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Zusammenfassung
Einführung: Während der Entwicklung verschiedener Karzinome zeigt sich bereits
früh eine selektive und endogene Anhäufung des fluoreszenten Vorläufermoleküls
von Häm, des Protoporphyrin IX (PpIX), im Tumorgewebe. Der Nachweis der durch
PpIX ausgelösten Fluoreszenz könnte daher als eine neue Methode zur Diagnose
früher Tumorstadien verwendet werden. Allerdings ist bisher nicht geklärt, was die
erhöhte PpIX Fluoreszenz in Karzinomen induziert.
Resultate: Quantitative RT-PCR Untersuchungen zeigten eine Minderexpression der
Ferrochelatase (FECH), eines wichtigen Enzyms der Hämsynthese, das die Bildung
von PpIX au Häm katalysiert, in Magen-, Kolon- und Rektumkarzinomen. Nach
Einsatz der RNA-Interferenz-Technik mit siRNA zum Knock-down der
FECH-Expression in LS174T kolorektalen Zellen war eine um das 20-fache erhöhte
Fluoreszenz der PpIX nachweisbar. Dies konnte in vergleichbaren Versuchen auch für
MDA-MB-435-Zellen gezeigt werden. Wurden die Zellen außerdem zusätzlich zur
FECH-siRNA mit dem Substrat der Hämsynthese, der Aminolävulinsäure (ALA),
behandelt, konnte eine dramatische Erhöhung der PpIX-Anhäufung um einen Faktor
50 im Vergleich zu Zellen, die nur mit ALA behandelt wurden, erreicht werden. Diese
in-vitro-Ergebnisse wurden inzwischen in in-vivo-Experimenten bestätigt. Eine
kombinierte Behandlung von xenotransplantierten Mäusen mit einer in
Folat-PEG-kationischen
Liposomen
verpackten
oder
an
Dendritic-Polyglycerol-kationischen gebundenen FECH-siRNA zusammen mit ALA
ermöglichte den Nachweis von millimetergroßen Karzinomen der Nackt-Mäuse
anhand der PpIX-abhängigen Fluoreszenz bei 630 nm nach Bestrahlung mit Laserlicht
der Wellenlänge 405 nm. Weder eine Behandlung mit siRNA oder ALA allein führte
zu vergleichbaren Fluoreszenzemissionen.
Schlussfolgerung: Eine experimentell induzierte Minderexpression des
Ferrochelatase-Enzyms führt zu einer dramatischen Erhöhung der PpIX-Fluoreszenz
in verschiedenen Tumorzelllinien. Diese Ergebnisse unterstützen die Hypothese, dass
die Minderexpression der Ferrochelatase die beobachtete endogene PpIX-Fluoreszenz
in humanen Karzinomen verursacht. Die in-vivo-Versuche zeigen, dass eine Gabe von
FECH siRNA in Verbindung mit einer sehr geringen Dosis von ALA verwendet
werden kann, um millimetergroße Karzinome im Maus-Modell zu identifizieren.
Neben den diagnostischen Möglichkeiten, die sich daraus eröffnen, könnte diese
Methodik den Weg zu einer neuen Art der photodynamischen Therapie von
Karzinomen ebnen, bei der die Dosis an ALA sehr gering gehalten werden kann, um
unerwünschte Nebenwirkungen zu vermeiden.
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Abstract
Background: Selective and endogenous accumulation of Protoporphyrin IX (PpIX), a
fluorescent precursor of heme, is one of the early events associated with the
development of human carcinomas. Previous investigations of our group
demonstrated preferential accumulation of PpIX in gastrointestinal malignant tissues.
However, the reason for this accumulation has not been clarified yet. PpIX-mediated
fluorescent imaging might be a new approach for visualization of early cancers.
Results: A significant down-regulation of ferrochelatase (FECH) expression in
gastric, colonic, and rectal carcinomas was determined by quantitative RT-PCR of
human tissue samples. Experimentally-induced knock down of FECH expression in
LS174T cells by using RNA-interference (RNAi) technique led to an accumulation of
PpIX of more than 20-fold compared to untreated cells. Similarly, silencing of FECH
in MDA MB 435 cells showed a considerable enhancement of PpIX accumulation.
Incubation of LS174T cells with the substrate of heme-synthesis, aminolevulinic acid
(ALA) in a concentration of 0.1 mM did not induce significant accumulation of PpIX.
However, if cells were treated with siRNA followed by ALA, a dramatic
enhancement of PpIX accumulation by a factor of 50 was achieved compared to cells
treated only with ALA. These findings were further confirmed by in vivo experiments
in nude mice xenotransplanted with human mammary carcinoma cell lines.
Application of a single dose of 5mg/kg ALA alone did not result in sufficient
fluorescence for in vivo detection of the xenografted tumors. However, if mice were
treated with siRNA followed by ALA, PpIX-dependent fluorescence hotspots were
detected at the sites of the millimeter-sized tumors in nude mice.
Conclusion: Functional application of siRNA alone leads to a dramatic enhancement
of PpIX accumulation in colorectal cancer cells and human mammary carcinoma cells,
supporting the hypothesis that down-regulation of FECH expression plays a crucial
role for selective accumulation of PpIX in cancerous tissues. In vivo application of
siRNA-based inhibitor of FECH in conjunction with a very low dose of ALA leads to
a significantly higher endogenous PpIX level at the site of the xenografted tumor,
which provides a promising new modality for detecting the millimeter-sized tumor in
the mouse model. Either siRNA encapsulated within folate-PEG cationic liposomes or
bound to polyglycerol-based nanocarriers worked well in this regard. This approach
may facilitate early tumor diagnosis. Moreover, it may pave the way to a new kind of
specific photodynamic therapy for cancerous diseases as the routinely applied high
concentrations of ALA which have a number of undesired side effects can be reduced
by using FECH-siRNA.
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1 Introduction
1.1 The diagnostic window for detecting early malignancies

