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Abstract

Cisplatin is a leading anti-cancer drug used in the treatment of various cancers.
However, its clinical use is limited by its undesirable toxic side effect profile and the
potential of certain tumours to be or to develop resistance to cisplatin. Encapsulation
of cisplatin within a vesicular structure such as non-ionic surfactant vesicles (NIVs)

was developed to overcome these limitations.

Characterisation studies showed that the size and negative surface charge of cisplatin
NIVs could be exploited in enhancing their uptake by the mononuclear phagocytic
system present in the lungs, liver and spleen. Physicochemical stability of the
systems over a 15 month time period was demonstrated in relation to vesicle size and
surface charge; the absence of colloidal aggregation and chemical stability of the
lipid components.

Vesicle entrapment efficiency of cisplatin was improved with increasing cisplatin
concentrations used for lipid hydration but subsequent precipitation of drug limited
the usefulness of such an approach. Removal of unentrapped cisplatin by the use of
diafiltration and resuspension in lower concentrations of cisplatin solution overcame

this problem but resulted in drug leakage from the vesicles over time.

Preliminary in vitro and in vivo studies were used to evaluate NIVs. In vitro studies
confirmed the potential of NIVs in enhancing the anti-cancer effect of cisplatin in
comparison to free drug in a murine B16-FO murine melanoma cell line. In vivo
rodent studies compared cisplatin NIVs with free drug solution administered as
single doses by intravenous or pulmonary routes of delivery. Intravenous delivery
demonstrated more representable results with greater accumulation of cisplatin in the

lungs when administered as a NIVs formulation in comparison to free drug solution.

In conclusion, NIVs have great potential to be a viable delivery platform for the

administration of cisplatin.
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Chapter 1. Introduction

1.1. Cancer — an overview

Cancer is the leading cause of death worldwide. Most recent statistics indicated that
in 2008, 13% of all deaths were cancer-related and a further increase is expected in
the future (WHO, 2011). Lung cancer tops the cancer mortality rate as it is
considered an aggressive type of cancer with a low survival rate (WHO, 2011).
Cancer arises from genetic mutations and the longer we live the more susceptible our
genes are to mutations, which could explain higher cancer incidence in the elderly.
Furthermore, living in a developed world and lifestyle habits are associated with
greater risk factors that contribute to genetic mutations (Pecorino, 2008a). It is
suggested that 30% of cancers can be prevented by avoiding key risk factors (WHO,
2011). However, this indicates that the remaining 70% may be difficult to prevent.
Therefore, it is essential to develop efficient treatment which starts by understanding
the behaviour of cancer, its types, its complications and then choosing the best
way(s) to eradicate it.

1.1.1. History of cancer

Cancer is a disease that has existed long before humans even walked the planet
where evidence of cancer was found in dinosaur fossils from 70 to 80 million years
ago (Rothschild et al., 2003). In humans, the earliest case of cancer was found in the
fossilised bones of mummies in Egypt and Peru dating back to nearly five thousand
years ago (Almeida and Barry, 2010a). However, the disease remained nameless
until it was first named by the Greek physician Hippocrates (460-370 BC) as
carcinos or carcinoma, which are Greek words for a crab due to the extensions that
often radiate from the tumour mass which resembles a crab shape (Almeida and
Barry, 2010a).

In those early ages, cancer treatments were primarily palliative and incurable. The
earliest description of cancer was found in a scroll dating back to 3000 BC in ancient
Egypt called the Edwin Smith Papyrus. The scroll documented cases of breast cancer
that were treated by cauterisation as palliative care (Hajdu, 2011a). The belief that

cancer was incurable was the reason behind the slow progress in understanding and



treating cancer for many centuries (Hajdu, 2011a). Despite that, our knowledge about
cancer today would not have been possible without the discoveries and the enormous
work done by our predecessors. Many important historical milestones played an
important role in our current knowledge. To highlight a few, the founder of
pathological anatomy Giovanni Morgagni (1682-1771) performed autopsies relating
post-mortem pathological findings to the cause of death and laid the foundations for
cancer study in 1761 (Hajdu, 2011c). The founder of cellular pathology Rudolf
Virchow (1821-1902) laid the scientific foundations for modern pathological cancer
study in the 19" century allowing the development of cancer surgery and the birth of
scientific oncology (Hajdu, 2011c). In 1953, the greatest discovery of all times was
the revelation of the DNA structure by Francis Crick and James Watson. This
historic discovery revolutionised the understanding of cell biology and cancer at the
molecular level, which helped in developing treatment (Almeida and Barry, 2010a).

1.1.2. Formation of cancer

The discovery of the DNA structure led to understand that cancer starts from an
accumulated mutation in the DNA of a single cell leading to its transformation to an
abnormal cell that divides uncontrollably to form daughter cells and so on until a
tumour mass is formed accompanied with severe complications. Any mutated genes
involved in cell growth, differentiation or death can give rise to cancer (Pecorino,
2009a). Specifically speaking, two major classifications of genes have been
identified to result in cancer if they become mutated. They are oncogenes and tumour
suppressor genes. Both these types of genes are normally present and under
reciprocal control. However, once irreparable mutations occur, the activity of both
genes is reversed resulting in carcinogenesis (Patrick, 2009). Currently, over 100
oncogenes and at least 15 tumour suppressor genes have been identified (Pecorino,
2008b). Normal cells are usually subjected to mutations in their DNA, but these
mutations are usually controlled by cell repair mechanisms that either repair the
defect or command the cell to die by programmed death (apoptosis) in order to
prevent the alteration from passing onto the daughter cells. However, the problem is
initiated when cellular repair mechanisms permit mutations to occur. Cumulative

mutations can subsequently cause cells to lose their normal functionality and become



cancerous (Pecorino, 2008a). Six fundamental abnormalities characterise cancer and
are “hallmarks”: abnormal signalling pathways and cell cycle regulation;
insensitivity to growth inhibitor signals; evasion of apoptosis; immortality through
limitless cell division; ability to develop new blood vessels (angiogenesis) and tissue
invasion & metastasis (Hanahan and Weinberg, 2000).

1.1.3. Causes of cancer

Cancer can be induced by carcinogens present in chemicals or due to lifestyle factors
including diet, smoking and drinking. Carcinogens may also be present in the
environment e.g. air pollution and ultraviolet radiation. Infectious agents have also
been linked to 15% of cancer related deaths (Patrick, 2009). The association of
human papillomavirus with cervical cancer, Epstein-Barr virus with nasopharyngeal
carcinoma and Burkitt’s lymphoma, Kaposi’s sarcoma-associated herpesvirus with
Kaposi’s sarcoma and primary effusion lymphoma, human T-cell leukaemia virus
with T-cell leukaemia, hepatitis B virus with hepatocellular carcinoma and
Helicobacter pylori with gastric cancer have been verified (Pagano et al., 2004).

1.1.4. Treatment of cancer

Understanding cancer cell biology and contributory factors leading to carcinogenesis
has assisted in the development of cancer therapy. The emergence of surgical
treatment in cancer can be traced back between 1500 and 1750 (Hajdu, 2011b). For
many years, surgery was the only known treatment for cancer which meant that not
all types of cancer were curable. By the beginning of the 20" century, radiotherapy
was introduced and its combination with surgery was the mainstay of cancer
treatment into the 1960s (DeVita and Chu, 2008). During World War 11, an incident
occurred in 1943 where a ship carrying mustard bombs was destroyed. Survivors
exposed to the gas developed bone marrow hypoplasia, lymphoid tissue involution
and most severely low white blood cell counts (DeVita and Chu, 2008; Muggia,
2009). The anti-cancer effect of nitrogen mustards against lymphomas was realised
and a major breakthrough in cancer therapy began with the birth of chemotherapy
(Muggia, 2009). Various chemotherapeutics were subsequently discovered, including
those that targeted DNA, RNA, or proteins (Patrick, 2009). Enhanced understanding



of the molecular biology of cancer has driven the continued availability of more
precise anti-cancer agents (DeVita and Chu, 2008).

