured and
different from other polymers by having internal cavities, a small nanoscopic
size, a high ratio of surface groups to molecular volume, a narrow
polydispersity index and several conjugation sites at the periphery
(Kesharwani et al., 2014). Dendrimers have been explored in a variety of
applications and one of the most successful applications is drug delivery.
Their terminal functionalities create an important platform for conjugation of
the drug and targeting moieties. Dendrimers have been entrapped and/or
conjugated to hydrophilic and hydrophobic entities by host-guest
interactions and covalent bonding, respectively. Additionally, the peripheral
functional groups can be employed to alter the properties of dendrimers,
enhancing their adaptability (Madaan et al., 2014; Kesharwani et al., 2014).

2.5.4 Gold Nanomedicine and cancer therapy

Gold metals occur in nature in non-oxidized form (Au) and have two main
oxidative states: the aurous (Au*!) and auric (Au*®) forms. Nanoparticles
made of gold are one of the most well known nanopatrticles. Due to their

biocompatibility, AUNPs have grown in popularity and been intensively used
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in medical applications. They are promising agents for cancer treatment as
they have an affinity to amine and thiol groups, enabling them to be
conjugated (Nel et al., 2006; Shukla et al., 2005).

The small size of nanoparticles such as AuNPs permits them, like PSs,
preferentially accumulate in tumour cells by enhanced permeability and
retention effect (Figure 16). They can be used in target therapy and bind to
proteins or drugs to recognize specific overexpressed cell surface receptors
on cancer cells. They are radiosensitive and when irradiated at specific
wavelengths, they resonate and produce heat that can be essential for
tumour-selective  photothermal therapy. Toxicity studies showed
contradictory results, so that while some studies showed that AUNPs have
no cellular toxicity, others demonstrated ROS production, mitochondrial
damage, cytokine release, apoptosis and necrosis both in vivo and in vitro.
Correlations between the method of preparation and toxicity have been
established both in vivo and in vitro (Ni et al., 2004; Pan et al., 2009; Kang
et al., 2010; Hainfeld et al., 2004; Balasubramanian et al., 2010).

2.5.5 Common applications of AuUNPs in cancer treatments
Radiation cancer therapy utilizes ionizing radiations such as X-rays, gamma
rays and high energy particles to kill and stop the spread of cancer in many
tumours while AuNPs have been used as radiosensitizers, such an
approach is non-specific as most of the ionizing agents cannot differentiate
tumours from normal cells and destroy type of cells (Mesbahi, 2010). Thus,
AuNPs-mediated radiosensitization has led to enhanced photoelectric
photon absorption. The size, dosage, surface coating and distance of
AuNPs from cell organelles are of critical importance for effective
radiosensitization (Jain et al.,, 2012). Interactions between AuNPs low
energy photons, and increased radiation side effects have been detected
(Jain et al., 2012; Mesbahi, 2010).
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Figure 16: Schematic diagram showing enhanced permeability and retention of
nanoparticles in tumors. Normal tissue vasculatureis lined by tight endothelial cells,
thereby preventing nanoparticle drugs from escaping or extravasation, whereas
tumor tissue vasculature leaks and is hyperpermeable allowing preferential
accumulation of nanoparticles in the tumor interstitial space, known as passive
nanoparticle tumor targeting (Nie et al., 2007).

In pharmacological studies, AUNPs have been extensively used to improve
drug delivery to tumours and subsequently cancer treatment efficiency.
AuNPs proved to be effective when used as a delivery system, enhancing
the anticancer therapeutic effects up to 50% when compared to the
anticancer agents used alone in various cancer types, including pancreatic
cancer models (Patra et al., 2010; Patra et al., 2008). When conjugated to
either anticancer agents or anticancer agents bound to antibodies both in
vivo and in vitro, AUNPs showed various appreciable therapeutic effects
(Jain et al., 2012; Kullmann et al., 2009; Patra et al., 2010).

Developments in nanomedical research have led to metal nanoparticles-
targeted cancer therapy (Jain et al., 2012). Light activation of Auger
electrons were demonstrated when the effects of AUNPs in combination with
various lasers were evaluated (Figure 17), and is known as thermal therapy.

Similar to PDT, in this therapy the chosen laser should match the surface
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resonance of the AuNPs, which depend mainly on their size, shape and
methods of synthesis (El-Sayed et al., 2005). Nanoshells are the most
commonly used form of AuNPs as they are able to induce a shift in the
resonance peak to the NIR (650-950 nm) (Lal et al., 2008). The generated
heat energy result from the excitation and relaxation of Auger electrons
(Cherukuri et al., 2010). Subsequent hyperthermia is the main cause of
induced cell death and had been seen in various tumours. In the clinical
setting, hyperthermia is often used in combination with other treatments.
Increased local regulation and survival had also been identified when
thermal therapy had been combined with radiation or chemotherapy (Issels
et al.,, 2010; van der Zee et al.,, 2000). The main downfall of AuNPs-
mediated thermotherapy include elusive specificity, difficulties in accessing
and heating deeper tumours, as well as thermo-tolerance, usually seen after
the first treatment (Wust et al., 2002).

However, AUNPs showed good preclinical results as radiosensitizing agents
in various tumour cells and using different radiation sources. Here AuNP
mediated radiotherapy caused mitochondrial disturbance and subsequent
cell damage (Taggart et al., 2014). Irradiated AUNPs have the potential to
kill cancer cells and cause minimal damage to neighboring cells. Light-
activated AuNPs induced sudden photothermal cytotoxicity and high ROS
within Burkitt lymphoma B and epithelial breast cancer cells (Minai et al.,
2013). Further investigations are required to determine AuNPs
pharmacokinetics, biodistribution and cytotoxicity effects in vivo. Although
AuNPs are biocompatible, certain preparations have the potential to cause
cytotoxicity both in vivo and in vitro. As AUNPs have a high atomic number,
they offer greater absorption of kilovoltage X-rays and greater contrast than
other contrast agents (Jain et al., 2012).
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Figure 17: A schematic illustration of radiotherapy using nanoparticles. Once
administrated, nanoparticles make their way to tumour sites, where they
accumulate. Light is absorbed by the particle to heat the particle and surrounding
tissue. Heat produced will kill cells and light may also be used to produce high
energy oxygen molecules which will chemically react with and destroy cells

(Wijesena, 2015).
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CHAPTER THREE

METHODOLOGY
3.1 Study Design

A flow diagram showing an overview of this project is presented in Figure
18.

HUMAN MALIGNANT BREAST CANCER CELL LINE (MCF-7)

GROUP 1 GROUP 2 GROUP 3 GROUP 4
No PS PS No PS PS
No irradiation No irradiation Irradiation Irradiation
I .
3 hincubation 3 hincubation
No irradiation (0 J/cm?) Irradiation (5, 10 and 15 J/cm?)

AuNPs and AuDENPs at 536 nm
24 h incubation MPDC (AuDENPs-ZnPcSpx) at 680 nm

V

N

SYNTHESIS AND

CHARACTERIZATION OF DOSE RESPONSE CELL DAMAGE
MPDC (Land 2)

SPECTROSCOPY: MORPHOLOGY: INVERTED FLUORESCENT STAINING:
ULTRAVIOLET-VISIBLE AND LIGHT MICROSCOPY LOCALIZATION

FOURIER TRANSFORM VIABILITY COMPARISON: APOTOX-GLO TRIPLE ASSAY:
INFRARED TRYPAN BLUE EXCLUSION CELL DAMAGE MARKERS
MICROSCOPY: TRANSMISSION PROLIFERATION: ATP FLOW CYTOMETRY: CELL DEATH
ELECTRON LUMINESCENCE AND MITOCHONDRIAL POTENTIAL
SURFACE CHARGES: ZETA CYTOTOXICITY: LDH ELISA: CYTOCHROME C
POTENTIAL AND SIZE MEMBRANE INTEGRITY REAL-TIME RT-PCR ARRAY: GENE
DISTRIBUTION EXPRESSION

Figure 18: Flow diagram of AuNPs, AUDENPs and MPDC.mediated PDT. The project
consisted of MPDC synthesis and characterization, dose response and cell damage
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 but received no PS. Irradiation was done with a (536 or 680 nm) diode laser
set as for AUNPs/AuDENPs and MPDC respectively. 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. PS
refers to AuNPs, AuDENPs or MPDC. Dose response 1 was done with only
nanoparticles and excludes morphology, while dose response 2 was performed with
MPDC.

46

_



3.2 Cell Culture
A commercial cell-line was utilized throughout the course of the study.

Therefore, this research did not fall within the guidelines set out in the
Human Tissue Act 65 of 1983, with particular reference to the provision of
the act; tissue which may and may not be used and the removal of tissue
from living donors. The MCF-7 cells as a breast cancer cell line which was
isolated in 1970 from a 69-year-old Caucasian woman. Herbert Soule and
co-workers established the cell line in 1973 (Soule et al., 1973).

The MCF-7 breast cancer cells (ATCC Number: HTB-22™ Lot Number:
60731981) were cultivated in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, 41966) medium. The culture media was enriched with 10% fetal
bovine serum (FBS, Gibco, 10106-169) and 1% Penicillin-streptomycin
(Sigma, P4333). Cells were incubated at 37°C in 5% CO2 and 85% humidity.
Upon reaching confluence, cells were washed twice with Hank’s Balance
Salt Solution (HBSS, Gibco, 14065-056) therefore TryplE™ Express (Gibco,
12604) was used to detach the cells from the culturing flasks using 1 ml/25
cm?. For experimental purposes, 5x10%° MCF-7 cells (in 2 ml culture medium)
were seeded in 3.4 cm diameter culture dishes and incubated at 37°C for 4

h to allow the cells to attach.

3.3 Photo-Irradiation

Cells were categorized into four groups and only cells from group 3 and 4
were irradiated (Figure 18). Once MCF-7 cells were attached to the culture
dishes, AUNPs/AuDENPs or MPDC was added and cells were incubated at
37°C in 5% CO2 and 85% humidity for 3 h prior to laser irradiation. In order
to remove non-localized treatment agents, cells were washed and fresh
media was added before laser irradiation. The PS used in this study was a
mixture and mainly consisted of tetra, tri and disulfonated zinc

phthalocyaines (Figure 19).
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Figure 19: Chemical structure of tetrasulfonatede zinc phthalocyanine, one of the
main components of ZnPcSmix. The mixture consists of mono-, di-, tri- and
tetrasulfonated mPcs (http://www.google.com.gt/patents/EP2222791B1?cl=en).

All laser irradiations were conducted in a dark room using 536 or 680 nm
diode lasers for nanomaterials and ZnPcSmix, respectively and Table 2
presents all the laser parameters used during the whole study. The lasers
were provided by the National Laser Centre (South Africa). Briefly, Cells in
the culture dishes, without lids on, were continuously irradiated from the top
at different fluences (irradiation times). A FieldMate laser power meter was
used to measure the output power of lasers and laser fluences were
determined. Unirradiated cells (group 1 and 2) were kept in the dark at room
temperature during irradiations. Dose was calculated as follows: Irradiance
(J/cm?) = time (s) x [power (W)/surface (cm?)] (APPENDIX C).
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Table 2: Laser parameters for irradiation.

Parameters Diode laser Diode laser
Manufacturer Oriel Corporation ~ Optoelectronics Tech
Wavelength 680 nm 532 nm
Wave emission continuous continuous
Spot size 9.1 cm? 9.1 cm?
Output power 52 mW 642 mW
Power density 5.73 mW/cm? 70.74 mW/cm?
Fluences 5 J/cm? 5 J/cm?

10 J/cm? 10 J/cm?

15 J/cm? 15 J/cm?
Irradiation times 16 min 50 s 1min10s

33min40 s 2min2ls

50 min 30 s 3min32s

3.4 Synthesis and Characterization of MPDC

The chemical synthesis of AUNPs was carried out at room temperature and
achieved via the Brust method. It is the most popular method for obtaining
agueous solutions of nanoparticles that are 5-30 nm in size. The method is
a 2 phase method and was used mostly for thiol-stabilized metal
nanoparticles in organic solvents, and in the range of 1-30 nm (El-Hussein
et al., 2015).

The Au dendrimer-encapsulated nanoparticles (DENs) were synthesized
and characterized at the Chemistry Department,
Johannesburg, South Africa, using G4-G6 PAMAM-NH2 dendrimers as

templates and stabilizers. Sodium tetrahydridoborate (NaBHa4) was used as

University of

a reducing agent for the synthesis of DENs. Binding studies were carried
out in order to determine the maximum capacity of the dendrimer to which

the metal ions can be added (Nemanashi and Meijboom, 2013).
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The ZnPcSmix was synthesized and characterized at the Chemistry
Department, University of Rhodes, South Africa. The photophysical and
photochemical study identified phosphate buffered saline (PBS) as the
preferred solvent over dimethyl sulphoxide (DMSO) and Triton X-100 to
achieve the purpose of this study. Henceforth, ZnPcSmix was dissolved in
sterile PBS to a final stock concentration of 5 mM, which was wrapped in

foil for protection from direct light (Ogunsipe and Nyokong, 2005).