Early detection of cancer has been, and will continue to be the best way to
significantly improve therapeutic outcome. Early cancer diagnosis aims to find
primary tumor prior to metastasis. Unfortunately, in clinical practice, solid tumors are
diagnosed at a rather late stage, when more than half of all patients had already
developed metastases. For example, approximately 30% of breast-cancer patients had
presented with clinically detectable metastases at the time of initial diagnosis, and a
further 30-40% of patients had harbored occult metastases 1. Thus, less than one third
of newly diagnosed solid tumor patients can be cured by local therapeutic modalities
alone 2. Approximately 70% of patients are beyond the hope of a complete surgical
extirpation or radiation cure.
Invasion and metastasis are the most insidious and life-threatening aspects of
cancer 3. The ability of malignant cells to invade through normal tissues and to
metastasize to distant sites throughout the body is the main cause of death in cancer
patients 4. The most critical pathologic turning point in cancer is the establishment of
metastasis. Approximately 90% of all cancer patients die from metastases 5, 6, 7.
Conventional anatomic imaging techniques typically detect cancers when they are one
centimeter or greater in diameter, at which point they already consist of >109
cancerous cells (including circulating and microscopic metastatic deposits) 8.
Endoscopy can provide high-resolution imaging of the entire hollow organs surface.
However, flat epithelial cancerous lesions and carcinoma in situ remain frequently
unchanged in color or morphology 9. Thus, early malignancies can easily be missed
during ordinary white-light examinations as their small size and appearance can be
similar to that of normal tissues under white-light illumination.
Carcinogenesis is usually a long-term pathological process. A wide range of research,
including both, basic studies and clinical trials, provided numerical evidence to
support that a substantial diagnostic window exists during carcinogenesis for
detecting early malignancies. The acquisition of the invasive and angiogenic
phenotype may extend back over a period of 10 years, which offers a window for
early detection of tumor prior to metastasis. This important window can be defined as
the period in the course of which transition from a hyperproliferative state to
acquisition of the capacity for invasion and metastasis occurrence takes place 10.
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1.2 Carcinogenesis

Cancer is a malignant cellular disorder which represents a large and complex group of
related but distinct diseases, characterized by uncontrolled multiplication and
disorganized growth of affected cells. Genetic alterations are responsible for cancer
development and progression. Cancer results when cells accumulate a variety of
genetic defects of the proto-oncogenes, tumor suppressor genes, and DNA repair
genes which are involved in the control of cell growth and division. That will lead to
uncontrolled cellular multiplication. Cancerous cells manifested a significant
disruption of the normal, orderly and regulated cycle of cell replication, with the
capacity to invade other tissues, either by direct growth into adjacent tissue through
invasion or by implantation into distant sites by metastasis.