1.1.5. Classification of cancer

Tumours, whether benign or malignant, are classified according to the type of cell
that has transformed into four types: epithelial, mesenchymal, haematopoietic and
neuroectodermal. Epithelial cancers are the most common cancers and are known as
carcinomas and account for over 80% of cancer deaths. They can be sub-classified as
squamous cell carcinomas or adenocarcinomas, depending on whether the epithelial
cell functions solely as a lining layer or has secretory functions. Mesenchymal cells,
in connective tissues, form sarcomas. This type of cancer represents about 1% of
cancer cases. Haematopoietic cell cancers affect blood and lymphatic cells. Cancer
that affects cells comprising the central and peripheral nervous system are called
neuroectodermal tumours. These types of cancer represent 1.3% of cancer cases.
Very few tumours can become dedifferentiated. They are referred to as anaplastic
tumours as they cannot be traced back to their originating tissues (Weinberg, 2007).

1.1.6. Cancer epidemiology

A report released by the World Health Organization’s International Agency for
Research on Cancer (IARC) showed the incidence and mortality rate of all types of
cancers and for every population for the year 2008. It reported that the incidence of
all cancers except for non-melanoma cancers in 2008 reached 12.7 million and 7.6
million deaths. In 2030 it is expected that incidence will rise to 21.3 million and 13
million deaths, which is about a 73% increase in the mortality rate. The distribution
of the incidence (Figure 1.1) and mortality rate (Figure 1.2) of cancer worldwide are
represented indicating that the majority of cancer cases and related deaths occurred

in the Asian continent (Ferlay et al., 2010).



Oceania
1.1%

Africa
5.7%

South America
7.2%

Figure 1.1. Distribution of cancer incidence worldwide (accessed and reconstituted
from http://globocan.iarc.fr on 24-08-2011).
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Figure 1.2. Distribution of cancer deaths worldwide (accessed and reconstituted
from http://globocan.iarc.fr on 24-08-2011).
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1.1.7. Lung cancer

Lung cancer is the most common type of cancer in men (16.5% of all cases) and the
fourth most common cancer in women (8.5% of all cases) worldwide. It is the
leading cause of cancer death. Lung cancer alone comprised 18.2% of all cancer
deaths worldwide with 1.38 million deaths estimated in 2008. The incidence (Figure
1.3) and mortality rate (Figure 1.4) of the most common cancers in both sexes are
represented (Ferlay et al., 2010).

Bladder,3.0%

Oesophagus, o
3.8% Cervix

Uteri, 4.2%

Figure 1.3. Incidence of the most common cancers in both males and females

(accessed and reconstituted from http://globocan.iarc.fr on 24-08-2011).
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Figure 1.4. Most common deaths due to cancer in both males and females (accessed

and reconstituted from http://globocan.iarc.fr on 24-08-2011).

In the UK, 2007 figures indicated that lung cancer was the second most common
cancer in men and the third most common cancer in women. It topped the mortality
rate accounting for 22% of all cancer deaths with average annual death rates over a 3
year period being greater than 34,600 deaths. Patients aged 65 years and above
accounted for more than 75% of the lung cancer deaths (CRUK, 2010).

1.1.7.1. Causes of lung cancer

There is strong evidence indicating that tobacco is a major cause of lung cancer in
87% of all cases whether it was through active or passive smoking. Cigarettes
contain over 40 known carcinogens and 4000 chemicals that can cause a variety of
cancers including lung, mouth, throat, oesophagus, cervix, kidney, pancreas, stomach
and bladder cancer. Exposure to asbestos, chemicals, solvents, coal products, air
pollution and radon gas produced from uranium rich soil can also be associated with

lung cancer (Almeida and Barry, 2010b).
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1.1.7.2. Classification of lung cancer

Lung cancer is classified into small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC), both of which are epithelial tumours (Herbst et al., 2008). NSCLC
is further sub-classified into squamous cell carcinoma, adenocarcinoma and large cell
carcinoma (Triano et al., 2010). A more detailed classification of lung tumours based
on histological studies was provided by the World Health Organization/International
Association for the Study of Lung Cancer, which listed 8 classifications in order to
provide an international basis for unifying treatment (Brambilla et al., 2001). In the
report, the eight classes of lung tumours were epithelial, soft tissue, mesothelial,
miscellaneous, lymphoproliferative disease, secondary, unclassified, and tumour-like
lesions. SCLC and all three types of NSCLC were categorised under malignant
tumours under the epithelial tumour class along with other types such as
adenosquamous carcinoma, carcinomas with pleomorphic; sarcomatoid; or
sarcomatous elements, carcinoid tumour, carcinomas of salivary-gland type and
unclassified carcinomas. However, when it comes to treatment, they are stratified as
either SCLC or NSCLC (Figure 1.5).



Lung cancer

NSCLC SCLC
* Represents 80% of all lung cancer * Represents 20% of all lung
cases cancer cases
« More than 70% of these cases are * Responds well to treatment
diagnosed at advanced stages but considered the most
aggressive type

* Most patients die within 2
years due to relapse after

Adenocarcinoma treatment.

¢ Most common in North America
representing 40% of all NSCL.C
cases

+ Starts with a symptomless
peripheral lesion in the mucous
producing cells of the airways
then metastasises quickly

Squamous cell carcinoma

* Second most common in North America
representing 20-25% of all NSCLC cases

+ Strongly linked with smoking making it the
most common in Europe

* Located in cells lining the central airways
and usually metastasises slowly

Large cell carcinoma

* Lowest incidence representing
10% of all NSCLC cases

* Histologically present as large
rounded cells forming large
peripheral masses which may
have cavitations

Figure 1.5. A schematic diagram of the basic clinical classification of lung cancer as
described (Hoffman et al., 2000).



1.1.7.3. Staging of lung cancer

The clinical stages of SCLC according to the Veterans Administration Lung Study
Group are limited-stage and extensive-stage disease. Limited-stage disease is treated
with curative intent, and has a 5 year survival rate of 15-25%. Palliative
chemotherapy is given to those with extensive-stage disease to ameliorate
symptomatology (Sher et al., 2008). In limited-stage disease, the tumour is usually
confined to one hemithorax and can be accompanied with hilar and mediastinal
nodes that can be controlled in one tolerable radiotherapy portal (Rosti et al., 2006).
Wider anatomical distribution is considered to be an extensive-stage disease. This
accounts for 60-70% of the patients diagnosed with SCLC (Jackman and Johnson,
2005). The 5 year survival rate for extensive-stage cases is around 2% (Jackman and
Johnson, 2005).

The clinical stages of NSCLC according to the International Staging System for
Lung Cancer are different from that of SCLC. The type of staging used in NSCLC is
called TNM (tumour, node, metastases) staging system. This depends on the size and
location of the primary tumour, the presence or absence of metastasis in regional
lymph nodes and its extent and the presence or absence of distant metastasis and its
extent. Accordingly, NSCLC is divided into four stages with the first three stages
subdivided into A and B and the fourth stage involving metastases and considered to
be an advanced stage (Nair et al., 2011). The TNM staging system can be used in
SCLC, but is rarely used as most patients are rarely diagnosed with SCLC that is

sufficiently localised for tumour resection (Jackman and Johnson, 2005)
1.1.7.4. Treatment of lung cancer

Treatment of lung cancer depends on its type and stage. SCLC is considered to be
more responsive to chemotherapy unlike NSCLC which is considered to be more
responsive to surgery (Hoffman et al., 2000). The National Institute for Clinical
Excellence (NICE) submitted a guideline for treating lung cancer depending on its
type and stage. Treatment recommendations for SCLC (Figure 1.6) and NSCLC
(Figure 1.7) according to NICE (2011) are represented.
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T SCLC

1

Limited Stage
» Surgery can be considered in very early

stages
Cisplatin combined with other
chemotherapeutic drug such as
etoposide for 4-6 treatment cycles
Concurrent chemoradiotherapy starting
with first or second chemotherapy cycle
if patient shows good performance
status and disease is encompassed in
one radical radiotherapy volume
Sequential radical radiotherapy if
patient is unfit for concurrent
chemoradiotherapy 6 weeks within
completion of chemotherapy course
Prophylactic cranial irradiation (PCI) to
patients with complete or partial
response after chemotherapy
- Reported to prevent brain
metastasis which has a risk of
developing in over 50% of cases 2
years after chemotherapy
(Arriagada et al., 2003)
- Reported to significantly enhance
overall survival rate (Auperin et
al., 1999)

Extensive stage
* Chemotherapeutic regimen
containing cisplatin with
another drug for a maximum
of 6 cycles if patient can
receive chemotherapy
* Thoracic radiation
administered after
chemotherapy in case of
complete response at distant
sites and good partial response
at least in the thorax
» PCI to patients with complete
or partial response after
chemotherapy
- Reported to prolong
overall survival and
disease free conditions
(Slotman et al., 2007)