The final MPDC was obtained after incubating AUDENPs and ZnPcSmixin a
nitrogen gas atmosphere for 48 h, with ZnPcSmix in excess. After
characterization, a pre-determined volume of AUNPs, AUDENPs and MPDC
(AuDENPs-ZnPcSmix) was transferred into media to give the required final
concentration (used for experimentation) and cells were incubated
overnight at 37°C. Media was then removed and the cells were washed as
described previously with HBSS to remove either AuNPs, AuDENPs or
conjugate, which was not taken up by the cells. Elementary characterization
analysis was performed before the conjugated compound was used for cell

study.

3.4.1 Spectroscopy

The patterns of absorption (wavelengths absorbed and their extensions)
and emission (wavelengths emitted and their intensities) are called spectra
and the atomic or molecular interpretation of spectra is known as
spectroscopy. Both ultra-violet visible (UV-Vis) and Fourier Transform
Infrared (FTIR) spectroscopy, available at the Department of Applied
Chemistry at the University of Johannesburg, were used to characterize
MPDC.
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UV-visible spectroscopy

UV illumination stimulates molecular vibration and electron transitions when
atoms/molecules absorb electrons in the range of 160-780 nm. For a light
medium, the light intensity is inversely proportional to the depth and the
concentration of the sample. Spectrophotometry permits the identification of
the absorption band of AUDENPS, ZnPcSmix and MPDC and to investigate
the shift in the absorption band of PS after combination to AUNPs. The 2450
Spectrophotometer with a 1 cm matched quartz cell from Shimadzu
Scientific Instruments, Kyoto, Japan was used to get the various UV-Vis

absorption spectra.

Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectroscopic measurement of AUDENPS, ZnPcSmix, and MPDC
was recorded using a Bruker- TENSOR-FTIR spectrometer by making
separate pellets of each sample with potassium bromide (KBr). Initially, for
combining, the dendrimer (25 mg) was dissolved in 12 ml of DMSO,
methanol and dimethylfuran (DMF) (1:1:1 ratio) solvent mixture. After 10
min of stirring, 100 mg of zinc-phtaocyanin was added and stirred for 48 h
at room temperature under nitrogen. The resulting mixture was distilled
under high vacuum to remove the solvents, and a stream of nitrogen was
passed into the wet product for 1 h to get a pure, dry product which was

characterized and used for further experiments.

3.4.2 Transmission electron microscopy (TEM)

Nano scaling characterization and visualization are achieved using different
systems; scanning tunneling (STM), atomic force (AFM), scanning electron
(SEM), high resolution transmission electron (HRTEM) and TEM. TEM is
extensively used for medical applications. The TEM was performed at the
SPECTRAU laboratory, University of Johannesburg, South Africa, and used

for ultrastructural studies (size and shape) of the conjugate using the Jeol
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JEM 2100 (Advanced Laboratory Services). It utilizes transmitted electrons
through the objects being viewed to form images, and its best resolution is
around 0.2 nm, which is 1,000 times better than the conventional light
microscope. Samples were loaded by placing one drop of aqueous
conjugate on a holey carbon-coated Copper grid (200 mesh) and allowing
the solvent to evaporate in air.

3.4.3 Zeta potential

Zeta potential is the potential that exists at the periphery of a compound and
is a function of the electrophoretic mobility of the compound. The
development of a net charge at the surface of a compound affects its
distribution and subcellular localization. A compound with a zeta potential
more positive than +30 mV or more negative than -30 mV is considered to
be stable. Zeta potential was performed to determine the surface charge of

MPDC, size distribution and to investigate its stability.

The Zeta potential was measured in triplicate at the Department of Applied
Chemistry, University of Johannesburg by using the Malvern Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) at 25°C and at a 12° angle.
Ten microliters of MPDC was transferred to a vessel containing an electrode
and used for light scattering analysis, to determine the electrophoretic
mobility and the net charge of the sample. Thereafter, the size distribution

was also determined.

3.5 Dose Response using AUDENPS-ZNPc Smix

To identify the treatment parameters that led to approximately 50%
decreased cell viability, a dose response study was conducted using
different laser irradiation fluences and MPDC concentrations. Laser
fluences of 0, 5, 10 and 15 J/cm? and concentrations of 0, 0.1 and 0.3 uM
of MPDC were used. Therefore, at this stage different laser light irradiation
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fluences or concentrations were applied separately on individual samples
without inducing photodynamic reactions and then in combination yielding

photodynamic effects.

Morphological changes were observed using inverted light microscopy,
cellular viability was determined with the trypan blue exclusion test, cellular
proliferation with the adenosine triphosphate (ATP) luminescent assay and
cellular membrane damage with the lactate dehydrogenase (LDH)
colorimetric assay, all performed after 24 h incubation. The latter assays
were performed in the dose response studies to determine the optimum
photosensitizer concentration and laser irradiation fluence. Subcellular
localization of MPDC was determined with the fluorescent microscope. This

was performed in order to perform target-related assays.

The PDT or MPDC alone or irradiation alone; or untreated (no MPDC and
no laser irradiation) cells were incubated for 24 h and morphological
changes were observed under the microscope coupled to a digital camera.
Supernatants from the cells were collected and dispensed into cell free 1.5-
2 ml microcentrifuge tubes that were properly labelled and frozen for
analysis if they were not to be used for cellular membrane damage. Cells
were detached using the procedure described previously in this chapter and
culture dishes were rinsed with HBSS to collect the remaining cells. Cells
were spun at 2 500 rpm for 5 min and the supernatants were discarded.
Cells were re-suspended in HBSS for performing the cell count with trypan
blue, unless specified otherwise. Cells were used immediately to conduct

biological assays.

3.5.1 Trypan blue exclusion test

A cell count using the trypan blue exclusion test was used to determine
cellular viability. The principle of the assay is based on the selective

exclusion of the vital dye by live/viable cells since live cells possess intact
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membranes and appear translucent under the microscope. Dead cells take
up the stain due to exposed or damaged membranes, and when visualized
microscopically they appear blue.

In this test, 20 nl cell suspension was removed and added into a
microcentrifuge tube followed by 20 ul of 0.4% trypan blue stain to make a
1:2 dilution. The mixture was loaded onto a cell haemocytometer specifically
designed for use with the Countess™ automated cell counter (Invitrogen,
Life Technology). Percentage viability and cell number was recorded from

15 squares of the haemocytometer and an average was calculated.

3.5.2 Cellular proliferation assay

Adenosine triphosphate (ATP) luminescent assay

The CellTiter-Glo® luminescent assay (G7570, Analytical Diagnostic
Products, South Africa) was used to measure cellular proliferation by
determining the cellular ATP content in metabolically active cells. The assay
relies on the properties of a thermostable luciferase oxidative enzyme used
for bioluminescence, to enable the reaction conditions that will
simultaneously inhibit endogenous enzymes such as ATPase released
during cell lysis as well as generating a stable luminescent signal. The
stable luminescent signal generated by the enzyme is proportional to the
amount of ATP present. The amount of ATP is directly proportional to the
number of viable cells. The assay buffer was thawed, and together with the
lyophilized substrate was allowed to equilibrate at room temperature prior

to use.

A weight of 0.007 g substrate was dissolved into a volume of 1 ml assay
buffer and mixed by vortexing the tube. The mixture was sufficient for 20
reactions (APPENDIX E). A volume of 50 ul of cells suspended in
supplemented media was transferred into each flat bottomed 96-well coated
luminescence microplate, and left to equilibrate at room temperature for 30

min. Thereafter, 50 pul of the solution was added into each well that
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contained sample and the microplate was placed on an orbital shaker
(Heidolph Polymax Orbital, Labotec, 1040) for 2 min to induce cell lysis by
gentle shaking. After lysis induction, the plate was placed on the bench for
10 min to stabilize the luminescent signal. Luminescence was recorded

using the Victor® microplate reader (Perkin-Elmer).

3.5.3 Cell membrane damage

Lactate dehydrogenase (LDH) cytotoxicity assay

The non-radioactive CytoTox96® (G400 Analytical Diagnostic Products,
South Africa) cytotoxicity assay is a colorimetric analytical method that was
used to measure LDH released from the cells. Lactate dehydrogenase
catalyzes the interconversion between pyruvate and lactate via the
interconversion of NADH and NAD®. The principle of the assay is based on
measuring the cytosolic enzyme, LDH, which is released upon cell lysis
which correlates with the amount of damaged cells. The released LDH in
the culture supernatant is measured with a 30 min coupled enzymatic
reaction which results in the conversion of tetrazolium salt into a red
formazan product which is read at the absorbance of 490 nm. The amount

of colour formed is proportional to the number of lysed cells.

A volume of 1.2 ml of assay buffer was aliquoted into 1.5 ml eppendorf tubes
and 0.012 g of substrate was added to the buffer; the mixture was sufficient
to perform 24 reactions. Frozen supernatants were thawed in the water bath
at 37°C for approximately 5 min. A blank or sample volume of 50 ul was
transferred to the flat bottomed 96-well microplate, followed by an equal
volume of the substrate mix. The microplate was covered with foil to prevent
direct light penetration or interference and incubated in the dark for 30 min
at room temperature. Thereafter, the reaction was stopped by adding 50 ul
of the stop solution and the absorbance was read at 490 nm using the

Victor® microplate reader (Perkin-Elmer).
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3.6 Cell Damage

After completing the dose response study, the irradiation fluence of 10 J/cm?
and the concentration of 0.3 uM MPDC were identified as the parameters
to be used for the cell damage study. Post treatment, the incubation periods
of 2, 3 and 24 h were considered for localization, gene expression and

biological assays, respectively.

3.6.1 Localization

The cell damage study started with the determination of the subcellular
localization of MPDC after uptake by MCF-7 cells. Cover slips were
sterilized with 70% ethanol and passed over a flame from a Bunsen burner.
After sterilization, the sterile cover slips were placed inside 3.4 cm diameter
culture dishes and cells were cultured overnight. Thereafter, cells were
rinsed with HBSS and incubated with MPDC (at a final concentration of 0.3
uM in supplemented media) for 2 h at 37°C with 5% CO2 and 85% humidity.
Next, cells were washed with warm HBSS to remove unabsorbed MPDC,
stained with intracellular organelle fluorescent dyes to determine the
localization site of conjugate and viewed with different filters as presented
in Table 3. Fluorescence images were obtained using a live imaging

fluorescent microscope (Carl Zeiss Axio Z1 cell observer).

3.5.2 Cell morphology analysis

Morphological changes were examined in all control and experimental
groups 24 h after treatment. A CKX41 inverted light microscope (Olympus,
Wirsam) connected to a camera was used to observe and capture
qualitative changes with the analysis getlT software. Once digital images
were captured, cells were then detached, collected and re-suspended for

further biological analysis.
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Table 3: The intracellular localization of MPDC was determined by incubating cells
with the MPDC and then staining with the fluorescent dye. The fluorescent pattern
was visualized under the fluorescent microscope and images were recorded.

Organelle Fluorescent dye Concentration Filters
Mitochondria MitoTracker (Green) 50 nM 459ex/529€em
Lysosomes LysoTracker (Green) 75 nM 459ex/529€em
Nuclei DAPI (Blue) 0.1 mg 350ex/461Em

3.6.3 Apotox-Glo assay (viability, cytotoxicity and caspase
activity)

The Apotox-Glo assay (G6320, Analytical Diagnostic Products, South
Africa) was performed to assess cell viability, cytotoxicity and caspase
activation. Firstly, the assay measures two protease activities for cell
viability and cytotoxicity; glycyphenylalanyl- aminofluorocoumarin (GF-AFC)
and bis-alanylalanyl-phenylalanyl-rhodamine 110  (bis-AAF-R110),
respectively. Live cells show a decrease in AFC fluorescence, while dead
cells show an increase in R110 fluorescence. GF-AFC and bis-AAF-R110
have different excitation and emission wavelengths and can thus be
assayed in combination. Secondly, the assay contains a luciferase for
determination of a luminescent caspase 3/7 signal and assists in monitoring

cell death events, which are reflected by an increase in caspase 3/7 activity.

A density of 2 x 10° cells per well was seeded and 20 pl of
viability/cytotoxicity reagent, containing both GF-AFC and bis-AAF-R110
substrates, was added to each well and placed on an orbital shaker
(Heidolph Polymax Orbital, Labotec, 1040), set at 250 rpm for 1 min. The
mixture in a 96-well plate was incubated for 1 h at 37°C before the

fluorescence signals were recorded with 400ex/550€enm filters for viability and
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485ex/535em filters for cytotoxicity. Thereafter, caspase 3/7 activity was
measured by adding 100 pl of the Caspase-Glo 3/7 reagent to all wells and
the luminescence signal measured after 30 min of incubation at room
temperature. All signal measurements were perfomed using the Victor3

microplate reader (Perkin-Elmer).