Figure 1.1 Schematic description of cancerogenesis in an epithelium
(Reproduced from: Weinberg RA, Sci Am (1996), 275: 62-70)

According to currently accepted theories of carcinogenesis, this is assumed to be a
multistep process in which genetic alterations accumulate, ultimately producing the
neoplastic phenotype 11. Tumor development begins when some cell within a normal
population sustains a genetic mutation that increases its propensity to proliferate when
it would normally rest 12. Firstly, acquired genetic susceptibility enables stepwise
selection of variant sublines of cancer cells. During this time interval, these cells
undergo several modifications. As a result of chronic irritation, these cells may
differentiate towards a phenotype better adapted to the prevailing environment.
Thereafter, hyperplasia and metaplasia occur. Hyperplasia takes place if the cell
population is capable of replication. Metaplasia is a reversible change in which one
adult cell type is replaced by another adult cell type. In this type of cellular adaptation,
cells sensitive to a particular stress are replaced by other cell types that better
withstand the adverse environment. In case adverse environment is a carcinogen and
is not removed, over time, the epithelia are modified further and are eventually
characterized by an increasing degree of cellular and nuclear atypia, which is called
dysplasia. This step is no longer reversible.
2

The following step is the carcinoma in situ (CIS). At this stage, the entire epithelial
layer is replaced by atypical cells. CIS is an early form of carcinoma defined by the
absence of invasion of surrounding tissues. In other words, if the neoplastic cell
growth has not yet broken through any boundaries between tissues (for instance the
basement membrane), it is called a carcinoma in situ (CIS). As the neoplastic cells
proliferate in their normal habitat, they are named “in situ” 13. Most forms of CIS
have a real potential to turn into invasive carcinoma, if left untreated long enough. It
is not known which fraction of carcinomas in situ evolve towards invasive lesions, but
it is believed that almost all invasive lesions have evolved from an earlier carcinoma
in situ.
1.3 PpIX-mediated fluorescent imaging technique

In fact, cancerous tissue often shows differences not only in its genetic mutations, but
also in its biological behaviors such as biochemical alterations. Therefore it can result
in its optical characteristics.
Cancer metabolic alterations are often associated with or prior to the onset of
disease 14, 15. Biochemical alterations and morphological changes associated with
pre-cancer perturb tissue absorption, scattering and fluorescence properties. Thus,
optical spectroscopy can probe pre-cancerous changes 16.
PpIX mediated fluorescent imaging technique can act as a promising molecular
optical imaging tool for the detection of malignancies at their earliest stages. Selective
accumulation of PpIX in cancerous tissues has been proved to be one of the early
events associated with carcinogenesis 17. The general property of PpIX loading by
tumor cells, either following ALA dosing or without administration of exogenous
ALA, has stimulated numerous basic research and clinical studies for potential
diagnostic and therapeutic uses 18, 19, 20, 21. After the application of appropriate
wavelength and moderate intensity light to excite PpIX, localized fluorescent hotspots
could be observed at the location where the disease was endoscopically visible. In this
way, the tiny cancerous lesions, such as dysplasia, carcinomas in situ, and
macroscopically indiscernible premalignancies, could be observed by PpIX-mediated
fluorescent-imaging approach.
In contrast to conventional anatomical diagnostic imaging, molecular imaging (MI)
technique sets forth to probe the molecular abnormalities that are the basis of disease
rather than to image the final effects of these molecular alterations 22, 23.
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Molecular imaging includes all imaging methods applied in the identification,
characterization and assessment in vivo of biological processes which occur at the
cellular and molecular level 24. The most recent definition of molecular imaging has
been put forth by a task force organized by the Radiological Society of North America
(RSNA) and the Society of Nuclear Medicine (SNM). To quote: “Molecular imaging
techniques directly or indirectly monitor and record the spatiotemporal distribution of
molecular or cellular processes for biochemical, biologic, diagnostic, or therapeutic
applications” 25.
In general, molecular and biochemical alterations occur prior to major structural tissue
changes. To probe the molecular and biochemical alterations by optical molecular
imaging approach allows finding the primary tumor prior to morphological structures
changes.
Profio 26 and Kinsey 27 pioneered the development of dedicated fluorescence
instrumentation using photoelectronic detectors. This initiated clinical and animal
model studies of haematoporphyrin derivative-mediated photodynamic therapy (PDT)
by Dougherty and coworkers 28. By means of ultraviolet irradiation, Harris 29 observed
red fluorescence in ulcerated human oral carcinoma. Endogenous porphyrin that is not
associated with microorganisms has also been speculated to cause red fluorescence in
oral cancer 19. The porphyrin-fluorescence features in human cancer in comparison
with non-cancerous tissues were investigated recently. Onizawa et al. reported that
autofluorescence in human oral cancer correlated with the progression of lesions, and
that fluorescent substances such as protoporphyrin were produced in association with
the cancerous tissue. The autofluorescence in human oral cancer was mostly
dependent on protoporphyrin IX, coproporphyrin, and related compounds 20. Moesta
et al. examined the colorectal resection specimens, lymphatic and liver metastases
from 33 colorectal cancer patients, a total of 1053 palpable mesenteric nodes were
fluorimetrically characterized ex vivo. PpIX was identified as the predominant
fluorophore in primary tumors and their metastases 21.
Compared to other exogenous photosensitizers, PpIX is one of the intermediate
products in heme-cycle, which naturally exists in the body. The hematoporphyrin is
the most labile of the natural porphyrins derived from PpIX. PpIX serves as both:
fluorescent marker for photodynamic diagnosis (PDD) as well as photosensitizer for
photodynamic therapy (PDT) 30, 31, 32, 33, 34.
Chemically, PpIX is best characterized as a lipophilic structure. In an aqueous
4