Second-line treatment

* Given after relapse and recommended if there
was response to first-line treatment

* Anthracycline-containing regimen or further

—== platinum can be administered for up to 6 cycles =

» Topotecan considered second-line treatment of
choice for relapsed SCLC at least 60 days after
first-line treatment (Sher et al., 2008)

» Radiotherapy as palliative care

Figure 1.6. Schematic diagram describing the guidelines for treating the different
stages of SCLC as provided by NICE (2011) unless otherwise cited.
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NSCLC

—

for patients fit for surgery

Surgery as first choice of treatment

&

Combination treatment
» Stages IB and IIB can be

considered for post-operative
chemotherapy in patients with
good performance status and
with tumours greater than 4cm
in diameter

Stages Il (A &B) and 1IT1A
given post-operative
chemotherapy to patients with
good performance status
Stages II and III if not suitable
for surgery given
chemoradiotherapy
Chemotherapy consists of

Radiotherapy
» For stages I, II and III if there is

no risk of normal tissue damage
and patient shows good
performance status
Continuous hyperfractionated
accelerated radiotherapy can be
given to:
- Stages I and I for
medically inoperable cases
that are suitable for
radiotherapy
- Stages IITA and ITIIB who
are suitable for radiotherapy
and cannot tolerate or
refuse chemotherapy

cisplatin-based combination

Second-line treatment

-

-

Given for relapsed locally
advanced or metastatic NSCLC
Docetaxel monotherapy
recommended for second-line
treatment

Erlotinib can be used as an
alternative to docetaxel (NICE,
2008)

Pemetrexed in combination with
cisplatin recommended as option
for maintenance therapy for
locally advanced and metastatic
NSCLC oflarge cell carcinoma
or adenocarcinoma types only if
disecase has not progressed
immediately following first-line
chemotherapy (NICE, 2010a)

-
|

Chemotherapy

» Stages III and IV with good
performance status

* Platinum based combination
regimen of cisplatin or
carboplatin with a single third-
generation drug such as
gemcitabine, docetaxel,
paclitaxel or vinorelbine

* Single-agent chemotherapy
with third-generation drug if
patient cannot tolerate the
platinum combination

* Gefitinib can be recommended
if mutation in epidermal
growth factor receptor tyrosine
kinase (EGFR-TK) is
confirmed (NICE, 2010b)

Figure 1.7. Schematic diagram describing the guidelines for treating the different
stages of NSCLC as provided by NICE (2011) unless otherwise cited.
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Recent advances in cancer treatment focus on targeting abnormal signalling
pathways in cancer cells. By identifying molecular changes that occur within cancer
cells, it is hypothesised that drugs can be developed to circumvent these changes
without jeopardising the activity of normal (non-cancerous) cells which do not
possess these pathways.

The gene abnormalities associated with lung cancer have been defined, and so far
three drugs that target these abnormalities have shown outstanding outcomes (Herbst
et al., 2008). In 2006, bevacizumab was approved by the FDA for treating
inoperable, locally advanced, recurrent or metastatic non-squamous NSCLC in
combination with carboplatin and paclitaxel (Triano et al., 2010). Bevacizumab
works by targeting the vascular endothelial growth factor (VEGF), associated with
angiogenesis (Di Costanzo et al., 2008). Erlotinib and gefitinib are also FDA
approved drugs that act on molecular targets (Dancey, 2007; Sanford and Scott,
2009). These agents target the epidermal growth factor receptor gene (EGFR), which
is associated with proliferation, reduced apoptosis, invasion and angiogenesis
characteristic of cancer cells, by inhibiting tyrosine kinase (Dancey, 2007; Herbst et
al., 2008). However, because of tumour molecular heterogeneity, patients with
similar clinical stages and tumour histology of NSCLC can have dramatically

different clinical outcomes and responses to treatment (Herbst et al., 2008).

Novel targeted delivery has been suggested for the treatment of SCLC as this might
permit therapy of patients whose cancers are chemo-resistant to first line treatments
for advanced disease. A recent report by Kim and Mishima (2011) stated that drugs
targeting molecular pathways have not shown effectiveness against SCLC.
Accordingly, there is strong support that chemotherapy will still remain indispensible
despite the successful discovery of novel drugs targeting the molecular pathways, as
they will not be completely efficient in treating cancer and will need to be used in
combination with mainstay chemotherapeutic drugs such as platinum agents
(Kelland, 2007). Therefore, until further progress is made, platinum drugs will

remain prominent in treating many cancers including lung cancer.
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1.2. Delivery routes and their physiological barriers

As mentioned (Section 1.1.7.4), cisplatin is the cornerstone of chemotherapy in lung
cancer and involves the intravenous route of administration. However, anti-cancer
drugs are currently being considered for localised pulmonary delivery for the purpose
of reducing systemic exposure associated with systemic intravenous delivery
(Carvalho et al., 2011a). In both cases it is important to know the physiological
barriers that are associated with the selected route of administration that may impede

drug absorption.
1.2.1. Intravenous delivery

Intravenous delivery is one of the many routes involved in parenteral delivery and is
the dominant route for general chemotherapy administration. Other parenteral routes
that have been used to deliver chemotherapy locally include intraarterial,
intraperitoneal, and intrathecal. Following intravenous delivery, drug is distributed
by the cardiovascular system to the organs (Washington et al, 2001a).

1.2.1.1. Physiology of the cardiovascular system

The heart serves to distribute blood to and from organs. Blood is transported through
a network of vessels consisting of arteries, capillaries and veins which together form
the circulatory network. In normal circulation, blood is pumped from the left
ventricle of the heart to the aorta which branches to the arteries, arterioles and
capillaries carrying oxygenated blood and nutrients throughout the tissues of the
whole body. Deoxygenated blood and waste products are then collected by the
capillaries and carried through venules to veins and ultimately the superior and
inferior vena cava to the right atrium then right ventricle of the heart. This blood is
then distributed to the lungs to be oxygenated and then collected again, through the
pulmonary circulation, in the left atrium then the left ventricle for the cycle to be
repeated. However the functional importance of the cardiovascular system as one
structural unit completely depends on the capillaries. Despite the contribution of
veins and arteries in delivering blood carrying nutrients and oxygen, it is only
through the capillaries where gas exchange and nutrient diffusion can occur (Martini
and Nath, 2009a).
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The human body is permeated with about 10 billion capillaries that if combined
together would exceed 25,000 miles. They are very tiny and have an average
diameter, almost to that of a red blood cell, of about 8um. Capillary structure differs
from the basic structure of veins and arteries and consists of a delicate basal lamina
lined by an endothelium. Depending on the lining endothelium structure, capillaries
are classified into continuous or fenestrated where fenestrated capillaries are further
sub-classified into sinusoids (Figure 1.8) (Martini and Nath, 2009b).

Capillaries

Continuous capillaries Fenestrated capillaries

* Completely lined by * Endothelial lining
endothelium penetrated by pores

* Foundin all tissues except * Permeable to solutes as
epithelia and cartilage large as small peptides

+ Permeable to water, small * Foundin endocrine glands,
solutes and lipophilic absorptive sections of the
material intestinal tract and filtration

« Impermeable to blood cells areas of the kidneys
and plasma proteins

Sinusoidal capillaries (sinusoids)

» Subclass of fenestrated
capillary with gaps between
the endothelial cells and a
thinner or even absent basal
lamina

* Foundin the liver, spleen,
bone marrow and many —
endocrine organs

» Permeable to solutes as large
as plasma proteins as a result
of the loose structure

» Lined with patrolling
phagocytic cells to engulf any
foreign or unwanted material

Figure 1.8. Schematic diagram describing the types of capillaries (Martini and Nath,
2009b).
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1.2.1.1. Physiological barriers in intravenous delivery

Intravenous delivery has the advantage of rapid onset of action, avoidance of first-
pass metabolism and that the drug can be diluted to achieve a desired response.
Intravenous delivery in the form of infusions also has the advantage of terminating
administration in case unwanted effects develop. Intravenous delivery is considered
the most suitable method of delivery when it comes to studying new drugs and their
pharmacokinetics (Washington et al., 2001a).