3.6.4 Mitochondrial destabilization

Change in mitochondrial membrane potential or the depolarization of the
mitochondrial transmembrane potential (A %) is associated with apoptosis.
The 1%t J-aggregate-forming cationic dye (JC-1) is a lipophilic cationic
fluorochrome used to evaluate the status of the A ¥m. Viable cells are able
to take up the JC-1 stain via their plasma membrane and this uptake
depends on the A ¥n. Viable cells have polarized A ¥m and can take up the
JC-1 leading to mitochondrial JC-aggregates, a red-spectral shift and a high
red fluorescence emission, which is measured in the red channel on the flow
cytometer. Damaged cells with depolarized mitochondria cannot take up
JC-1 stains and do not fluoresce in the red fluorescence channel. JC-1
remains in its monomeric form in the cytoplasm and is not permeable to

cells with depolarized mitochondria, and thus no red spectral shift.

Cells were detached as previously described, re-suspended in 1 ml HBSS
and centrifuged at a speed of 400 x g for 5 min at a temperature of 4°C. The
supernatant was discarded and cells were re-suspended in 0.5 ml of a fresh
JC-1 working solution and thoroughly mixed. Then the mixture was
incubated at 37°C in a COz2 incubator for 10 min, followed by the addition of
1 ml of 1 x assay buffer. The combination was mixed and centrifuged for 5
min at 400 x g. Again, the supernatant was discarded, 0.5 ml of 1 x assay
buffer was added, the solution was vortexed and centrifuged in the same
manner. Cells were re-suspended in 0.5 ml 1 x buffer and the cells in the
pellet and suspended by vortexing. Analysis was done using the

FACSCAria flow cytometer (BD Biosciences).
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3.6.5 Cytochrome C leakage

Cytochrome C is an apoptogenic component required for further apoptotic
events such as caspase-3 activation and DNA fragmentation. Mitochondrial
damage and leakage leads to the accumulation of cytochrome C in the
cytosol of intact cells.

An Enzyme linked immunoassay (ELISA) (human cytochrome C Platinum
ELISA kit) was used to detect the level of cytosolic cytochrome C in various
treated samples. Cells were detached from the plate, re-suspended in
HBSS, centrifuged for 15 min at a speed of 217 xg and the supernatant was
discarded. Thereafter, cells were re-suspended in 1 ml of cold PBS and
centrifuged for 5 min at 398 xg. Cells were then lysed by incubating with 0.5
ml of lysis buffer for 1 h at room temperature. Then, cells were centrifuged
for 15 min at 200 x g and a 50-fold dilution of the supernatant was done by
removing 5 ul of the supernatant and adding it into to a 1.5 ml tube with 245

ul of 1 x assay buffer and stored at -80 °C.

Samples (lysate supernatants) were further diluted by making a 1:2 dilution
in assay buffer, 150 ul of sample was added to an equal volume of 1 x assay
buffer, and a volume of 100 ul was added to the wells. Blank wells contained
100 pl of 1 x assay buffer added in duplicate, and all standards and samples
were also added in duplicate. A volume of 50 pl biotin-conjugated anti-

human cytochrome C antibody was added to all the wells and the microplate
was covered with an adhesive film and incubated for 2 h at room
temperature. Thereafter, the microplate was rinsed three times with 400 pl
of wash buffer and 100 pl of Streptavidin-HRP secondary antibody was
added to all the wells. The microplate was covered with an adhesive film
and incubated for 1 h at room temperature. After the wells were washed
three times with 400 ul of wash buffer, 100 pl of tetramethyl-benzidine (TMB)
substrate was added and the plate was incubated at room temperature for

10 min. Lastly, the reaction was stopped by adding 100 pl of stop solution
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and the absorbance of each well was read at 450 nm using the Victor3
microplate reader (Perkin-Elmer).

3.6.6 Cell death detection

Apoptosis is an important physiological process as it participates in cellular
homeostasis and removal of useless cellular contents. This mode of cell
death has hallmark features that enable systematic differentiation from other
modes of cell death. Phosphatidylserine is a membrane phospholipid
protein, and when cells undergo apoptosis this protein is translocated from
the inner to the outer leaflet of the plasma membrane, thereby exposing the
phosphatidylserine to the external cellular environment. Annexin V is a 35-
36 kDa Ca?* dependent phospholipid-binding protein that has a high affinity
for phosphatidylserine and therefore binds to cells with exposed

phosphatidylserine.

Annexin V conjugated to fluorescein isothiocyanate (Annexin V-FITC)
fluorochrome is currently used to detect apoptotic cells by flow cytometric
analysis. Annexin V-FITC is more often used in conjunction with propidium
iodide (PI), a crucial and specific dye used to stain necrotic cells. This is
because viable cells exclude Pl whereas dead cells take up the dye.
Therefore, healthy cells with integral membranes are Annexin V-FITC and
Pl negative (FITC-/PI-), viable and early apoptotic cells are FITC positive-
and PI negative (FITC+/PI-), necrotic cells are PI positive (FITC-/PI+), and
late apoptotic cells stain positive for both FITC and PI (FITC+/PI+) (Grosse
et al., 2009).

Cells were re-suspended, rinsed twice with PBS and then re-suspended in
a 1 x assay binding buffer. A volume of 100 ul was transferred into a 5 ml
sterile Falcon tube and cells were concurrently incubated with 5 pl of
Annexin V-FITC and Pl. The mixtures were incubated in the dark for 5 min

onice. Then 400 pl of 1 x binding buffer was added to all the samples, which
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were analyzed on the FACSCAria flow cytometer (BD Biosciences) by
reading 10 000 events. Control samples were included and prepared for the
assay as follow: cells only without any stain; cells stained with Annexin V-
FITC only; cells stained with Pl only; and positive control cells which
included those stained with both Annexin V-FITC and PI (late apoptotic).
An apoptosis positive control was prepared by inducing apoptosis with 1
pug/ml actinomycin D, and a necrosis positive control with 10% (v/v)

hydrogen peroxide for 24 h.

3.6.7 Real-time Reverse Transcriptase Polymerase Chain

Reaction

The real-time Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) was used to study the amplification of gene products and expression.
The RT-PCR was done using SYBR Green technology, which has an affinity
for double-stranded genetic material and binds to nitrogenous bases of the
genetic molecules to produce a fluorescent signal (Bustin et al., 2005; Wang
et al., 2006).

Extraction of ribonucleic acid (RNA) and quantification

The RNeasy kit (74104, SABiosciences, South Africa) with QiAshredder
homogenisers (79654, SABiosciences, South Africa) was utilized to isolate
RNA from the MCF-7 cells. The isolated RNA is approximately 200 bases
long and is obtained after the elution phase, which is achieved in a low ionic
milieu (Lai et al., 2007). The isolation was performed based on the binding
affinity of the silica membrane and the speed of the microcentrifugation
technology. The positively charged silica membrane facilitates the binding
to the phosphate backbone of the nucleic acids in the presence of specific

salt, which disrupts the non-covalent inetractions between water molecules.
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Three hours after incubation, both treated and untreated cells were
detached and rinsed with PBS to remove all traces of culture media. Cells
were re-suspended in 600 ml of RLT buffer after they were spun down and
the PBS was discarded. All extraction reagents and cell supsensions were
loaded on the QIAcube (Invitrogen). At the end of the run, 30 ul of eluted
RNA was collected and quantified using the Quant-iT™ RNA Assay kit
(Q32852, Life Technologies, South Africa) on the Qubit™ fluorometer
(Invitrogen). The working solution of the assay was prepared and Quant-
iT™ RNA reagent was diluted in Quant-iT™ RNA buffer in a 1:200 ratio in
thin-walled and clear 0.5 ml optical-grade PCR tubes and stored at room
temperature. Standards 1 and 2 were prepared by loading 190 ul working
solution into two tubes and 10 pl of each Quant-iT™ standard (1 and 2) was
added to the suitable tube and mixed. For experiments purpose, 1 pl of the
eluted RNA sample was diluted in 199 ul working solution and mixed. Both
standard and sample tubes had a final volume of 200 ul and all tubes were
incubated for 2 min. The two standard tubes were used to calibrate the
Qubit™ fluorometer and the RNA sample concentration (ug/ml) was
determined. The obtained concentration was multiplied by the total number
of eluted volume (30 pl) and the total concentration of isolated RNA was

determined.

RNA purity

One microliter of each isolated RNA sample was mixed with 99 ul buffer AE
(19077, SABiosciences, South Africa) in a quartz cuvette to determine the
quality of nucleic acids. The buffer consists of 10 mM Tris-Cl and 0.5 mM
EDTA; pH 9.0. The absorbance of each sample was read using the Biomate
3 spectrophotometer (Thermospectronic, 335904P), and the ratio of the
absorbance value at 206 nm over the value at 208 nm was calculated and
purity was determined. All ratio values were between 1.8 and 2.0
(APPENDIX F).
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Complementary DNA (cDNA) synthesis

Following RNA purity verification, the QuantiTect Reverse Transcription kit
(Qiagen, 205311) was used to synthesize complementary DNA (cDNA)
from isolated RNA samples. The QuantiTect Reverse Transcriptase,
contained in this kit possesses a high affinity for RNA and is able to
synthesize cDNA from as little as 10 pg RNA. A volume comprising of 30 ng
of RNA was used for RNA reverse transcription into cDNA and used for the
genomic DNA (gDNA) elimination reaction mixture prepared on ice and
according to Table 4. The PCR Array is very sensitive and yields results with

as little as 25 ng or as much as 5 pug total RNA per array.

Table 4: Genomic DNA elimination reaction and various components.

Component Volume/reaction Final

concentration

gDNA wipeout buffer 2 pl 1X
Template RNA Variable (30 ng)

RNase free water Variable

Final volume 14pl -

The final volume for gDNA elimination was 14 pl, tubes were incubated for
8 min at 42°C and then placed on ice. Thereafter, a reverse transcription
reaction with a final volume of 20 pl was prepared on ice by mixing
Quantiscript Reverse Transcriptase, Quantiscript RT Buffer, RT Primer Mix
and 14 pul of the gDNA elimination reaction as presented in Table 5. The
reverse transcription reaction tubes were vortexed and incubated for 15 min
at 42°C. Then the reverse transcription reaction tubes were incubated for 3
min at 95°C to deactivate Quantiscript Reverse Transcriptase. The real-time
PCR array was performed and the synthesized cDNA used as a template

or stored at -20°C for later usage.
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Table 5: Reverse transcription reaction and various components.

Component Volumel/reaction

Reverse-Transcription master mix

Quantiscript Reverse Transcriptase 1l
Quantiscript RT Buffer 4ul
RT Primer Mix 1l
Template RNA

gDNA elimination reaction 14pl
Final volume 20 pl

Gene expression

The purity of the cDNA samples was determined after obtaining the
absorbance values and ratios (Azeo2s0 Nm). One microliter of synthesized
cDNA was mixed to 99 ul buffer AE (Qiagen, 19077) in a quartz cuvette and
read using the Biomate 3 spectrophotometer. Ratios between 1.84 and 1.97
were obtained and used for gene expression analysis (APPENDIX F). The
expression of 84 genes involved in death and senescence (Table 6) was
studied and profiled using the Human Cell Death PathwayFinder™ PCR
Array (SABiosciences, PAHS-212A) and Stratagene Mx3000p® instrument.

The RT? Profiler PCR Array System takes advantage of real-time PCR
performance and combines it with the ability of microarrays to detect the
expression of multiple genes simultaneously. The first 84 wells (Al to G12)
of the PCR plate each contained a different cell death gene and the
remaining 12 wells consisted of housekeeping genes (H1 to H5) to
normalize the PCR Array data, gDNA control (H6) to detect gDNA
contaminant, Reverse Transcription control genes (RTC, H7 to H9) and
Positive PCR control genes (PPC, H10 to H12) to assess the quality of the
the reverse transcription and PCR efficiency, restively (Figure 20).
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The cDNA samples were diluted with 92 ul of RNase-DNase free water (final

volume 102 pl) and used to prepare an experimental cocktail by adding the

SABiosciences RT? qPCR master mix and RNase-DNase free water in a 50

ml RNase-DNase free tube according to the manufacturer’s protocol and

sequence as per Table 7. The SABiosciences RT? gPCR Master mix used

was precisely designed for the Stratagene Mx3000p® and contained RT?

SYBR Green (detected dye) and ROX (reference dye) gPCR components.

Table 6: Functional gene grouping of the human cell death pathway finder profiler
(updated from SABiosciences, PHAS-212A).