environment, it appears in formation of dimmers 33. Excited at 405 nm light, the
PpIX-related fluorescence in tissue has a dual peak, at approx. 635 and 705 nm,
emission in the red region 34.
PpIX-mediated optical molecular imaging provides the possibility of in situ detection
of millimeter-sized cancer foci or micrometastases, e.g., the tiny tumors in peritoneal
cavity, which were beyond the detection threshold of many other conventional
diagnostic imaging techniques, were observed by using PpIX-mediated fluorescent
imaging approach. ALA-induced PpIX was also used as a photosensitizer for selective
destruction of ovarian micrometastases by photodynamic therapy in an animal
model 35, 36, 37, 38, 39, 40, 41.
Alterations in tissue composition between normal and malignant tissue form a basis
for the diagnostic potential for neoplastic tissue 42. Krieg et al. suggested that the
research of tumor-cell selectivity of PpIX fluorescence should focus on the
mechanisms responsible for an altered PpIX metabolism to find tumor-specific target
molecules 43.
1.4 ALA-induced-PpIX photodetection and its limitations

To detect malignancies by PpIX-dependent autofluorescence certainly poses
advantages because it does not require any treatment or staining of the tissues.
However, tumor-specific PpIX autofluorescence is rather weak in vivo. Thus,
administration of exogenous photoactive compounds might improve the sensitivity
considerably and achieve greater diagnostic accuracy for detecting cancers.
Berlin studied the pharmacokinetics of ALA in humans and rats by radio-labelled
ALA in 1956 44, 45. ALA is a naturally occurring, 5-carbon amino acid. It is easily
dissolved in water and in a large variety of solvents and emulsions. At a pH around 5,
ALA is chemically stable, but can react non-enzymatically to several condensation
products at higher pH values 46.
The last step in the heme-synthetic route involves conversion of PpIX (a
photosensitizing species) to heme (a nonphotosensitizing agent). The investigators
have also found that exogenous administration of ALA could induce the cellular PpIX
accumulation 47, 48. In 1986, Pottier first reported that using ALA induced PpIX to
obtain red fluorescence excitation and emission spectra in vivo and developed a
sensitive spectrophotofluorometry system that permited the rapid and non-invasive
determination of fluorescence-emission spectra in the skin of living non-anesthetized
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animals 32. The selective photodynamic destruction effect of the ALA-induced PpIX
was experimentally introduced by Malik in 1987 in the treatment of erythroleukemic
cells in vitro. They present a specific method for erythroleukemic cell inactivation 49.
Based upon their own data on ALA-mediated PpIX production in the skin of mice 50,
Divaris et al. discovered a selective tumor localization of endogenous porphyrins
induced by ALA. An elevated PpIX concentration can be obtained through the
heme-cycle following administration of ALA. The fully clinical application potential
of the method was recognized by Kennedy and Pottier, who started to treat cancers in
the skin of humans by administering the ALA topically 51, 52.
It is well documented that ALA-induced PpIX is accumulated more in tumor cells
than in normal cells, e.g., in skin 53 and various organs, such as brain 54, 55, oral
cavity 56, 57, esophagus 58, 59, 60, gastrointestinal tract 61, 62, colon 48, lungs 63, ovary 36, 39,