Systemic exposure occurs very quickly following intravenous delivery where it has
been reported that it takes 20-30 seconds for an injected solution in the arm to
circulate and reach the leg (Washington et al., 2001a). Pulmonary exposure to drug is
significant following intravenous delivery and this can be exploited to target the
lungs (Smola et al., 2008). Intravenously injected particles of about 5um or more
tend to be retained in the small pulmonary capillary beds and particles of a wide size
range have the opportunity to be taken up by fixed tissue macrophages of the lungs,
liver and spleen (Washington et al., 2001a). Collectively these contribute to the

mononuclear phagocytic system (MPS).

The MPS participates in the rapid uptake of particles and leads to appreciable
accumulation in these tissues. Uptake by MPS is governed by the process of
phagocytosis which is initiated by the adsorption of certain serum proteins called
opsonins onto the surface of a foreign particle. These opsonins interact with specific
receptors on the surface of macrophages leading to engulfment of particles coated by
the osponins (Malmsten, 2002). The MPS consists of the circulating blood
monocytes and macrophages, which can be fixed or free. Fixed macrophages are
found in the liver, spleen, lungs, bone marrow and lymph nodes; whereas free
macrophages are found in blood and tissues (Crommelin et al., 2001; Hillery, 2001).
Factors that contribute to enhanced uptake of particles by the MPS are discussed
further (Section 1.4).
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1.2.2. Pulmonary delivery

The respiratory system is responsible for providing our bodies with the necessary
oxygen required to produce the energy used for cell maintenance, growth, defence
and division. Through the process of respiration or breathing, oxygen is inhaled in
the lungs and during pulmonary circulation carbon dioxide is replaced with oxygen
through gaseous exchange leading to exhalation of carbon dioxide. The respiratory
system is also responsible for protecting itself against pathogenic attacks,
maintaining a well hydrated and warm inner environment, phonation and assisting

the smelling sense (Martini and Nath, 2009c).
1.2.2.1. Physiology of the respiratory system

From an anatomical point of view, the respiratory system is divided into two major
parts the upper respiratory tract and the lower respiratory tract (Figure 1.9). The
upper respiratory tract consists of the nose, nasal cavity, paranasal sinuses and
pharynx. The lower respiratory tract consists of the larynx, trachea, bronchi,
bronchioles and alveoli. However, functionally the respiratory tract is divided into
two parts the conducting zone (proximal) and the respiratory zone (peripheral). The
conducting area starts from the nasal cavity all the way down to the relatively larger
bronchioles. The conducting area is lined by respiratory mucosa, which consists of
an epithelial layer supported by an areolar tissue called lamina propria. From the
nose until the bronchi, the lamina propria secretes mucous from mucous glands
present in the layer. The respiratory area consists of the small bronchioles and alveoli
(Martini and Nath, 2009c).

1.2.2.1.1. The upper respiratory tract and larynx

The primary site of air entrance is the nose where air enters through the nostrils
(external nares) into the nasal cavity. The epithelium within the nostrils contains
coarse hair to prevent large contaminants from entering the nasal cavity. The nasal
cavity contains regions lined with olfactory epithelium which provide the sense of
smell. The paranasal sinuses produce mucous secretions that help maintain moist and
clean conditions within the nasal cavity along with the tears produced by the

nasolacrimal ducts. On the sides of the nasal cavity are three projections called nasal

17



conchae (Figure 1.9). The narrow space in-between them provides turbulence within
the cavity during inhalation that enhances filtration. It also helps along with the rich
vascularisation of the conchae in the warming and humidification of air. The lining
epithelium of the nasal cavity consists of pseudostratified ciliated columnar
epithelium and many mucous cells (Martini and Nath, 2009c).

; Frontal sinus
Nasal cavity

Nasal conchae
Nose

Sphenoidal sinus

Internal nares

Tongue

Pharynx
UPPER
RESPIRATORY
SYSTEM Hyoid bone
LOWER Larynx
RESPIRATORY Esophagus
SYSTEM . Trmttion

Clavicle Bronchus

Bronchioles

Diaphragm

Figure 1.9. Structure of the respiratory system, reproduced from Martini and Nath
(2009c).
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The pharynx is connected to the nasal cavity through the internal nares. The pharynx
serves respiratory and digestive functions. In addition to conducting air between the
nasal cavity and the lower respiratory tract, it also plays a role in conveying chewed
food from the mouth down to the oesophagus. The pharynx is divided into three
portions nasopharynx, oropharynx and laryngopharynx. The lining epithelium of the
nasopharynx is the same as that of the nasal cavity, whereas in the oropharynx and
laryngopharynx the lining epithelium consists of stratified squamous epithelium
which plays a protective role against abrasion and pathogens.

The larynx is a cartilaginous structure that connects between the pharynx and the
trachea through a tiny opening it contains called the glottis. The larynx prevents the
entrance of food and liquid into the trachea during swallowing by covering the glottis
with the epiglottis. The larynx also contains vocal folds surrounding the glottis which
vibrate when air passes through the glottis to produce sound. The lining epithelium
of the larynx is pseudostratified columnar epithelium (Martini and Nath, 2009c).

1.2.2.1.2. The trachea

The trachea connects the larynx to the bronchi and is lined with the same epithelium
as the larynx. Its length is about 11cm and diameter about 2.5cm. The trachea is
surrounded by 15-20 incomplete tracheal cartilage rings, which are open at the
posterior side facing the oesophagus. These cartilages aid in enforcing the structure
of the trachea without it collapsing from pressure changes during respiration (Martini
and Nath, 2009c).

1.2.2.1.3. The bronchi and bronchioles

The structural unit of the bronchi starting from the primary bronchi until the
formation of the minute respiratory bronchioles through multiple branching is known
as the bronchial tree (Figure 1.10a). The trachea branches into two primary bronchi,
left and right, which are also surrounded by incomplete cartilage rings. Before
entering the lungs, the primary bronchi branch into secondary bronchi, known as
lobular bronchi. According to the number of lobes of each lung, the left and right
primary bronchi branch correspondingly into two and three secondary bronchi,

respectively. These further divide forming ten tertiary bronchi or segmental bronchi.
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Each segmental bronchus provides air to a bronchopulmonary segment of the lung.
Within each segment tertiary bronchi undergoes multiple branching to form
bronchioles, terminal bronchioles until finally the formation of respiratory
bronchioles. It is estimated that one tertiary bronchus can give rise to 6500 tiny
terminal bronchioles with an internal diameter of 0.3-0.5mm, with each terminal
bronchiole delivering air to one pulmonary lobule. These lobules are also supplied by
pulmonary veins and arteries and arise from the subdivision of the pulmonary lobes
into tiny compartments by interlobular septa composed of connective tissue
continuous to that of the visceral pleura. Each lobule contains many respiratory
bronchioles which are connected to the alveoli the site of gas exchange. The cartilage
surrounding the secondary and tertiary bronchi is plate shaped and decreases as
progression occurs down the bronchi until they disappear on the walls of bronchioles.
The supporting structure of the bronchioles is attributed to the surrounding smooth
muscle tissue instead of cartilage (Martini and Nath, 2009c¢).

1.2.2.1.4. The alveoli

The alveoli exist individually and in groups of 15-20 forming an alveolar sac and
together are connected to the respiratory bronchiole via alveolar duct. About 150
million alveoli are present in each lung (Smola et al., 2008) providing a total
absorptive surface area of about 70-140m* (Groneberg et al., 2003). Adequate blood
supply is provided by the capillaries surrounding each alveolus to assist gas
exchange (Figure 1.10b). Alveoli are very thin and delicate structures lined with two
types of pneumocytes (Figure 1.10c). Type | pneumocytes are of simple squamous
type, about 0.1-0.2um thick and are the most abundant. Type Il pneumocytes or
septal cells are found less abundantly, are larger and protect the alveoli from
collapsing by producing surfactant necessary for reducing the surface tension
(Siekmeier and Scheuch, 2008). This alveolar epithelium is one of the structural
components of the respiratory membrane in addition to the endothelial cells lining
the alveolus and the fused basal lamina lying between epithelial and endothelial
layers. The thickness of the respiratory membrane can range between 0.1-0.5um,

thereby allowing rapid gas exchange between alveolar air and capillary blood (Figure
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1.10d). Also, oxygen and carbon dioxide are both lipophilic therefore easily

penetrate the lining cells (Washington et al., 2001b).
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Figure 1.10. The anatomical structure of the bronchial tree (a), the alveoli at the
termination of the respiratory bronchiole (b), the cell composition of alveoli (¢) and
the exchange surfaces between alveolar epithelium and capillary endothelium (d).