Cell death

Gene subunits

Pro-Apoptotic

Anti-Apoptotic

Apoptosis
Autophagy
Apoptosis
Necrosis

Autophagy

Necrosis

and

and

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).
BCL2A1 (Bfl-1/A1), BIRC3 (c-IAP1), IGF1R, MCL1,
TNFRSF11B, TRAF2, XIAP.

AKT1, BAX, BCL2, BCL2L1 (BCL-X), CASP3, FAS
(TNFRSF6), TNF, TP53.

ATP6V1G2, CYLD, SPATA2, SYCP2, TNFRSF1A

APP, ATG12, ATG16L1, ATG3, ATG5, ATG7, BECNI1,
CTSB, CTSS, ESR1 (ERa), GAA, HTT, IFNG, IGF1, INS,
IRGM, MAP1LC3A, MAPK8 (JNK1), NFKB1, PIK3C3
(VPS34), RPS6KB1, SNCA, SQSTM1, ULK1.

BMF, Clorf159, CCDC103, COMMD4, DEFB1, DENNDA4A,
DPYSL4, EIF5B, FOXI1, GALNT5, GRB2, HSPBAP1,
JPH3, KCNIP1, MAG, OR10J3, PARP1 (ADPRT1), PARP2,
PVR, RAB25, S100A7A, TMEM57, TXNL4B.
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Table 7: Experimental cocktail preparation for RT-PCR application.

Plate format: 96 well
2x SABiosciences RT2 qPCR Master mix 1,350 pl
Diluted First Strand cDNA Synthesis Reaction 102 pl

Water 1,248 ul
Final Volume 2,700 pl

Figure 20: Layout of the catalogued 96well PCR Array. Wells Al 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
normalizing the PCR array data. Well H6 to H12 contain controls namely genomic
DNA contamination (GDC), Reverse Transcription Controls (RTC), and Positive PCR
Control (PPC).

Twenty five microliters of the the experimental cocktail was added to each
well and the 96 well PCR Array plate was sealed with optical thin walled 8-
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cap strips and 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 run on the Stratagene Mx3000p® was programmed as
follows: 1 cycle, 10 min at 95°C to activate the HotStart DNA polymerase,
and 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.

The target DNA sequence was amplified through a thermal process of
repeated heating (for DNA melting) and cooling (for enzyme dependent
replication) steps. During the DNA melting step, the double stranded helical
molecule unwinded and separated into two single stranded DNA molecules,
which were used as templates for amplication by DNA polymerase in the
cooling step. SYBR Green is not specific and had the ability to detect any
other double stranded DNA such as the target DNA in each well, primer
dimers, contaminant DNA or products from misannealed primers. A melt
curve analysis was programmed at the end of the PCR cycling (95°C, 1 min;
65°C, 2 min (optics off) and 65 to 95°C at 2°C per min (optics on)) and gave
an indication of the amplication of each single product. During the heating
step, the double stranded DNA molecules dissociated and altered to a
hyperchromic form as the hydrogen bonds between the nitrogenous bases
were being weakened and the absorbance intensity increased. The melting
point depends on the G-C content of the nucleic and is the temperature at
which 50% of hydrogen bonds are disrupted with capital for identification of

a single peak at temperatures greater than 80°C in each well.

Real-time PCR array data analysis

A loaded PCR Array plate was placed on the real-time thermal cycler and
the program was run. The instrument software gave the threshold cycle (Cy)
value for each well and all C: values equal to or greater than 35 were

considered as negative amplification (absence of amplicon). A gDNA control
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well (well H6) with a C: value greater than 35 designated absence of gDNA
contamination and a C: value lesser than 35 (Ci<35) designated gDNA
impurity. Ct values of 20£2 (should not vary by more than 2 cycles between
PCR Arrays being compared) for positive PCR control wells (PCC, wells
H10 to H12) should be obtained, which indicated successful amplification.
The average C: values of all 5 housekeeping genes was used by the
software to normalize the 84 genes studied and was subtracted from the
gene of interest C: value. All C: values were exported to a blank Excel
spread sheet and used 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 was used to obtain the calculations and interpretation of the control
wells. The student t-test was used to obtain the degree of significance
alteration of gene expression (p value) and results were presented in a
tabular format, a scatter plot, a three-dimensional profile, and a volcano plot

(when replicates are included).

Fold-change (2MAAC:)) was calculated by the software by dividing the
normalized gene expression (2MAC:)) of the test sample by the normalized
gene expression (2*(AC:)) 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 2MAC:) values for each gene in the
control group and treatment groups. A value of p<0.05 was considered
significant.

3.7 Statistical Analysis
Dose response study experiments were repeated six times (n=6), gene

expression experiments were performed three times (n=3) and cell damage
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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) 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 Dose Response using two Gold Nanoparticles

A dose response was conducted using two gold nanomaterials, namely gold
nanoparticles (AuNPs) and gold encapsulated dendrimers (AuDENPS), to
identify the optimal nanomaterials to be used and to determine its role prior
to conjugation with ZnPcSnix. Cells were treated with two concentrations (1
and 3 mM) of each gold nanomaterial and after 24 h cell viability,
proliferation and cytotoxicity were assessed by means of the Trypan Blue
exclusion assay, ATP luminescence assay and LDH cytotoxicity assay,
respectively. Additionally, the temperature of all irradiated samples was

monitored and remained constant during laser irradiation.

Results showed that cell viability decreased in a dose-dependent manner
(Table 8) and that AuNPs induced a significant decrease (p<0.05) in a light
independent manner; when cells were treated with 1 and 3 mM AuNPs and
compared to untreated control cells (0 Jcm? and 0 mM). All cells that
received AuNPs and laser irradiation showed that cell viability decreased
significantly (p<0.05 and p<0.01). The viability of AuDENP-treated cells also
decreased in a dose-dependent manner, but only showed a significant
decrease in cells treated with 1 mM at 15 J/cm?, and 3 mM at both 10 and
15 J/cm? (p<0.05).

With the cell proliferation assay, the level of ATP decreased similarly in a
dose-dependent and light-independent manner. All cells treated with AUNPs
showed a significant decrease in ATP luminescence (p<0.05 and p<0.01)
when compared to the untreated control (0 J/cm? and 0 mM). AuDENP
treatment was less severe when compared to AuNPs, and showed only
light-dependent dose response. There was a significant decrease (p<0.05)
in all irradiated AUDENP-treated cells, with the exception of cells treated
with 1 mM AuDENP and 5 J/cm? laser (Table 9).
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Table 8: Percentage viability of treated and untreated MCF-7 cells using the Trypan
Blue exclusion assay. Various concentrations of nanomaterials and laser fluences
were applied during treatment. In comparison to untreated cells (0 mM and 0 J/cm?),
statistical differences are shown as *p<0.05 and **p<0.01.

Trypan Blue Viability Assay (%0)

Laser Control Gold nanoparticle Gold encapsulated

Fluences Concentration dendrimer Concentration
0 mM 1mM 3 mM 1mM 3mM

0 J/cm? 94 +1,06 74 £1,56* 72 +0,52* 95+1,76 93+1,48

5 J/lcm? 93+3,21 71+1,61* 70 £2,36** 86+ 0,56 86 + 0,59

10 J/cm? 94 + 2,67 72 £ 0,45* 69 +1,43** 84 +1,58 81 +1,75*

15 J/cm? 97 +0,45 69 +286** 65%1,34** 78+0,75* 72 +0,63*

* represents standard error

Table 9: Proliferation of treated and untreated MCF-7 cells using the Adenosine
Triphosphate Iuminescence assay (Relative Light Unit, RLU). Various
concentrations of nanomaterials and laser fluences were applied during treatment.
In comparison to untreated cells (0 mM and 0 J/cm?), statistical differences are
shown as *p<0.05 and **p<0.01.

Adenosine Triphosphate Proliferation Assay

Laser Control Gold nanoparticle Gold encapsulated
Fluences Concentration dendrimer Concentration
0mM 1mM 3mM 1mM 3mM

0 J/lcm? 256431+ 25 198983+ 82* 193692+ 58* 224558+ 74 214785+ 98

5 J/lcm? 254682+ 64 175894+ 64** 198752+ 76* 211254+ 45 197581+ 65*
10 J/em? 264130+ 52 198645+ 12* 167985+ 15** 193945+ 65* 197455+ 57*
15J/cm? 258791+ 36 154896+ 28** 157487+ 45** 188543+ 76* 178954+ 36*

* represents standard error

Cellular membrane integrity was used to determine the degree of toxicity of
each treatment (Table 10). AuNPs induced cytotoxicity with a significant
increase in the levels of LDH in the culture media of MCF-7 cells treated
with 3 mM AuNPs (p<0.05), as well as all irradiated AuNP-treated cells
(p<0.05 and p<0.01) when compared to that of the untreated cells.
AuDENPs did not show dark toxicity and led to a light-dependent cytotoxicity
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(p<0.05) when laser fluences of 10 and 15 J/cm? laser fluences were used
to activate AUDENPSs.

Table 10: Cytotoxicity of treated and untreated MCF-7 cells using the Lactate
Dehydrogenase Membrane Integrity assay (Asgonm). Various concentrations of
nanomaterials and laser fluences were applied during treatment. In comparison to
untreated cells (0 mM and 0 J/cm?) statistical difference are shown as *p<0.05 and
**p<0.01.

Lactate Dehydrogenase Membrane Integrity Assay

Laser Control Gold nanoparticle Gold encapsulated

Fluences Concentration dendrimer Concentration
0mM 1mM 3mM 1 mM 3mM

0 J/cm? 0,331+ 0,021 0,354+ 0,045 0,383+ 0,053* 0,345+ 0,042 0,353+ 0,075

5 Jlem? 0,321+ 0,035 0,389+ 0,037* 0,392+ 0,069* 0,363+ 0,036 0,379+ 0,048

10 J/cm? 0,354+ 0,025 0,401+ 0,081* 0,397+ 0,014* 0,412+ 0,015* 0,405+ 0,036*
15 J/cm? 0,341+ 0,065 0,458+ 0,04** 0,462+ 0,05** 0,395+ 0,045* 0,443+ 0,042*

* represents standard error

4.2 Synthesis and Characteristics of MPDC

AuNP showed both light-independent and light-dependent cytodamage
while AUDENPs only yielded to light-dependent cytodamage, and for this
reason AuDENPs was chosen for conjugation. Both AuDENPs and
ZnPcSmix (in excess) were mixed at a ratio of 1:37,86 (v/v), continually
agitated and incubated in a nitrogen gas atmosphere for 48 h. Then, the
solution was collected and analyzed to determine whether or not
combination was successful. The resulting mixture was characterized by

both UV-Vis and FTIR spectroscopy, TEM and zeta potential analysis.

4.2.1 Spectroscopy

UV-visible

The absorption spectra of AUDENPS, ZnPcSmix and their resulting mixture
were obtained and analyzed. The peaks of absorption were obtained at 524
nm (black), 676 nm (bleu) and 674 nm (red) for AUDENPs, ZnPcSmix and

72



MPDC (AuDENPs-ZnPcSnix), respectively. The absorption peak of MPDC
is near the therapeutic window and would probably have optical properties
similar to that of ZnPcSmix rather than that of AuDENPSs.
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Figure 21: Absorption spectra. The respective absorption peaks of AuDENPSs,
ZnPcSmix and MPDC were at 524, 676 and 674 nm.

Fourier Transform Infrared (FTIR)

The FTIR spectra of AUDENPS, ZnPcSmix and MPDC were obtained and
compared (Figure 22). The AUDENPs showed two major peaks at 3341.86
and 1640.23 (bottom spectrum). ZnPcSmix had five major peaks at 3907.58,
3529.39, 1638.50, 1400.46 and 638.35 (middle spectrum). The combined
compound or MPDC (AuDENPs-ZnPcSmix) had several peaks at similar
positions as the previous ones indicated spectral shifts and formation of new
functional groups (top spectrum). Thus, this confirmed a successful
conjugation, MPDC and conjugate were used interchangeably in this study,
consisting of AUDENPs and ZnPcSmix. The 3126.12 peak related to the
possible shift from 3341.86 (AUDENPS) or 3529.39 (ZnPcSnix); the 1636.56
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peak is as a result of the possible shift from 1640.23 (AuDENPSs) and
1638.50 (ZnPcSnmix); the 1400.42 from 1400.43 (ZnPcSmix), and the 501.19
from 638.35 (ZNPcSmix).
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Figure 22: Comparative Infrared spectra of samples. The bottom spectrum of

AuDENPs showed 2 peaks, the middle spectrum of ZnPcSmix had 5 peaks and the
top spectrum of MPDC had 8 distinct peaks (new functional groups formed).