cervix 64, 65, bladder 66, 67, 68, 69, 70, 71, 72, and leukemic cells 49, 73, 74, 75.
In 1999, 20% δ-aminolevulinic acid (LevulanR) was approved by the US Food and
Drug Administration (FDA) for a topical treatment of actinic keratoses (AKs) in
combination with blue light. Actinic keratoses can develop into skin cancer. When a
malignant change does occur, the cancer is called a squamous cell carcinoma. This
unique system uses a combination of ALA topical solution and blue light to target
AKs. 20% δ -aminolevulinic acid is the only FDA-approved formulation of the
topical treatment ALA-PDT system for actinic keratoses 76. However, none of the
currently used ALA or other photosensitizers is clinically approved by FDA for
photodynamic diagnosis (PDD).
ALA-induced PpIX has been assessed experimentally for diagnosis and treatment of
various medical indications. However, the limited local bioavailability of ALA has
widely prevented its use in daily clinical practice, and a significant hurdle remained to
the development of this technique as a routine clinical diagnostic tool is the
non-negligible neurotoxic effects of exogenous ALA after systemic administration.
Regula et al. measured the plasma ALA concentrations during oral administration of
ALA in 13 patients with gastrointestinal cancers. The mean plasma ALA
concentration in 11 patients 6 hours after a fractionated dose of 30 mg/kg was
63µmol/L, the ALA levels in 2 other patients 6 hours after a dose of 60 mg/kg were
116 and 205µmol/L, respectively 77. Information is now available to show that the
mean normal plasma level of ALA is 92nmol/L 78. The mean plasma concentration of
ALA in the asymptomatic carriers of the acute intermittent porphyria
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was 1.7 µmol /L 79.
It has been reported that doses of exogenous ALA, ranging from 30 to 1000 mg/kg,
were used in the ALA-induced PpIX mode. Obviously, applying a high dose of
exogenous ALA for PDD/PDT may lead to much higher plasma ALA levels in those
who received the examination or treatment than that of healthy individuals and even
porphyric patients. Besides the risk of prolonged skin photo-toxicity, these high doses
of ALA are known to produce a number of neurotoxic manifestations and in this case,
ALA is generally considered to be the most likely neurotoxic compound 80, 81, 82, 83, 84,
85, 86, 87, 88
. This may be in part due to the fact that ALA is somewhat similar in
structure to the neurotransmitter G-Aminobutyric acid (GABA) 89, 90.

Figure 1.2 Chemical structures of ALA and GABA
(Reproduced from: Albert C, Quarterly Journal of Medicine 1987, 241: 377-392)

After blocking nerve transmission by tetrodotoxin in isolated rabbit duodenum, ALA
0.2-0.8 x 10-3 M can inhibit muscle tone and both spontaneous and induced
contractions 91. ALA can have a direct effect on rabbit gut smooth muscle. This may
be partly due to direct effects of ALA on the alpha adrenergic receptors 92. GABA is
an inhibitory neurotransmitter in both spinal cord and cerebral cortex 93, 94. ALA can
mimic GABA action by increasing chloride ion conductance in the crayfish stretch
receptor neurones 95.
ALA has also been shown to impede Na+, K+-ATPase activity in rabbit brain
preparations 96. Since inhibition of sodium-potassium pump can influence
neuromuscular transmission by increasing neurotransmitter release, ALA is believed
to act as a GABA agonist.
ALA was undetectable in most samples of normal cerebrospinal fluid (CSF). However,
7