Modified and reproduced from Martini and Nath (2009c¢).
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1.2.2.2. Physiological barriers in pulmonary delivery

Inhalation therapy is considered to be a non-invasive method of drug delivery that
can provide both local as well as systemic effects (Bailey and Berkland, 2009). The
main requirement in inhalation therapy is for the drug particles to deposit within the
periphery of the lungs in sufficient quantities to produce an effect without being
expelled by the defence mechanisms of the respiratory tract (Taylor and Kellaway,
2001). A number of factors influence the deposition of drug particles in the lungs.
Physiological factors include the lung’s defence system. In the nose, particles over
about 10um are captured by the hair lining the vestibular space. Evading particles are
trapped in the mucous lining the nasal cavity and nasopharynx. Particles reaching the
conducting parts of the lower respiratory tract and larger than 5um are trapped in the
lining mucous of the tracheobronchial region (Washington et al., 2001b). Trapped
particles in both regions are then cleared by the mucociliary escalator where the
ciliated epithelium moves the mucous towards the pharynx to be swallowed and
destructed by the stomach acid and enzymes (Schreier et al., 1993). Particles
between 1-5um are able to evade the mucous escalator and deposit in the periphery,
but are mainly engulfed by alveolar macrophages (Schreier et al., 1993). Particles
0.5um or smaller are considered to be too small to deposit and are exhaled
(Oberdorster, 1993). Other physiological factors include the respiratory rate and
volume, diameter of airway passages, presence of excess mucous. Physical properties
of the aerosol cloud produced also plays a role in the deposition of the drug particles
such as particle size, velocity, charge, density and hygroscopicity. The patient’s
technique in using inhalation devices also affects deposition if not used properly
(Taylor and Kellaway, 2001).

1.3. Platinum therapy

Anti-tumour platinum compounds are distinguished from other anti-cancer drugs in
that they are coordination structures. These agents exert their anti-cancer effect
through their action on cellular DNA in a similar way to alkylating agents. Cisplatin
was the first and remains the leading clinically used platinum compound (Abrams,
1990). Intensive development of platinum compounds was investigated and

carboplatin was approved in 1989 for the treatment of ovarian cancer by the FDA.
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Oxaliplatin was then developed with the intent to overcome the cross-resistance to
cisplatin and carboplatin, and in 2002 was granted approval by the FDA for treating
colorectal cancer. The addition of picoplatin and satraplatin to the platinum
therapeutic family is anticipated, where they are still undergoing clinical trials
(Kelland, 2007). The benefits that newer platinum compounds will contribute to
therapy are anticipated to be substantial, with satraplatin offering the potential oral
administration of a platinum compound for the first time. The structures of these
platinum compounds are illustrated (Figure 1.11).
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Figure 1.11. The chemical structure of platinum anti-cancer drugs.

23



1.3.1. Cisplatin

Cisplatin (cis-diamminedichloroplatinum (Il)) is a water-soluble compound that
consists of a central platinum atom connected to two chloride atoms and two

ammonia molecules in the “CiS” configuration.
1.3.1.1. History of cisplatin

Cisplatin was discovered accidently in 1965 when Barnett Rosenberg was exploring
if the division of bacteria was enhanced by an electrical field using platinum
electrodes. The unexpected result was that the electrolysis products inhibited the
division of Escherichia coli bacteria but without affecting their growth where the
cells continued to elongate. The products responsible were found to be cisplatin, cis-
diamminetetrachloroplatinum and transplatin (Rosenberg et al., 1965). Cisplatin was
already known as Peyrone’s chloride and was originally synthesised and described in
1845, so technically cisplatin was just a rediscovery. Then in 1968 its anti-cancer
effect was confirmed (Rosenberg et al., 1969) and further human clinical trials in
1971 by the National Cancer Institute confirmed its value in testicular and bladder

cancers resulting in FDA approval in 1978 (Kelland, 2007).

1.3.1.2. Uses of cisplatin

Cisplatin is used to treat many malignancies either alone or in combination with
other compounds. The most treated cancers are testicular, ovarian, head and neck,

bladder, cervical and lung cancer (Patrick, 2009).
1.3.1.3. Administration of cisplatin

Cisplatin is administered as a 6-8 hour intravenous infusion in a chloride-containing
solution in doses of up to 100mg/m?/course. It is rarely given at higher doses due to
unacceptable side effect to benefit ratios. Before commencing treatment patients are
pre-hydrated with 1-2 litres of fluid for 8-12 hours to minimise the risk of
nephrotoxicity. Mannitol may also be given with the intravenous infusion to
maximise urine flow (O’Dwyer et al., 2000). Nausea and vomiting is typically severe

and treated by a 5-HT3 antagonist combined with a glucocorticoid steroid (Gralla et
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al., 1999). Sometimes a post-hydration fluid is also given in a minimum of 1 litre
depending on the dose of the treatment course (O’Dwyer et al, 2000).

1.3.1.4. Side effects of cisplatin

The most important dose-limiting side effects resulting from cisplatin chemotherapy
(at single doses of 50mg/m? or above) include nephrotoxicity, ototoxicity,
neuropathy, nausea, vomiting and myelosuppression. Rare effects include visual
impairment, seizures and arrhythmias. Even with the intensive prophylactic protocols
undertaken to maintain kidney function, nephrotoxicity is sometimes inevitable as a
result of cumulative renal damage to both glomeruli and tubules (O’Dwyer et al.,
2000). Acute renal toxicity has been estimated to develop in 20-30% of cisplatin-
treated patients (Hartmann et al., 1999). Ototoxicity resulting from inner ear damage
is also cumulative and irreversible, whereas neuropathy is considered to be reversible
(O’Dwyer et al., 2000)

1.3.1.5. Mechanism of action of cisplatin

Cellular DNA is believed to be the major target for cisplatin’s therapeutic effect.
Cisplatin enters the cell either by passive diffusion or protein-mediated transport
(Binks and Dobrota, 1990; Andrews et al., 1991; Gately and Howell, 1993; Johnson
et al., 1998; Pereira-Maia and Garnier-Suillerot, 2003; Beretta et al., 2004). Most
studies indicate that the most popular route of protein-mediated transport is through
the copper transporter 1 protein CTR1 (Ishida et al, 2002; Holzer et al., 2004;
Howell et al., 2010).

Cisplatin itself is intact and non-reactive until at least one of its chloride ligands is
hydrolysed. Due to the high chloride concentration present in the extracellular fluid
cisplatin exists in the non-reactive form. After entering the cell the intracellular
concentration of chloride ions is lower relative to plasma (Figure 1.12) resulting in
the activation of cisplatin by sequential formation of the monoaqua and diaqua

species (Berners-Price and Appleton, 2000).
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Figure 1.12. The mechanism of cisplatin entry into the cell and possible factors
related to resistance.

As illustrated (Figure 1.13), activation starts by the separation of one chloride ion
and replacement with a water molecule to form an active positively charged
monoaqua complex. The complex binds to DNA forming a monofunctional adduct
preferably at the N7 position of a guanine residue (Prestayko, 1981b; Brabec, 2000).
The second chloride ion then undergoes hydrolysis and the resultant aquated
compound attacks and binds to the DNA forming a bifunctional lesion. The most
common Pt-DNA bindings result from the cross-linking between the diammine
platinum unit and the N-7 positions on adjacent guanines. This type of binding is
believed to have the most cytotoxic effect (Sherman and Lippard, 1987). Some
studies indicated that the types of cisplatin-DNA adducts formed are 65% 1,2-
intrastrand crosslinks at a (GG) sequence, about 20% 1,2-intrastrand crosslinks at an

(AG) sequence, 9% 1,3-intrastrand crosslink at a (GNG) sequence; where N indicates
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any nucleoside and <1% interstrand adducts between two guanines on opposite
strands (Eastman, 1999). However, other studies reported that 1,2-intrastrand
crosslinks form about 90% of all cisplatin-DNA adducts and the minor adducts
formed were interstrand crosslinks (representing 5-10%) between two guanines, 1,3-
intrastrand crosslinks and monofunctional adducts (Hansson and Wood, 1989; Jones
et al., 1991; Brabec and Leng, 1993). However, it is clear from all studies that the 1,2
intrastrand crosslink between two deoxyguanosines is the dominant type of adduct
formed. It was suggested that the increased negative charge in the DNA regions
containing the (GG) sequence renders it stronger in attracting the positively charged
monoaquated cisplatin species (Pullman and Pullman, 1981).