4.2.2 Transmission electron microscopy (TEM)

The size and the shape of MPDC (AuDENPs-ZnPcSmix) was determined by
means of TEM (Figure 23). The MPDC was spherical in shape with an
average size of less than 5 nm. The small size of the conjugate would
probably be an advantage as the effectivity of nanostructure is size-

dependent and the smaller the size, the better the uptake and activity of
NPs.
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Figure 23: Transmission Electron Microscopy of MPDC (AuDENPs-ZnPcSmix). The
conjugate was spherical in shape with an average size of less than 5 nm (3.53, 4.60,
1.21 and 5.21 nm yellow scale).

4.2.3 Zeta potential analysis

Zeta potential was used to determine the surface charge of the obtained
conjugate or MPDC. The surface charge was found to be +36 mV, which is
greater than +30 mv, indicating that MPDC is stable. The size distribution

indicated that more than 95% of MPDC had an average size of 4, 43 nm.

4.3 Dose Response using MPDC (AuDENPs-ZnPcSmix)

After characterization, a second dose response was performed to determine
the treatment parameters to be used in the cell damage study, which would
lead to approximately a 50% decrease in cell population. Five
concentrations (0.1; 0.3; 0.5; 0.7 and 0.9 uM) of MPDC were considered
together with a laser fluence of 10 J/cm? as it was previously shown that
AuDENPs were not activated with a laser fluence of less than 10 J/cm?.
After treatment, cells were incubated for 24 h and the Trypan Blue exclusion
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assay, the ATP luminescence assay and the LDH assay were performed to
evaluate percentage cell viability (%), proliferation (Relative Light Units,
RLU) and degree of cytotoxicity (Aago nm), respectively. All treated MCF-7
cells were compared to the untreated control (0 uM MPDC and 0 J/cm?) and

statistical differences are shown as *p<0.05, *p<0.01 and ***p<0.001.

Results indicated that all PDT-treated cells showed a significant decrease
in cell viability (p<0.05 and p<0.001) when compared to untreated control
cells (Table 11). A similar observation was made when looking at the
combined effects of MPDC and laser irradiation on the proliferation of MCF-
7 cells (p<0.05 and p<0.001) (Table 11). With the exception of treatment
with 0.1 uM MPDC and laser irradiation, MPDC plus laser irradiation yielded
significant membrane damage or toxicity (p<0.01 and p<0.001) (Table 11).
Concentrations of MPDC used in this second dose response experiment
were very little when compared to the first dose response study (more than
1,000 times less than the amount of AUNPs and AUDENPs alone). Treated
cells became more sensitive to the treatment; MPDC was effective in
prompting decrease in viability and in proliferation with enhanced cytotoxic
effects. The treatment combination of 0.3 uM MPDC and 10 J/cm? was
identified as the one that led to a decrease below the 50% cell viability.

Thus, it was used to study cell damage effects.

4.4 Cell damage

Multiple particle delivery complex at a concentration of 0.3 uM and laser
irradiation at a fluence of 10 J/cm? were used to treat MCF-7 cells. This cell
damage study was performed to determine the photodynamic effects of
MPDC after incubation. Before evaluating these effects on cell morphology,
viability, toxicity, enzymatic (caspase 3/7) activity, mitochondrial damage,
protein presence, cell death induction and gene expression following PDT,

the subcellular localization of MPDC was determined in MCF-7 cells.
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Table 11: Evaluation of cell viability, proliferation and cytotoxicity of MCF-7 cells
treated with MPDC and a laser fluence of 10 J/cm?. Statistical difference are shown
as *p<0.05, *p<0.01 and ***p<0.001, respectively. The experiments were repeated
four times (n=4).

Untreated MPDC (uM)
0.0 uM 0.1 0.3 0.5 0.7 0.9
0 J/cm? 10 J/cm?
TB (%) 91+1.8 78+3.0r 53+2.1 40+1.2 29+3.8 11+2.7
- ok —-— -
ATP 25897 22242 14469 11258 8608 6786
(RLU) 1222 +724*  £250%**  £B57** 45 A2%* 352
LDH 0.401 0.404 0.476** 0.491** 0.632** 0.767**
(Aggonm) +.005 +.006 +.004  +.0001  +.001 +.0002

* represents standard error,

4.4.1 Localization

MCEF-7 cells were treated with MPDC and incubated for 2 h before they were
treated and stained for fluorescent microscopy to identify the subcellular
localization of MPDC. The fluorescent images showed colocalization of both
mitotracker and MPDC as the appearance of a yellowish colour; merged
colour between the green mitotracker and red MPDC. Distinct blue nuclei
remained clearly identifiable in the merged image and indicated that MPDC
did not primarily localize in the nuclei (Figure 24). An analogous observation
was made when cells were stained with DAPI and lysotracker. The
intermediate yellowish colour between the green of the lysotracker and the
red of MPDC was detected, and indicated colocalization of MPDC and
lysosomes. The blue nuclei remained as such in the merged image and

demonstrated that MPDC did not localize in the nuclei.
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Figure 24: Subcellular localization of MPDC in MCF-7 cells. DAPI-stained nuclei
(blue), Mito- and Lyso-tracker-stained mitochondria and lysosomes (green),
respectively. MPDC (red) localized in both mitochondria and lysosomes and is seen
as the emergence of the yellowish tint between green and red. Distinct blue
fluorescence was seen (merged image) as MPDC did not localize in the nuclei but in
the perinuclear area.

4.4.2 Morphology

Morphological features of MCF-7 cells were assessed after treatment with
conjugate alone, laser irradiation alone and PDT (Figure 25) and compared
to those of the untreated MCF-7 cells. Neither irradiated cells nor conjugate-
treated cells showed detectable morphological changes. However, PDT-
treated cells changed from their initial appearance, became irregular and
some rounded off, detached from the culture flask and appeared as free
floating structures.
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Untreated  Irradiation MPDC PDT

Figure 25: Morphology of untreated, irradiated, MPDC-treated and PDT-treated MCF-
7 cells. No morphological change was noted in irradiated or MPDC-treated cells
when compare to untreated cells. The morphology of PDT-treated MCF-7 cells
changed, include an elongation of cells, decrease in cell number, detachment and
rounding off (200x magnification).

4.4.3 Apoptox-Glo assay
The Apoptox-Glo assay was performed and results of treated cells were

compared to those of untreated cells. Neither irradiation alone nor treatment
with MPDC or conjugate were able to induce a change in cell viability (Figure
26), cytotoxicity (Figure 27) and caspase activity (Figure 28). Thus, MPDC
alone as well as irradiation alone did not produce toxic effects. In
combination with laser irradiation (10 J/cm?), MPDC caused marked
changes including decreased viability (p<0.01), increased cytotoxicity
(p<0.01) and enhanced caspase activity (p<0.001). MPDC had a
photodamaging ability as it only showed a light-dependent toxicity.
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Figure 26: Apoptox-Glo Cell viability assay in MCF-7 cells using 400/550 ex/em filters.
When compared to untreated control cells, the fluorescent signal of both laser-
irradiated and MPDC-treated cells did not indicate any major change in cell viability.
The irradiated conjugate exhibited a significant decrease in cell viability as **
(p<0.01).
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Figure 27: Apoptox-Glo Cytotoxicity assay in MCF-7 cells using 485/535 ex/em filters.
When compared to untreated control cells, the fluorescent signal of both laser-
irradiated and MPDC-treated cells did not present any major increased toxicity. The
irradiated MPDC exhibited an increase in cytotoxicity, shown as ** (p<0.01).
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Caspase 3/7 Assay
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Figure 28: Apoptox-Glo Caspase luminescence assay in MCF-7 cells. When
compared to untreated control cells, the luminescent signal of both laser-irradiated
and MPDC-treated cells did not present any major increased caspase activity. The
irradiated MPDC displayed a high luminescent signal, thus an enhanced caspase
activity and is indicated as *** (p<0.001).

4.4.4 Mitochondrial destabilization
Mitochondrial damage or destabilization was evaluated post-PDT in MCF-7

cells. The percentage of both polarized (black) and depolarized (grey)
mitochondrial membrane potential in each treated cell group was
determined and compared to the respective percentage of the untreated
control cells (Figure 29). After 24 h of incubation with the JC-1 fluorometric
stain, no change in mitochondrial membrane potential (polarized and
depolarized cells) was detected when cells were treated with irradiation
alone or MPDC alone. However, a change in both the polarized cell
population and the depolarized cell population was noticeable with PDT-
treated cells. The PDT-treated cells showed both an increase in the

percentage of depolarized mitochondrial membrane and a decrease in the
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percentage of polarized membranes (p<0.01). Thus, loss of mitochondrial
membrane potential or damage was seen with light-activated MPDC.

Mitochondrial Membrane Potential
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Figure 29: Evaluation of mitochondrial membrane potential using flow cytometric
analysis of JC-1 fluorometric stain. Percentage of polarized (black) and depolarized
(grey) mitochondrial membrane potential were determined and compared to the
percentage of the corresponding mitochondrial membrane potential of untreated
control cells. Only the PDT-treated cells showed a change in mitochondrial
membrane potential ("p<0.01).

4.4.5 Cytochrome C

The level of cytochrome C was determined 24 h after the treatment. The
release of cytochrome C from the mitochondria is a critical event in cell
damage. An ELISA was performed to detect and compare the amount of
release of cytochrome C in untreated and treated cells. The results revealed
that in the absence of laser irradiation, MPDC is unable to trigger such a
damaging event (Figure 30). Laser irradiation alone was also not enough to
lead to an increase in cytochrome C. MPDC coupled with laser irradiation
was able to initiate cell damage and lead to an augmented amount of
cytochrome C (p<0.001).
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Figure 31: Estimation of cytochrome C levels in untreated and treated MCF-7 cells.
Cells treated with laser alone or MPDC alone did not lead to an increased
colorometric signal when compared to the untreated cells. PDT-treated cells showed
a significant increase shown as *** (p<0.001) and evidence of undergoing cell
damage.

4.4.6 Cell death detection

Another flow cytometric analysis using Annexin V-FITC and Pl was
performed to determine the foremost mode of cell death in MCF-7 cells
following PDT. Twenty four hours after treatment with PDT, MCF-7 cells
were stained and prepared for analysis. Additional controls were included
in this experiment and consisted of MCF-7 cells treated with Actinimycin D
and Hydrogen peroxide (H202) acting as apoptotic and necrotic controls,
respectively. Different populations of cells were obtained: normal (negative
for both Annexin V and PI), early apoptotic (positive for Annexin V and
negative for PI), late apoptotic (positive for both Annexiv V and PIl) and
necrotic (positive for Pl and made up of cells that were subjected to intensive

damage).
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When cells were treated with Actinomycin D or H202, a significant change
(p<0.05, p<0.01 and p<0.001) was seen with all cell populations when
compared to their respective population type of the untreated control cells.
These treatments were able to induce cell death with apoptotic being more

pronounced with Actinomycin D as expected (Table 12).

Table 12: Percentage of various cell populations after flow cytometric analysis. The
lowest percentage of cell death (apoptotic and necrotic) and highest percentage of
normal population were obtained with untreated cells. These apoptotic populations
significantly increased (around 63%, accumulated percentage) in Actinomycin D-
treated cells, and the highest percentage of necrotic population (42%) was seen with
hydrogen peroxide (H20)-treated cells. Experiments were repeated four times (n=4)
and significant differences are indicated as *(p<0.05) and ***(p<0.001) when
compared to the respective population type of the untreated control cells.

Cell populations Untreated Actinomycin-D-  H202-treated
cells treated cells cells
Normal 89 +£2.05 26+1.34*** 9+2.52***
Early apoptotic 7 £1.69 34+0.49*** 16+2.62*
Late apoptotic 3 +2.65 29+0.12*** 33+1.55%**
Necrotic 1+1.23 11+1.63* 42+1.02%**

* represents standard error

Cells treated with laser irradiation alone or MPDC (conjugate) alone did not
result in a significant change when compared to their respective population
of untreated cells (Table 13). Only PDT-treated cells showed a significant
change with all populations (p<0.05, p<0.01 and p<0.001), with the
apoptotic population being the most prominent (59%, accumulated

percentage).

4.4.7 Gene expression

The gene expression profile was assessed 3 h after treatment and by
means of Real-time RT-PCR to detect the regulation of 84 genes, all
involved in cell death. An additional 12 genes were integrated and consisted
of 5 housekeeping genes to standardize the genes of interest, a gDNA

control, positive PCR control genes (in triplicate) and reverse transcriptase
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control genes (in triplicate). Results obtained from the reverse transcriptase
control was not considered as the SABioscience RT? First kit was not used
when performing cDNA synthesis. Some of these controls are not in the
results panel of expressed genes. Nucleic acid purity was done through the

course of the experiment and values were between 1.84 and 1.93.

Table 13: Percentage of various cell populations after flow cytometric analysis. The
lowest percentage of cell death (apoptotic and necrotic) were obtained with
untreated and irradiated controls. These apoptotic populations significantly
increased (around 65%) in MPDC- and PDT-treated cells. Experiments were repeated
four times (n=4) and significant differences are shown as *(p<0.05), **(p<0.01) and
***(p<0.001***) when compared to the respective population type of the untreated
control cells.

Cell Untreated Irradiated MPDC- PDT-treated
populations cells cells treated cells cells
Normal 89 +2.05 91+1.11 86+0.32 32+1.06%**
Early 7 +1.69 6+0.29 9+2.12 29+1.56**
apoptotic

Late 3 +2.65 2+2.45 4+3.05 30+1.74**
apoptotic

Necrotic 1+1.23 1+2.15 1+1.84 9+2.33*

* represents standard error

Gene expression profiles of MPDC alone and PDT on MCF-7 cells
MCF-7 cells were treated with 0.3 uM MPDC 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 were significantly expressed (Figure
31).The gene expression analysis of PDT-treated MCF-7 cells was
performed after RNA was isolated and cDNA synthesised. Results showed
that BAX (p<0.05), BCL2 (p<0.05), CASP2 (p<0.001) and ULK-1 (p<0.05)
were significantly up-regulated when compared to the untreated control
cells. None of the down-regulated genes was found to be significant (Figure
32).
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Figure 31: Gene expression profile of MPDC-treated cells was analyzed using the
Human Cell Death Pathway Finder Profiler™ 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 volcano plot. 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 32: Gene expression profiles of PDT-treated MCF-7 cells with 0.3 pM MPDC
and 10 J/cm? was analyzed using the Human Cell Death Pathway Finder Profiler™
PCR Array System. MPDC-mediated PDT-induced changes in gene expression and
BAX, BCL-2, CASP-2 and ULK-1 genes were significantly up-regulated as
represented in the volcano plot. 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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CHAPTER FIVE

DISCUSSION AND CONCLUSION

AgNPs have characteristics and have been explored in ink-jet printing,
cosmetics, domestic appliances and fighting microbial contamination
(Hussain et al., 2006; EI-Chaghaby and Ahmad, 2011). AgNPs are good
antibacterial agents with multiple functionalities, which have made them
potential agents for biomedical applications. These nanomaterials possess
antitumor activity and can damage both neurons and undifferentiated cells
(Hussain et al., 2006; Haghsh et al., 2012).

In preliminary studies, the effects of AQNPs and AuNPs together with low
intensity laser irradiation were tested in both breast and lung cancer cell
lines (MCF-7 and A549, respectively). Irradiated AgNPs caused decreased
cell viability and proliferation, increased cytotoxicity and induced cell death,
and these effects were more pronounced in MCF-7 cells than in A549 cells.
Moreover, observed antitumor activity of irradiated AgNPs were far greater
than those observed with the irradiated AuNPs. It was suggested that an
alteration on the structure of AUNPs should be made in order to improve its
photodynamic effects. Size reduction and conjugation were identified as
possibilities to be explored for the suggested improvement, and in the case
of conjugation the role of AuUNPs should be determined prior to evaluation
of photodynamic capacity of the conjugates (Mfouo-Tynga et al., 2014;
Hussein et al., 2015).

Subsequently, this present study started with the determination of the roles
and comparison of photodynamic effects of two gold nanomaterials, namely
AuNPs and a fourth generation AUDENP; both of spherical shape with a
diameter of less than 10 nm. Many chemotherapeutic agents are now being
conjugated (Multiple particle delivery complex, MPDC) in order to minimize

the shortcomings of the free-drug counterparts and to enhance their
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therapeutic capabilities (Cho et al., 2008, Li, 2002). Polymer-based drug
carriers are synthesized via dissimilar routes and these molecular carriers
include polymeric NPs, micelles or dendrimers. Dendrimers are hyper-
branched macromolecules and used mostly as delivery systems in targeted
therapies. They are easily functionalized and have a high ligand density and
good biodistribution (Cho et al., 2008). It is well established that many NPs
have photothermal and non-photothermal toxicity (Lee et al., 2014; Jelveh
and Chithrani, 2011; Selim and Hendi, 2012; Qu et al., 2012), yet in the
present case, no substantial change in temperature was noted during
irradiation, therefore invalidating the possibility of photothermal toxicity of

nanomaterials.

The photodynamic effects of AuNPs in MCF-7 cells on cell viability,
cytotoxicity and proliferation were determined. Here, AUNPs (1 and 3 mM)
were able to cause cell damage and successfully led to a decrease in
viability (Table 8) and proliferation (Table 9), and an increase in cytotoxicity
(Table 10) after light activation at 0, 5, 10 and 15 J/cm? using a 536 nm
diode laser. However , a major downfall was seen and seemed to disqualify
AuNPs as a potential agent to be used in photodynamic reactions or as a
PS. Major cell damage was noted at both concentrations and in the absence
of light (0 J/cm?) where both viability and proliferation significantly
decreased (p<0.05). A meaningful increase in cytotoxicity was also noted
(p<0.05) when cells were treated with 3 mM AuNPs in the absence of light.
Other cell studies using AuNPs had shown a correlation between the
presence of AUNPs and induction of cell organelle damage, ROS production
and subsequent cell death. It was also recently established that even when
used alone, AuNPs have the potential to cause cell damage (Schlinkert et
al., 2015; Khanna et al., 2015; Mkandawire et al., 2015).

This disqualifies AUNPs as an ideal PS for PDT as good PSs have minimal

dark toxicity. As a consequence AuDENPs were considered, and in this

improved form (AuDENPS) the nanomaterials did not induce significant dark
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toxicity when compared to the untreated control (0 mM AuDENPs and 0
Jlcm?). When no significant change in cell viability, proliferation and
cytotoxicity were noted. However, cellular changes were observed and
appeared to be the result of both AUDENPSs and laser irradiation at a fluence
of 10 J/cm? or higher.

Comparison between AuNPs and AuDENPs showed that the latter was
most suitable for conjugation with the sulfonated ZnPcSmix and would be
used as delivery agents rather than therapeutic agents. In other studies
involving similar compounds in conjugates that yielded good therapeutic
effects, AUDENPs were used as delivery agents (Goodman et al., 2004;
Murphy et al., 2008). Another investigative study with similar AuNPs
conjugated to various sulfonated mPCs and looking at the photophysical
properties, confirmed that conjugation did not negatively affect the PS or
lower fluorescence quantum vyield with similar fluorescence lifetimes
compared to their free-mPC counterparts (Nombona et al., 2011). It was
proved that nanomaterials have the ability to enter various cell types and
their functionalization renders them able to distinguish between cell types
(Huefner et al., 2014).

Currently, third generation PSs for PDT are being assembled by combining
second generation PSs to specific molecules such as antibodies and
liposomes. The aim is to increase the therapeutic outcome by adding to the
already improved second generation additional beneficial features from the
combined molecules. Phthalocyanines are now established as an effective
PS in vitro, and have been evaluated and show good therapeutic effects in
early stages of clinical trials (Borgetti-Jeffreys et al., 2007; Baron et al.,
2010; Kinsella et al., 2011). The emergence of nano-oncology has
enhanced the specificity to neoplastic tissues. Recent pre-clinical and
clinical advancements have demonstrated that NPs increase the passive
accumulation of anticancer agents in tumours, and when administrated

systemically there is enhanced drug-delivery to the tumour. Clearly, NPs will
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continue to have an impact in oncology and attract more attention (Rink et
al., 2013).

There are few studies reporting on the use of spherical AuNPs in
combination with mPCs for cancer therapy. In this present study, AUDENPs
were combined to ZnPcSmix. The UV-Vis spectroscopy results showed that
MPDC had one absorption peak at 674 nm, which is more closely related to
the absorption of ZnPcSmix (676 nm) than that of AUDENPs (524 nm). This
has therapeutic importance as MPDC absorb light in the NIR region of the
spectrum, the therapeutic window. Combination preserves the
photodynamic capability of ZnPcSmix and supports about the role of
AuDENPs as delivery agents rather than therapeutic agents in a light
mediated therapy. MPDC has similar promising optical properties, which it
undoubtedly inherited from ZnPcSmix.

In order to confirm the chemical conjugation, FTIR spectroscopy was
performed to identify any bond-shift. It transpired that AUDENPS presented
with two distinct peaks and ZnPcSmix with five main peaks. MPDC had
several peaks including at new ones (new functional groups) and bond-
shifted peaks. One at about 3126.12, which was comparable to the position
of the ZnPcSmix peak at 3529.39 or the 3341.86 peak of AUDENPs. Another
peak was seen at around 1636.66, comparable to the position of the
1638.50 peak of ZnPcSmix or the peak at 1640.23. A third peak was seen at
1400.42, and was comparable to the 1400.46 peak of ZnPcSmix. A final peak
was seen at 501.19, and was comparable to the peak at 638.36 of ZNnPcSmix.
It could be presumed that the resulting compounds are made of combined
AuDENPs and ZnPcSmix.

Subsequent to that, the size and the shape of MPDC was determined.

MPDC or conjugated was of a spherical shape with an average size not
exceeding 5 nm in diameter. It has been shown that fourth generation
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dendrimers usually have a diameter around 5 nm (Oliveira et al., 2010;
Divsar et al., 2009; Kim et al., 2004).

Zeta potential measurements revealed that MPDC was positively charged
with a zeta potential and 95% MPDC had a diameter less than 5 nm. This
showed stability and indicated that hybrid compounds have amino terminals
accessible for protonation. Similar findings were presented by Shi and
collaborators (2006), when they examined the stability of various
generations of gold dendrimeric compounds with the same ratio of terminal
nitrogen ligands and gold atoms. They found that those hybrid molecules
provided new platforms for interaction with biological ligands and were
stable with zeta potential values between +26 to +41 mV, and were found

to be useful for biosensing and targeted cancer therapy (Shi et al., 2006).

Several concentrations of MPDC or conjugated made up of AuDENPs-
ZnPcSmix were used in a second dose response study, which was aimed at
determining the concentration of the conjugate to be used for further cell
assessments with a laser fluence of 10 J/cm?. At this laser fluence,
significant cytodamage was obtained when compared to 5 J/cm? in the first
dose response. In a previous study, it was demonstrated that MCF-7 cells
were very sensitive to ZnPcSmix and this PS was able to induce cytotoxic
effects in MCF-7 cells at a much lower concentration when compared to
A549 lung cancer cells (Manoto et al., 2012; Mfouo-Tynga et al., 2013).
AgNPs had more severe effects on MCF-7 cells than on A549 cells (EI-
Hussein et al., 2014).

With concentrations of 1 mM and 3 mM, irradiated AUDENPSs were not able
to induce a decrease in viability around the 50% mark. At a concentration
of 0.5 pM, laser activated ZnPcSmix led to a cell viability decrease of around
50%. Comparatively, at a concentration of 0.3 uM laser activated MPDC led
to approximately 50% cell viability, which was 1.6 times less than that of
ZnPcSmix and more than 10,000 less than that of AUDENPs. Combination
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provided a compound that yields more with much less. This combination
improved the efficiency of cancer treatment in vitro. A study conducted by
Cho et al. (2008) reported that when bound to ligands or antibodies, cancer
nanotherapeutic agents, which had specific characteristic features such as
enhanced permeability and retention effects, were able to overcome the
limitations seen with conventional treatments and improve therapeutic
outcomes by increasing the drugs solubility, biodistribution, targeting,

therapeutic indices and reducing drug resistance effect.

Before the cell damage sub-study was performed, fluorescent microscopy
was done to determine the subcellular localization of MPDC in MCF-7 cells.
Subcellular localization of any PS has critical importance for the subsequent
induction of cytodamage. Many agents used in photodynamic reactions for
cancer therapy have been reported to localize in the plasma membrane,
mitochondria, lysosomes, ER and Golgi apparatus (Calzavara-Pinto et al.,
2007). Most PSs, including ZnPcSmix, localized in the mitochondria and
lysosomes and not in the nuclear regions. For this reason, MPDC in this
study was stained with mitotracker, lysotracker and DAPI to determine
whether it localizes primarily in mitochondria, lysosomes and or in nuclei.
Fluorescent analysis revealed that both mitochondria and lysosomes were
sites of subcellular localization prior to laser irradiation. This finding aligned
with previous observations made when ZnPC compounds were found to
accumulate in these two organelles and not in nuclei (Vitar et al., 2008;
Mfouo-Tynga et al.,, 2013; El-Hussein et al., 2012). Thus, the ZnPcSmix
component of MPDC seemed to dictate its subcellular localization once
taken up by MCF-7 cells.

Mitochondria, often referred to as the power house of cells, provides the
necessary energy for cellular metabolic activities. Thus, PSs that localize in
these specific organelles have the tendency to damage and stimulate
apoptotic-like events in treated cells. Such PSs were found to be amphiphilic

compounds with cationic moieties and to localize both in mitochondria and
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lysosomes (Karioti and Bilia, 2010; Repnik and Turk, 2010; Kessel and Luo,
2001). Berg and colleagues (1991) demonstrated the association between
porphyrin-derived compounds that localize in lysosomes and the induction

of cell damage.