When cisplatin binds to guanosine, the hydrogen bonds are broken between
guanosine and cytidine leading to bending of the DNA double helix at the site of
platination towards the major groove followed by unwinding. The Pt-DNA complex
inhibits transcription by blocking RNA polymerase Il passage at the lesion site (Ang
et al., 2010). It is suggested that the alterations in the DNA from platination attract
specific proteins containing a high mobility group (HMG) domain (Toney et al.,
1989; Bruhn et al., 1992; Pil and Lippard, 1992). The HMG-domain proteins then
bind to the site of platination shielding the nucleotide excision repair (NER) system
from identifying and repairing the lesion eventually leading to cell death (Prestayko,
1981b; Chaney and Sancar, 1996; Sancar, 1996).
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Figure 1.13. The reaction of cisplatin with DNA to form 1,2-intrastrand crosslink on
two adjacent guanines.
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1.3.1.6. Pharmacokinetics of cisplatin

Plasma clearance of cisplatin following a single intravenous dose was found to
follow a biphasic model when radiolabelled ***™Pt was counted using gamma
scintigraphy (DeConti et al., 1973). The initial half-life (t'20) ranged between 25-
49min and the secondary phase (t'2p) ranged from 58-73h. Cisplatin urine levels
increased with time and the highest level released in the urine was about 50% after 5
days. Cisplatin is excreted mainly by the kidneys but biliary excretion is also
possible (Prestayko, 1981a). The binding of cisplatin to plasma protein occurs very
fast, where about 90% of platinum is bound to serum proteins within 3hs of dosing
(Prestayko, 1981a).

Unbound platinum is cleared rapidly from the plasma after administration, where t’2[3
for unbound platinum was 40-45 minutes and for protein-bound cisplatin t%23 was 67
hours (De Conti et al, 1973). It is not clear what effect protein bound cisplatin has,
but some studies suggest that they are responsible for cisplatin’s side effects (Gullo
et al.,, 1980; Appleton, 1997), while others propose that they are crucial for
cisplatin’s activity (Espinosa et al., 1995) since patients do not respond sufficiently
to cisplatin when their serum albumin levels are low. In a study supporting the
importance of albumin in cisplatin response, it was found that patients with low
levels of albumin (< 40g/L) had a median survival time of 133 days. This survival
time was significantly lower than that of the patients with normal levels of albumin

(> 40g/L) where their median survival time was 768 days (Holding et al., 1991).

Treatment with cisplatin as a continuous infusion has advantages over a single dose.
When 80mg/m2 of cisplatin was given in a 24h continuous infusion, about 14% of
the dose was excreted in the 24h period (Jacobs et al., 1978), in contrast to the 18-
30% that was reported to be excreted after a rapid infusion. Also continuous infusion
can lower the side effects without affecting its cytotoxic action (Prestayko, 1981a).
Some have attributed this to the non-selective targeting of cisplatin to rapidly
proliferating cancer cells regardless of where they are in their individual cell cycles
(Patrick, 2009). However, others have related reduced cisplatin toxicity and
enhanced tolerability to dosing time. Studies have suggested that the plasma and/or

pharmacokinetic profile of cisplatin following a short intravenous infusion depends
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on dosing time (Lévi et al., 2007). This is known as cancer chronotherapy where the
tolerability and/or efficacy of anti-tumour drugs can be improved by adjusting drug
delivery according to the circadian rhythm (Lévi, 2006). Accordingly, the survival
rate can vary by 50% or more depending on the circadian dosing time (Lévi, 2006).
Platinum complexes including cisplatin, carboplatin and oxaliplatin have been
reported to be best tolerated near the middle of the nocturnal activity span of mice or
rats (Mormont and Lévi, 2003). Optimal tolerance of cisplatin associated with low
renal toxicity in mice was achieved during the activity span of mice at approximately
16 hours after light onset (HALO) (Boughattas et al., 1990), which is equivalent to
optimum dosing at 1800 hours in human beings (Lévi et al., 2007). The optimal
tolerance of cisplatin during the circadian cycle was found to be related to lower
glutathione levels (Mormont and Leévi, 2003). This timing was found to be effective
even if cisplatin was administered in combination with other drugs such as
gemcitabine (Li et al., 2005), which was suggested as a treatment schedule for lung
cancer. However, the circadian rhythm can be altered in cases of malignancy
depending on the type, level of differentiation and growth rate of the tumour
(Mormont and Lévi, 2003). Rapidly growing cancers and advanced stages show loss
of the circadian rhythm and are replaced by an ultradian rhythm (Lévi et al., 2007).
This can be associated with reduced effectiveness to cancer chronotherapy. Patients
with advanced NSCLC in particular were shown with greatly distorted circadian
rhythms (Levin et al., 2005). Furthermore, the application of cancer chronotherapy
would require treatment to be tailored to the circadian rhythm of each individual
patient. Also the benefits obtained with cancer chronotherapy in terms of increased

survival in clinical trials remains to be demonstrated (Lévi, 2006).
1.3.1.7. Resistance to cisplatin

Resistance of tumours to cisplatin is an observed clinical problem. Resistance to
cisplatin could occur before or after it binds to DNA. Low accumulation of cisplatin
in cells and high levels of glutathione and metallothionien are considered as causes
of resistance that occur before the binding of cisplatin to DNA. Enhanced NER

mechanism, downregulation of mismatch mechanism repair (MMR) and enhanced
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replicative bypass are associated with resistance after the binding of cisplatin to
DNA.

1.3.1.7.1. Resistance mechanisms before DNA binding

The factors that could lead to development of cisplatin resistance before binding to
DNA are illustrated (Figure 1.12)

The most likely reason for resistance development before binding of cisplatin to
DNA could be insufficient drug levels at the tumour site to cause a cytotoxic effect
(Gately and Howell, 1993). The transporter, CTR1 is considered to be the main
active uptake route for cisplatin but this transporter can also play a role in cisplatin
resistance. Damage to the transporter would minimise cisplatin entry into the cell
thereby causing resistance. Cisplatin can cause degradation of CTR1 (Holzer et al.,
2004; Howel et al., 2010) or copper-induced damage can lead to cross-resistance to
cisplatin (Safaei et al., 2004).

Cisplatin accumulation can also be reduced by increased efflux of cisplatin from a
cell. ATP7A and ATP7B are efflux proteins involved in copper transport and may
play a role in cisplatin efflux (Samimi et al., 2004; Safaei et al., 2004; Safaei and
Howell, 2005).

High expression levels of sulphur-containing compounds such as glutathione (Lewis
et al., 1988) and metallothionein (Kelley et al., 1988) could be responsible for
cisplatin resistance before it binds to DNA. The high levels of glutathione and
metallothionein enhance cisplatin resistance once it enters the cell by binding to
cisplatin and preventing its interaction with DNA because of the high affinity of
cisplatin to sulphur (Mistry et al., 1991; Timmer-Brosscha et al., 1992). Furthermore,
multidrug resistance proteins (MRP) can mediate the ATP-dependant export of
glutathione S-conjugates (Keppler, 1999). In particular, ATP-dependant glutathione
S-conjugate export pump MRP2 has been suggested to play a role in efflux of the

cisplatin-glutathione compound thereby resistance (Cui et al., 1999).
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1.3.1.7.2. Resistance mechanisms after DNA binding

The first possible reason for developing resistance after binding of cisplatin to DNA
could be the enhanced ability of NER proteins to repair DNA damaged by cisplatin
(Perez et al., 1990). In particular, the increased expression of the NER endonuclease
protein, excision repair cross-complementing-1 (ERCC1), is associated with cisplatin
resistance (Ferry et al., 2000).

Loss of MMR function could contribute to resistance after cisplatin has bound to
DNA (Aebi et al., 1996). The MMR mechanism normally identifies mismatches in
the DNA and attempts to repair it if possible or otherwise triggers an apoptotic
response (Fink et al., 1996). However, cisplatin-DNA adducts can cause mutations
leading to inactivation of proteins that initiate MMR mechanisms thereby leading to
resistance (Helleman et al., 2006).