Inverted light microscopy analysis was performed following treatment with
both MPDC and laser irradiation in MCF-7 cells. Only the laser-activated
MPDC in the PDT-treated cells showed a significant change in cell
morphology as compared to the untreated control cells. Some cells were
detached from the culture surface and appeared as free-floating structures,
indication of cell damage and confirming the ability of MPDC to yield
cytodamaging effects in cancer cells. Lee and co-workers (2009) confirmed
cell morphological changes when conjugated AuNPs were used in lung
cancer targeted therapy. Another similar analysis was conducted and
indicated that using AuNPs-targeted therapy in liver and lung cancer led to
morphological change and the appearance of apoptotic like characteristic

morphological features (Singh et al., 2014).

The Apoptox-Glo assay was performed to determine cell viability,
cytotoxicity and caspase activity after treatment. It was revealed that light-
activated MPDC prompted decreased cell viability and increased toxicity
and caspase activity in MCF-7 cells. This showed that MPDC in its active
form was able to induce significant damaging effects. Other studies have
reported similar findings using various conjugated AuNPs in various cancer
cell lines. Decreased cell viability of breast, bladder and prostate cancer
cells was seen after irradiation of drug-coated with AuNPs for fibroblast
growth factor-1 targeted cancer therapy (Szlachcic et al., 2012). Both 5 and
10 nm AuNPs compounds were endocytosed by A549 lung cancer cells and
led to the inhibition of cell growth and increased cytotoxicity. These effects
seemed to disappear when 20 and 40 nm sized compounds were utilized
(Liu et al., 2014). In another targeted therapy, decreased viability, increased

anti-proliferative and pro-apoptotic activity (such as increase caspase
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activity) were identified as the induced tumour suppressor response in

breast cancer cells (Selcuklu et al., 2012).

Results from this study showed that mitochondrial integrity was not
maintained after MPDC-mediated PDT in MCF-7 cells, as both a change in
the percentage of polarized and depolarized mitochondrial membrane
potential was detected and indicated mitochondrial damage. A number of
studies have reported that treatments using drugs, which localize in
mitochondria, damage these cellular organelles and lead to cell death
through apoptotic pathways. Wen and co-workers (2013) reported that
cancer treatment that targeted mitochondria led to dysfunctioning
mitochondria with a shift in energy generation from oxidative
phosphorylation to glycolysis, and noted high levels of ROS in various cell
lines. Treatment provoked a change in mitochondrial membrane potential,
ROS levels and intracellular levels of ATP (Le bras et al., 2006).
Pancratistin, an anti-cancer agent, triggered a decrease in mitochonrial
membrane potential and led to the initiation of apoptosis in colorectal

carcinoma cell lines (Griffin et al., 2011).

Nanoparticles containing therapeutic agents led to depolarization of the
mitochondrial membrane potential, translocation of AlIF and activation of
caspase activity (Eloy et al., 2012). Rhodamine'?® accumulated in
mitochondria and this accumulation lead to the disruption of mitochondrial
membrane potential in kidney and breast cancer cells (Summerhayes et al.,
1982; Bernal et al., 1982). A similar disruption in mitochondrial membrane
potential was seen with treatments using compounds such as RH1,
edelfosine, doxobicin and curcumin as anti-cancer agents (Park et al., 2011;
Mollinedo et al., 2011; Kuznetsov et al., 2011; Gogada et al., 2011a).

Mitochondrial damage has been linked to the release of cytochrome C. In

this study, we used ELISA to determine the level of cytochrome C. It was

found that the release of cytochrome C significantly increased after
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treatment with MPDC and laser irradiation in the PDT-treated cells. This
concurs with work done by Heiligtag and associates (2002) when cerulenin,
an anti-cancer agent, was able to damage mitochondria, which led to the
release of cytochrome C and the induction of apoptosis. The induced
release of cytochrome C is an important event for the activation of apoptotic
cascades and caspase-dependent cell death (Gogada et al., 2011b; Valero
et al., 2011). The release of cytochrome C from the mitochondria was
detected and seemed to be critical for the initiation of cell death (Robertson
et al., 2002).

Mitochondrial damage and subsequent events to the induction of cell death
in an apoptotic manner. Annexin-V FITC and PI flow cytometric analysis
was conducted and confirmed apoptosis as the main induced cell death
response after MPDC-mediated PDT in MCF-7 cells. The induction of
apoptosis after mitochondrial damage is of no surprise as many previous
studies confirmed the induction of apoptosis after treating cells with various
mitochondrial-damaging and anti-cancer agents in PDT (Mroz et al., 2011).
Photodynamic therapy treatment that causes mitochondrial damage
promotes apoptosis through the release of cytochrome C, AIF and other
apoptogenic proteins such as caspases (Ribeiro et al., 2004). Hypericin-
mediated PDT that led to the initiation of apoptosis was demonstrated in a
human hepatocellular liver carcinoma cell line (HepG2) after analyzing
Annexin V- FITC/PIl-stained cells using flow cytometry (Barathan et al.,
2013). A large number of morphological changes including cell shrinkage,
chromatin condensation, and nuclear fragmentation were detected and
identified as typical apoptotic features in three cell lines (HeLa, HaCaT and
MCF-7) when using cationic conjugated compounds containing ZnPC in
PDT. It was concluded that those cells had undergone apoptosis, which was
detected 3 h after PDT (Acedo et al., 2014).

Investigation into the expression of genes involved in cell death pathways

was done 3 h after PDT as a final assessment of the efficacy of MPDC and
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to determine the genes which were primarily affected. It transpired that out
of the 84 genes examined, only 4 genes (BAX, BCL-2, CASP-2 and ULK-1)
were significantly up-regulated in the PDT treated cells. Bax is an apoptosis
regulator protein and member of the Bcl-2 family. It was among the first
genes to be associated with pro-apoptotic activity. Its activation activity has
been linked to the loss in mitochondrial membrane potential and the release
of cytochrome C. Down-regulation or mutation of this protein leads to the
suppression of apoptosis (Hassan et al., 2012; Oltvai et al., 1993). It exits
as a cytosolic protein in normal cells, but upon induction of apoptotic signals
it undergoes a conformational change and become associated with
organelle membranes, in particular mitochondrial membranes (Pierrat et al.,
2001). Curcumin-induced upregulation of BAX and cancer cell death

through the mitochondrial-mediated apoptotic pathway (Wen et al., 20103).

BCL-2 is another Bcl-2 family member protein and determines the
commitment of cells to apoptosis (Czabotar et al., 2014). Bcl-2 (B-cell
lymphoma 2) regulates apoptosis by inducing or inhibiting apoptosis but it
is principally considered as an anti-apoptotic effector and classified as an
oncogene. In response to mitochondrial damage, release of cytochrome C,
caspase activation and additional apoptotic events, BCL-2 is overexpressed

to control these activities (MacManus and Linnick, 1997).

Caspase 2 (CASP-2) is an apoptosis-related cysteine peptidase and is
involved in the initiation of apoptosis by participating in the formation of the
CARD domain, RIP-associated Ich-1/Ced-3-homologue protein with a death
domain (RAIDD), apoptosis repressor with caspase recruitment domain
(ARC), and death effector filament-forming Ced-4-like apoptosis protein
(DEFCAP). Nuclear damage is critically important for the expression of
caspase-2 (Zhivotovsky and Orrenius, 2005). Additionally, caspase-2 can
interact with the p53-induced protein with a death domain to form the
PIPPosome, which is an activation platform for other proteases (Manzl et
al., 2009; Tinel and Tschopp, 2004). Robertson and colleagues (2002)
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found that caspase-2 additionally induces genetic damage and the induction
of mitochondrial apoptotic pathway.

The fourth gene, ULK-1, that was upregulated is associated with autophagy,
which is both a survival and cell death mechanism. This proved that MPDC
mediated-PDT cell death through several pathways as shown by ULK-1
expression, also known as the autophagy initiation kinase Unc-51-like
kinase (ULK1)/ATG1. ULK-1 is an autophagy initiator protein which is
indispensable for autophagic complex formation (Alers et al., 2011). This
complex consists of ULK1, ATG13 and ATG17 and leads to the formation
of autophagosomes in the absence of mTOR signal (Mizushima, 2010; Jung
et al., 2009). Autophagy has a cell death role and it was demonstrated that
Ulk-1 also plays a role in ATP depletion and death in the presence of both
PARP1 activity and H202 (vigorous damage). The same study showed
autophagy pro-death activity of Ulk-1 in response to ROS generation (Joshi
et al., 2015). The schematic representation of induced gene expression and

cell death events of this present study is presented in figure 33.

In conclusion, the search for improved and ideal PSs is indisputably
encouraged for more effective cancer therapy. Firstly, the AuNPs
successfully accumulated in MCF-7 cells, but yielded both light-dependent
and light-independent (in the dark or without irradiation) cytotoxicity.
Secondly, AuDENPs only offered the desired light-dependent cell
destruction and was consequently utilized in combination with ZnPcSmix for
potential improved efficiency of PDT. Finally, the combination yielded a
successful and stable hybrid agent with potent photodynamic abilities. The
resulted MPDC localized in both mitochondria and lysosomes, and was able
to induce subsequent cytodamaging effects. MCF-7 cells became more
sensitive to the treatment after combination and the cellular damage
included increased cytotoxicity, increased caspase activity, promotion of

apoptotic-like events and upregulation of genes involved in apoptotic
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pathways. Combination improved the therapeutic outcomes by achieving
better targeted therapy or better delivery to cancer cells, and increased

cancer cell sensitivity to the newly combined anti-cancer agent.
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Figure 33: The primary response of MPDC-mediated PDT on the expression of genes
involved in cell death pathways was the up-regulation of Ulk-1, Bax, Casp-2 and Bcl-
2 genes. The Ulk-1 protein protonates and activates the FIP200. ULK is part of a
protein complex containing Atg13, Atg17 and FIP200 (autophagosome), which drives
the subsequent cellular damage and death. The Bax protein directly affects the
mitochondria while the Cas-2 protein is activated by reactive oxygen species (ROS)
and then Casp-2 transforms a mitochondrial damaging protein into its truncated and
activated form (tBid). The p53-induced death domain associated protein (PIDD) can
also convert pro-Casp-2 into the active Casp-2. Apoptogenic proteins (such as
Cytochrome C) released from mitochondria participate in the assemblage of the
apoptosome, activation of other effectors (Casp-3/6/7) and cell death. Mitochondrial
damage and depolarization induce change in cellular ATP levels, activation of the 5’
adenosine monophosphate activated protein kinase (AMPK) and AMPK-induced cell
death. This cell death response stimulates Bcl-2 protein to prevent further cell
damage.
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APPENDIX B

CERTIFICATE OF ANALYSIS

ATCC®Number: HTB-22™

Lot Number: 60731981

Name: MCF7

Description: Breast Adenocarcinoma
Species: Human (Homo sapiens)
Volume/Ampule: 1mL

Date Frozen: 07/09/2012

Recovery:

Product Format:

Expiration Date:

Storage Conditions:

A T-25 setup at a dilution of 1:10 reaches approximately 40% confluence in 1 day.

A T-75 setup at a dilution of 1:15 reaches approximately 20% to 30% confluence in 2 days.

Cells cryopreserved in the appropriate cryopreservation medium

Not applicable

Vapor phase of liquid nitrogen

Test

Specification

Result

Ampule passage number

Report results

147

Population douling level (PDL)

Report results

Not applicable

Total cells/mL

Report results

5.6 x 10° total cells/mL

Post-freeze viability 250.0% 93.5%
Growth properties Mixed-adherent and/or | Mixed-adherent and
suspension suspension

Morphology

Epithelial-like and/or

rounded*

Epithelial-like and
rounded

Test for mycoplasma contamination
Hoechst DNA stain (indirect)
Agar culture (direct)

None detected
None detected

None detected
None detected

Species determination:COIl assay (interspecies)

Human

Human

Species determination:STR analysis (intraspecies)

Human (unique DNA)
D5S818:11,12

Human (Unique DNA)
D5S818:11,12

D13S317:11 D13S317:11
D7S820:8,9 D7S820:8,9
D16S539:11,12 D16S539:11,12
VWA:14,15 VWA:14,15
THO1:6 THO1:6
Amelogenin:X Amelogenin:X
TPOX:9,12 TPOX:9,12
CSF1PO:10 CSF1PO:10

ATCC (American Type Culture Collection) 800-638-6597 or 703-365-2700
P.O. Box 1549 Fax: 703-365-2750
Manassas, VA 20108 USA E-mail: tech@atcc.org
www.atcc.org or contact your local distributor
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APPENDIX C
LASER CALCULATIONS

Calculation average laser irradiation times for the diode lasers
» The output power of the 680 nm diode laser was 52 mW and the output
power of the 532 nm diode laser was 642 mW. From these output power
values the power densities (W/cm?) were determined and used with different
fluences (5, 10 and 15 J/cm?) to determine the duration of irradiation.
+ The following formular was used to calculate all laser irradiation times:

mwW x4 =mW/cm?

(d)?

mW/cm? = W/cm?2

1 000

Energy fluence (J/cm?) = Time (s)
Work (W/cm?)

Time (s) = Time (X min)
60
Xminx60=Y

Time (s) — Y = Seconds to add to X min
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APPENDIX D

ITEM NAMES, CATALOGUE NUMBERS AND COMPANY

Items Catalogue Number Company

AE buffer 19077 Qiagen
Amphotericin-3 P11-001 PAA Laboratories GmbH
AnnnexinV-FITC/PI A2214 Sigma Aldrich
apoptosis detection kit for

apoptosis and necrosis

(for flow cytometry):

alamarBlue® DAL1100 Sigma Aldrich
Biofreezing medium F2270 Biochrom
CellTiter-Glo® G7570 Promega
Luminescent Cell Viability

kit

Centrifuge tube, 50 ml, PP CR430829 Corning Products
flat top, sterile, bulk

Clear nail varnish NY11553 Sally Hansen®DIV. DIST
Cryogenic vial, Int-thread, CR430489 Corning Products
2 ml, round

Culture dishes 430165 Adcock Ingram
Coverslips CG88 Lasec

Cyto Tox96® non- G1780 Promega
radiactive cytotoxicity

4’6-diamidine-2- AP402-0010 Sigma Aldrich
phenylindole (DAPI)

1 ml Disposable 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 INV41966-029 Gibco Invitrogen
Eagle Medium Corporation

ELISA cell death detection 11774425001 Roche

kit

Eppendorf®, Microtubes 2666521 Sigma Aldrich
Eppendorf®, Microtubes  Z666505 Sigma Aldrich
Eppendorf®, Microtubes  Z666515 Sigma Aldrich
Ethanol absolute 32221 Sigma Aldrich
Falcon (5ml) Polystyrene BD352054 Beckson Dickinson
round bottom tube

Foetal bovine serum A15-101 PAA Laboratories GmbH
37% Formaldehyde F8775 Sigma Aldrich
solution
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Glass slides
Hanks balanced
solution

Heavy Tin foll
Hoechst 33258
Human malignant breast
cancer cell line MCF-7
Latex Gloves, medium,
powder free

Microscope slides, frosted
one side
Penicillin-streptomysin
Phosphate buffered saline
Propyl gallate, Fluka
Quant-IT™ RNA assay

salt

QuantiTect Reverse
transcription kit

RNeasy kit

RT? profiler PCR array
human cell death
RT2  gPCR
Gree/ROX
Tissue culture dish 3.3
cm? diameter

Tissue culture flask 25
cm?, angled neck, vent,
sterile

Tissue culture flask 75
cm?, canted neck, anti-tip,
vent, sterile

Tissue culture flask 175
cm?, canted neck, vent,
sterile

Triton X-100

Trypan Blue powder
TryplExpress

SYBR

Universal fit pipette tips,1-
200 pl, Natural, Bulk
Universal fit  pipette
tips,100-1000 pl,Bulk
ZnPcSmix powder, molar
mass:883g/mol

MG42
INV14170088

6001007162603
H6024
ATCC: HTB 22
EV40511
CLS294875
P11-010

P3744

02370

Q32852
205311

74104
330231-A-12 PAHS-
212A

330522
BD/353001

CR/423052

CR/430641

CR/431080

T9284

T6146
INV12605028
CR4798

CR4868

Lasec

Gibco
Corporation
Pick n’ Pay
Sigma Aldrich
Sigma Aldrich

Invitrogen

Scientific Group
Corning Products

PAA Laboratories GmbH
Sigma Aldrich
Sigma Aldrich
Gibco
Corporation

Qiagen

Invitrogen

Qiagen
SABioscienes

SABioscienes
Beckson Dickson

Corning Products

Corning Products

Corning Products

Sigma Aldrich
Sigma Aldrich
Gibco
Corporation
Corning Products

Invitrogen

Corning Products

Synthesised and donated
by Prof Tebello Nyokong
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APPENDIX E

PREPARATION OF SOLUTIONS, MEDIA, AND CHEMICALS

MCF-7 Cell culture

Complete DMEM for DMEM 44.5 ml
cell growth with 10% FBS 5ml
FBS Penicillin-streptomycin 0.25 ml
Amphotericin 0.25 ml
Complete DMEM for DMEM 39.5 ml
cell growth with 20% FBS 10 mi
FBS Penicillin-streptomycin 0.25 ml
Amphotericin 0.25 ml
Photosensitisers
0.0005 M ZnPcSmix ZnPcSmix powder 0.0005¢g
(stock) 0.01 M PBS 1.25 mi
0.0005 M Hypericin Hypericin powder 1 mg
(stock) DMSO 4 ml
Sterilisation
70% Ethanol Absolute ethanol 70 ml
Autoclaved distilled water 30 ml
Experiments
1 pg/ml Actinomycin D Powdered Actinomycin D 1 mg
DMSO 0.8 ml
1x Annexin V-FITC/PlI  10x binding buffer 1.7 mi
Autoclaved distilled water 17 ml
Powdered Propidium lodide 250 mg
1x binding buffer 1mi
ATP Cell Titre-Glo ATP Cell Titre-Glo buffer 1 mi
reagent ATP Cell Titre-Glo substrate  0.007 mg
0.01 M PBS Phosphate  buffered 1 packet

saline powder
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0.1 mg DAPI

3.5% Formalin solution

10 mg/ml Hoechst
stock

LDH reconstitute
substrate

0.1 M Propyl gallate in
solution with glycerol
and PBS

0.5% Triton X-100

0.4% Trypan blue

Autoclaved distilled water
5 mg/ml DAPI (stock)

Autoclaved distilled water

37% Formaldehyde solution

Autoclaved distilled water
Powdered Hoechst
Autoclaved distilled water
LDH assay buffer

LDH substrate mix
Powdered Propyl gallate
Concentrated glycerol
0.01 M PBS

Triton X-100

Autoclaved distilled water
Powdered Trypan blue
HBSS

11

0.2 ml
9.8 ml
9.5 ml
90.5 ml
0.001 g
1ml
1.2 ml
0.012 ¢
0.212 ¢
9 ml
1ml
0.5 ml
99.5 ml
049
100 ml
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APPENDIX F

CALCULATIONS AND PURITY RATIO

Calculation of cell viability

For cell viability assays the percentage of viable cells was
determined after using the Trypan blue exclusion assay.

Once 100 pl of cellular suspensions were stained with 0.4% Trypan
blue, 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 ten squares or 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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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 cm? was divided by this number, in order to obtain the
volume of cells required to cover a cm? 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 cm? cell culture flask with a seeding ratio of 5X10°
cells/cm? the following would perform calculation:
Viable cells = (180 viable cell / square) (10) (10%)/ml

=1.8x 10" cells / ml
1.8 x 107 cells x 5 ml =9 x 107 cells / 5 ml
(5 x 105cells /cm?) / (9 X 107 cells / 5ml) = 0.005 ml/cm?
(0.028 ml/cm?) (75 cm?) =0.375 ml
Therefore from the 5 ml cell suspension you would remove 0.375 ml
and pipette it into a 75 cm? cell flask containing complete cell culture

medium in order to seed the flask at a ratio of 5 x 10° cells/cm?

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 10°) 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 Trypan blue staining 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)/ml

. =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 108 cells) = 5 ml+ 15 ml cryopreservative

medium= 20 ml cryovials

. 20 ml / (2 ml of cell suspension per vial) = 10 cryovials

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 contained within the culture plate in order to obtain the correct
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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 resuspended
in 2 ml of complete culture media and you wanted to calculate how many
3.3 cm? in diameter culture plates containing 3 ml of complete culture
medium could be produced with a seeding ratio of 5 x 10° cells / 3.3 cm?3,

then would perform the following calculation:

Viable cells / ml = (80 viable cells / square)(10)(10%)/ml
=8 x 107 cells / ml
e 8x107cells/mx2ml=1.6x108cells/2ml
e (1.6x108cells/2ml)/ (5 x 10° cells / 3.3 cm?) = 320 plate
e (2 ml)/(320 culture plates)= 0.00625 ml of cell resuspension per
culture plate
e 3 ml volume of complete culture medium and 6.25 pl of cell
resuspension per culture plate to be added.
e Therefore from 2 ml cellular resuspension you would remove 6.25 pl
and pipette it into a 3.3 cm 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 10° cells / 3.3 cm diameter culture plate.
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Purity of Nucleic Acids

Absorbance ratios of samples used for gene expression analysis.

A2e0r280 ratio

RNA cDNA

1.86 1.84

Untreated control 1.88 1.97
samples 1.89 1.85
1.92 1.86

1.83 1.87

ZnPcSmix treated 1.94 1.83
samples 1.86 1.93
1.89 1.86

1.91 1.95

PDT treated 1.89 1.97
samples 1.84 1.89
1.95 1.82
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APPENDIX G

RT-PCR RESULTS

Gene expression profiling (p-values)

Table G1: The p-values of genes analysed during the RT-PCR array.
Position Symbols p-value (compared to control group)
ZnPcSnix treated PDT treated
A0l ABL1 0.234 0.245
A02 AKT1 0.753 0.121
A03 APAF1 0.345 0.989
A04 APP 0.236 0.353
A05 ATG12 0.314 0.624
A06 ATG16L1 0.414 0.279
AQ7 ATG3 0.824 0.286
A08 ATG5 0.126 0.375
A09 ATG7 0.209 0.236
Al10 ATP6V1G2 0.976 0.365
All BAX 0.234 0.035
Al2 BCL2 0.195 0.044
BO1 BCL2A1 0.175 0.979
B02 BCL2L1 0.120 0.242
B0O3 BCL2L11 0.136 0.173
B04 BECN1 0.946 0.243
B0O5 BIRC2 0.872 0.544
B06 BIRC3 0.087 0.376
BO7 BMF 0.264 0.252
B08 Clorfl59 0.431 0.363
B09 CASP1 0.174 0.107
B10 CASP2 0.137 0.006
B11 CASP3 0.190 0.127
B12 CASP6 0.236 0.121
Co1 CASP7 0.276 0.298
C02 CASP9 0.243 0.410
C03 CCDC103 0.631 0.623
Co4 CD40 0.364 0.576
C05 CD40LG 0.854 0.246
C06 CFLAR 0.738 0.119
Cco7 COMMD4 0.236 0.126
Cco8 CTSB 0.576 0.414
C09 CTSS 0.482 0.570
C10 CYLD 0.234 0.141
Cl1 DEFB1 0.171 0.325
Ci12 DENND4A 0.223 0.622
D01 DFFA 0.246 0.241
D02 DPYSL4 0.421 0.841
D03 EIF5B 0.186 0.318
D04 ESR1 0.733 0.407
D05 FAS 0.242 0.398
D06 FASLG 0.176 0.095
D07 FOXI1 0.794 0.154
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D08 GAA 0.205 0.227
D09 GADDA45A 0.321 0.976
D10 GALNTS 0.964 0.264
D11 GRB2 0.422 0.694
D12 HSPBAP1 0.964 0.434
EO1 HTT 0.990 0.552
EO02 IFNG 0.139 0.113
EO3 IGF1 0.167 0.084
EO04 IGF1R 0.763 0.337
EO5 INS 0.162 0.104
EO6 IRGM 0.168 0.112
EQ7 JPH3 0.551 0.637
EO8 KCNIP1 0.171 0.097
EO09 MAG 0.266 0.627
E10 MAP1LC3A 0.283 0.483
E1ll MAPKS8 0.942 0.425
E12 MCL1 0.255 0.459
FO1 NFKB1 0.365 0.445
FO2 NOL3 0.209 0.350
FO3 OR10J3 0.336 0.106
FO4 PARP1 0.214 0.142
FO5 PARP2 0.386 0.361
FO6 PIK3C3 0.445 0.484
FO7 PVR 0.472 0.501
FO8 RAB25 0.375 0.168
FO9 RPS6KB1 0.156 0.172
F10 S100A7A 0.173 0.097
F11 SNCA 0.242 0.114
F12 SPATAZ2 0.284 0.324
GO01 SQSTM1 0.525 0.322
GO02 SYCP2 0.636 0.614
GO03 TMEMS7 0.646 0.531
G04 TNF 0.523 0.642
GO05 TNFRSF10A 0.165 0.341
G06 TNFRSF11B 0.302 0.131
GO7 TNFRSF1A 0.532 0.149
GO08 TP53 0.123 0.324
G09 TRAF2 0.456 0.476
G10 TXNL4B 0.519 0.151
G1l1 ULK1 0.943 0.038
G12 XIAP 0.312 0.104
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