Enhanced replicative bypass of cisplatin-DNA adducts by DNA polymerases B and n
through translesion synthesis also contribute to resistance (Bassett et al., 2002).

Finally, loss of apoptotic signalling pathways also plays a role in cisplatin resistance
after binding to DNA. These pathways are controlled by p53, anti-apoptotic and pro-
apoptotic members of the BCL2 family and JNK (Anthoney et al., 1996; Gadducci et
al., 2002).

1.3.1.8. Circumvention of cisplatin resistance

Platinum drugs are an integral part of chemotherapy and have played a major role in
treating many cancers. Despite the incidence of resistance, cisplatin remains
indispensable as a chemotherapeutic agent in the treatment of a range of cancers.
Therefore, the main strategic clinical objective is to develop ways to minimise or
prevent resistance to cisplatin (Timmer-Bosscha et al., 1992). By studying the factors
that contribute to resistance, approaches to combat resistance were proposed. These
solutions include enhancing cisplatin delivery, using platinum resistance modulators,
combining cisplatin with novel molecularly targeted drugs, or developing novel
platinum drugs that are clinically effective against cisplatin-resistant tumours
(Kelland, 2007).
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Enhancing the delivery of cisplatin to tumours can be achieved by local delivery of
cisplatin. Favourable results were obtained using intraperitoneal administration of
cisplatin in combination with paclitaxel in a phase Il clinical trial of ovarian cancer
(Armstrong et al., 2006). Drug delivery systems such as liposomes e.g. Lipoplatin®
(Devarajan et al., 2004) or polymers e.g. ProLindac™ (Howell, 2009; Serova et al.,
2009) have been shown to enhance the delivery of platinum drugs. ProLindac is a
nanopolymer consisting of the active moiety of oxaliplatin linked to a hydrophilic
biocompatible polymer of hydroxypropylmethacrylamide (HPMA; Wheate et al.,
2010). It has showed molecular and cellular effects similar to oxaliplatin and is
currently in phase Il trials for ovarian cancer, a new indication for oxaliplatin
(Nowotnik and Cvitkovic, 2009).

Drugs that target resistance modulators could minimise cisplatin resistance. One of
these drugs targets the glutathione-metabolizing enzyme GST pi-1 (GSTP1), which
is expressed in high levels within cisplatin-resistant cells. GSTP1 can activate the
prodrug TER286 to the active TLK286 that releases a nitrogen mustard alkylating
agent (Morgan et al., 1998). TLK286, now known as canfosfamide HCI or
TELCYTA®, has shown promising results in combination with pegylated liposomal
doxorubicin in a phase Il trial for the treatment of refractory or resistant epithelial
ovarian cancer (Kavanagh et al., 2010). The use of DNA demethylating agent which
targets the hypermethylated MutL gene (MLH1) responsible for loss of MMR
pathway and resistance could also reverse platinum resistance. One such drug is
decitabine which is predicted to be used in combination with a platinum drug (Plumb
et al., 2000). A phase I trial using low doses of decitabine in combination with
carboplatin for patients with recurrent platinum-resistant epithelial ovarian cancer,
has recently been reported with primary results indicated tolerability and favourable
activity (Fang et al., 2010).

Combination therapy with molecular targeting agents could also minimise cisplatin
resistance. Bevacizumab in combination with carboplatin and paclitaxel to treat
metastatic or advanced non-squamous NSCLC has been encouraging (Triano et al.,
2010).
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1.3.2. Carboplatin

Carboplatin (diammine [1,1-cyclobutanedicarboxylato(2-)-O,0'] platinum (II)) is a
second generation drug in the platinum class. It has the same activity as cisplatin but
with less toxic side effects (Dabrowiak and Bradner, 1987) except for
myelosuppression which is more severe and dose-limiting. Carboplatin contains a
cyclobutanedicarboxylate ligand as the leaving group instead of the chloride ligands
in cisplatin. The leaving group in carboplatin is considered to be less labile than that
in cisplatin, which may explain its lower toxicity. Carboplatin is widely used to treat
advanced ovarian cancer and lung cancer, but some types of cancer are more
responsive to cisplatin than carboplatin such as testicular and head & neck cancers. It
can be given intravenously on an out-patient setting and no pre-hydration treatment
is necessary. Nevertheless, even though carboplatin is better tolerated, cross-
resistance between carboplatin and cisplatin is typical (O’ Dwyer et al., 1999).

1.3.3. Oxaliplatin

Oxaliplatin ([oxalate(2-)-O,0'][(1R,2R-cyclohexanediamine-N,N'] platinum I1)) is a
1,2-diaminocyclohexane derivative (DACH) and has shown activity against several
cisplatin-resistant tumour cell lines (Kraker and Moore, 1988). Oxaliplatin is used in
the treatment of metastatic colorectal cancer in combination with fluorouracil and
folinic acid, and is administered as an intravenous infusion. It causes less
nephrotoxic effects than cisplatin but its dose-limiting toxicity is sensory neuropathy

which characterises all DACH-containing platinum species (O' Dwyer et al., 1999).
1.3.4. Picoplatin

Picoplatin (cis-amminedichloro, 2-methylpyridine, platinum (11)), which is also
referred to as JIM473, AMD473 or ZD0473, is a platinum compound that has been
designed with improved efficacy against cisplatin and carboplatin resistant tumours
(Judson and Kelland, 2000). The structural design of picoplatin designated in the
picoline ring increases the steric bulk of picoplatin (Eckardt et al., 2009), which can
prevent its interaction with thiol-containing groups, one of the common causes of

platinum resistance (Kelland, 2000).

34



Preliminary studies indicated the effectiveness of picoplatin in NSCLC, head & neck,
mesothelioma and ovarian cancer (Judson and Kelland, 2000). Phase 11 clinical trials
of picoplatin have demonstrated effectiveness against mesothelioma (Giaccone et al.,
2002), NSCLC and SCLC (Treat et al., 2002), prostate cancer (Tyrrell et al., 2001)
and ovarian cancer (Gore et al., 2002). A better toxicity profile was also observed in
these studies, where nephrotoxicity, ototoxicity and neurotoxicity were not apparent.
Picoplatin’s dose limiting toxicity was myelosuppression resulting in haematological

toxicities.

In a follow-up phase Il study, the use of picoplatin as second line therapy in
refractory or progressive SCLC demonstrated favourable results with enhanced
median overall survival. The study also reported haematological toxicities being
predominant (Eckardt et al., 2009). Results of a phase Il study supported the use of
picoplatin as second line therapy for progressive SCLC in combination with best
supportive care (Ciuleanu et al., 2010).

Picoplatin is also being considered for treatment of NSCLC, where the outcomes of
an ongoing phase Il trial using picoplatin as second line treatment in progressive
NSCLC after cisplatin therapy is awaited (Chang, 2010).

1.3.5. Satraplatin

Satraplatin (bis-[acetate]-ammine dichloro-[cyclohexylamine] platinum (IV)), also
referred to as JM216, was developed with the ambition of creating an orally active
platinum drug with low toxicity and no cross-resistance to clinically used platinum
complexes (Weiss and Christian, 1993). Its octahedral Pt (V) structure distinguishes
it from the rest of the square planar Pt (Il) structure of cisplatin, carboplatin,
oxaliplatin and picoplatin (McKeage et al., 2007). The presence of the two axial
acetate groups enhances its lipophilicity and oral bioavailability. In vivo, satraplatin
is metabolised into JM113 (cis-ammine dichloro (cyclohexylamine) platinum (1))
and other metabolites. JM113 is considered to be an active metabolite of satraplatin
that can also bind and react with DNA (Choy et al., 2008). The main toxicity related
to satraplatin therapy is haematological with no evidence of nephrotoxicity or

neurotoxicity observed (Choy et al., 2008).
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Clinical studies have investigated satraplatin in patients with hormone-refractory
prostate cancer (HRPC) combined with prednisone as a second line treatment in a
large phase Il trial, called ‘Satraplatin and Prednisone against Refractory Cancer
(SPARC) trial’ (Sternberg et al., 2007). Although this study reported an improved
progression-free response, follow-up analysis indicated that there was no significant
difference in the overall survival rate between patients treated with satraplatin
combined with prednisone and those treated with prednisone alone. Further analysis
studies were reported to be underway to determine if improved survival is likely to
be present in a subset of patients (Sternberg et al., 2007; Choy et al., 2008).
Satraplatin in combination with prednisone was also investigated in multinational
double-blind phase 11l (SPARC trial) in patients with castrate-refractory prostate
cancer (CRPC) as second-line treatment (Sternberg et al., 2009). The study showed
that disease progression and associated pain were delayed with the combination

treatment although overall survival was not improved.

In a study reported by Ricart et al. (2009), the effect of food on the pharmacokinetics
of satraplatin compared to the fasted state was reviewed. In this study, the presence
of food affected the pharmacokinetics of satraplatin causing a reduction in its Cmax
and AUCy.p4. Therefore, satraplatin should be administered in the fasting state,
although it was not clear whether this significant change in pharmacokinetics

ultimately leads to reduced anti-cancer effects.

1.4. Vesicular delivery systems — liposomes and niosomes

The use of vesicular delivery systems is one of the proposed methods to enhance
cisplatin delivery, minimise toxic side effects and possibly hinder the threat of
resistance (Section 1.3.1.8). Lipid vesicles are structures composed of one or more
lipid bilayer surrounding an aqueous core (Figure 1.14). Liposomes have been
proven to enhance the bioavailability and minimise the toxicity of the anti-cancer
drugs doxorubicin and daunorubicin (Park, 2002). Niosomes are lipid vesicles
structurally and functionally similar to liposomes (Uchegbu and Vyas, 1998).
However, niosomes are cheaper alternatives to liposomes, less likely to become toxic

and more stable thereby easier to store and handle as they are formed from synthetic
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lipids unlike the biologically derived phospholipids used to prepare liposomes
(Uchegbu and Florence, 1995).

Aqueous core

Bilayer interior
containing hydrophobic
tails

Bilayer surfaces
containing hydrophilic
heads

Figure 1.14. The structure of a unilamellar lipid vesicular delivery system.

1.4.1. Liposomes

Liposomes were first described in 1965 to share many of the dimensional, structural
and functional properties of biological membranes (Bangham et al., 1965). This
initiated the idea to use liposomes as drug delivery vehicles, but it took 30 years for

the clinical use of liposomes to be applied in reality (Lian and Ho, 2001).

Upon hydration of lipids, liposomes spontaneously form in the shape of spherical
enclosed vesicular structures. These structures form from the self-assembly of lipids
into colloidal particles composed of a lipid bilayer surrounding an aqueous core
(Figure 1.14). The lipid bilayer is arranged in a way that the hydrophilic head groups
face the aqueous medium on both sides and protect the hydrophobic tail moieties
contained in the bilayer space (Lasic and Papahadjopoulos, 1995; Ranson et al.,
1996). Phospholipids are the main lipid composition of liposomes especially in the
form of phosphatidylcholine as well as phosphatidylglycerol and
phosphatidylethanolamine (Crommelin et al., 2001). Drugs may be entrapped in the
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aqueous core, within the bilayer or at the bilayer interface depending on their
physicochemical properties (Goyal et al., 2005).

1.4.1.1. Classification of liposomes

Liposomes were classified based on lamellarity and size by Perez-Soler into two
classes, unilamellar and multilamellar vesicles (Perez-Soler, 1989). Unilamellar
vesicles "UVs" could be small "SUVs" ranging from 0.05-0.1um in diameter or large
"LUVs" ranging from 0.1-0.25um in diameter. Their aqueous cores are large relative
to the whole vesicle and thereby suitable for entrapping water-soluble compounds.
Multilamellar vesicles "MLVs" range from 1-5um in diameter. Their agueous cores
are relatively small (<10%) thereby limiting the entrapment efficiency of hydrophilic
drugs unlike hydrophobic drugs which can be entrapped efficiently in their multiple
lipid bilayers (Harrington et al., 2000a).

Liposomes have also been classified based on functionality into a number of classes
mainly; conventional liposomes, long-circulating liposomes, immunoliposomes and
pH-sensitive liposomes (Sharma and Sharma, 1997). Conventional liposomes can be
anionic, cationic or neutral and are used for passive targeting through subsequent
opsonisation and uptake by the MPS. This is beneficial in targeting organs rich in the
MPS. Cationic liposomes have shown potential in gene therapy as carriers for the
negatively charged plasmid DNA (Wasungu and Hoekstra, 2006) and efficiently
transfer genes (Maitani et al., 2007). Long-circulating liposomes, also known as
sterically stabilised liposomes, have a hydrophilic polymer such as polyethylene
glycol (PEG) attached onto their surfaces. The conjugated polymer increases surface
hydration in order to delay recognition and uptake by the MPS as much as possible
hence prolong their circulation time (Lasic and Needham, 1995). Immunoliposomes
have specific antibody(s) attached to their surface to facilitate cellular targeting
(Sapra and Allen, 2003; Vélkel et al., 2004). pH-sensitive liposomes are transformed
from stable to destabilised structures in acidic conditions and acquire fusogenic
properties leading to the release of entrapped material (Simdes et al., 2004). This can
be useful in targeting sites with acidic environment such as tumours (Drummond et
al., 2008). Other types of liposomes include temperature-sensitive (Sullivan and

Huang, 1986) and target-sensitive magnetic liposomes (EImi and Sarbolouki, 2001).
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This indicates that liposomes of preferable qualities can be obtained by modulating
the bilayer composition (Voinea and Simionescu, 2002).

1.4.1.2. Implications of liposomal physical characteristics

The physical characteristics of a vesicular delivery system such as surface charge,
bilayer fluidity and vesicle size control its stability and in vivo behaviour. The
surface charge of liposomes affects their stability as well as their fate inside the body
(Drummond et al., 2008). Liposomes bearing a neutral charge are less likely to be
cleared by the MPS, but this advantage is compromised by their propensity to
aggregate (Lian and Ho, 2001). Using charged liposomes may overcome the
dilemma of aggregation, yet risk rapid clearance. Anionic liposomes face recognition
by macrophage receptors as well as other cell receptors. Cationic liposomes are also
taken up by the MPS because of their great reactivity with serum proteins (Lian and
Ho, 2001). Fidler et al., (1980) indicated the greater uptake of negatively charged
liposomes by the MPS followed by positively charged and then neutral liposomes.

Fluidity of the lipid bilayer is determined by the transition temperature (Tc). Tc is
defined as the temperature in which a liposomal system exists in two states of equal
proportion, gel state and liquid state (Ranade et al., 1989). Above T, the liposomal
system becomes less organised and below T, becomes well organised (Sharma and
Sharma, 1997). The fate of entrapped drugs depends on the fluidity of the bilayer,
where a less organised liposomal system is more likely to leak its entrapped drug. It
has been reported that maximum leakage is reached at the T. of a particular
liposomal system (Risbo et al., 1997). T, of a liposomal system depends on the type
of lipids used in terms of the length of their fatty acid chains and whether the chains
are saturated or not (Gray and Morgan, 1991). Therefore, using a combination of
lipids can help maintain the fluidity of the liposomal bilayer. Cholesterol, for
instance, increases transmembrane permeability at low concentrations while at higher
concentrations (above 30mol%) phase transition is eliminated and membrane
permeability is reduced at temperatures above T, (Lian and Ho, 2001). Inclusion of
cholesterol can improve bilayer fluidity, reduce permeability and reduce liposomal

identification by plasma proteins (Vemuri and Rhodes, 1995).
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Liposomal size is also of great relevance to its properties where the greater the size
the greater the clearance (Drummond et al., 2008). Even with the design of pegylated
liposomes to minimise opsonisation, their size should not exceed the range of about
150-200nm for their circulation to be extended (Lian and Ho, 2001).

1.4.1.3. Clinical studies of liposomes

When drugs are encapsulated into liposomes, the plasma pharmacokinetics and tissue
distribution could become dependent on the liposome itself rather than the entrapped
drug (Voinea and Simionescu, 2002). As a result the therapeutic index of the
entrapped drug can be enhanced by increasing efficacy and reducing toxicity from
undesirable exposure (Newman et al., 1999; Park, 2002; Junior et al., 2007a).

This theory was proven by the enhanced bioavailability and reduced toxicity in the
form of liposomal doxorubicin (Caelyx™ and Myocet™), daunorubicin
(DaunoXome™), and amphotericin B (AmBisome™) which are administered
intravenously. Cae