the exogenous ALA may penetrate across the blood-brain barrier 97, 98, 99 and the
central nervous system itself may synthesize porphyrins from exogenous ALA and,
the reactive oxygen species (oxygen radicals) are generated during ALA autoxidation.
Therefore, much care should be taken in clinical trials of systemic ALA
administration, particularly for the patients with porphyria or severe diseases of the
liver and kidneys, because acute attacks of hepatic porphyrias with neurovisceral
symptoms are always associated with high urinary excretion of ALA 100, thus, elevated
ALA is considered responsible for neurological symptoms, and ALA is toxic to the
brain.
In patients receiving oral administration of ALA in doses of up to 60 mg/kg, transient
nausea and vomiting were noticed in 15-30% of them, and 25-30% developed
temporary changes in various liver-function tests 77, 101. Gorchein and Webber found
that the maximum plasma ALA levels in 2 patients with acute intermittent porphyria
were only 9 and 12 µmol/L, but with severe neurogenic dysfunction, including
respiratory paralysis, quadriplegia, and extensive autonomic abnormalities 78. Infusion
of haematin was given to decrease the ALA levels, but there had been no obvious
clinical benefit. Thus, they doubted that uncertainties still exist for the plasma ALA
levels in relation to the pathogenesis of the neurological manifestations in those
patients with acute intermittent porphyria. However, this could be explained by
inter-individual susceptibility to the effects of haematin and/or ALA on account of
genetic or other interacting factors.
Wide range and abundance of evidence supports that ALA does have effects on the
nervous system. The accumulation of ALA revealed definite neurotoxic effects in vivo
and is responsible for the neurological manifestations. Therefore it is generally
considered to be the neurotoxic compound 80, 81, 82, 83, 84, 85, 86, 87, 88, 96.
The neurotoxic symptoms can be life-threatening in some cases, especially if the
muscles that control breathing become paralyzed. To ensure safer clinical practice, the
application of a lower dose of exogenous ALA is now a universally accepted concept
in the way of using ALA to induce PpIX for fluorescent imaging detection. Thus,
there is a tremendous incentive for developing more sensitive modalities which can
achieve efficient enhancement of intracellular PpIX and avoid or reduce the undesired
side effects of exogenous ALA thereby obtain safer, greater meaningful information
and more diagnostic accuracy for detecting cancers at their earlier stages.
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1.5 Heme metabolism

The biosynthesis of heme in mammalian cells involves co-operation between
mitochondrial and cytoplasmic compartments. The first step and the last 3 steps occur
within mitochondria, the rest 4 intermediate steps are cytoplasmic.

Figure 1.3

The Heme Biosynthesis Pathway

The first step begins with the condensation of succinyl-coenzyme A and glycine to form δ-aminolevulinic acid,
which catalyzes by δ-Aminolevulinate synthase (1). Then the products are transported to cytoplasm. ALA
dehydratase induces the condensation of 2 molecules of ALA to yield porphobilinogen (2). Porphobilinogen
deaminase catalyzes successive condensations of 4 molecules of porphobilinogen to release hydroxymethylbilane
(3). Uroporphyrinogen synthase converts hydroxymethylbilane to uroporphyrinogen III (4). Uroporphyrinogen
decarboxylase removes four acetic acid carboxyl groups from uroporphyrinogen to produce the
coproporphyrinogen, and then the coproporphyrinogen will be transported into mitochondria (5).
Coproporphyrinogen oxidase decarboxylates and oxidizes 2 of the 4 propionic side chains of the
coproporphyrinogen to form the protoporphyrinogen IX (6). Protoporphyrinogen oxidase removes 6 hydrogens
from protoporphyrinogen IX to produce the protoporphyrin IX (7). The final step is the incorporation of ferrous
iron into protoporphyrin IX to form heme, which catalyzed by Ferrochelatase (8).
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Heme synthesis begins with condensation of succinyl-coenzyme A and glycine to
form δ-aminolevulinic acid (ALA), which catalyzed by δ-Aminolevulinate synthase
(ALAS). Using isotopic tracers, it was initially found that N & C atoms of heme are
derived from glycine and acetate 102, 103. It was later determined that the labeled
acetate enters Krebs Cycle as acetyl-CoA, and the labeled carbon becomes
incorporated into succinyl-CoA, the more immediate precursor of heme.
ALAS is in the mitochondria, where the substrate, succinyl CoA, is produced. In
vertebrates, there are two ALAS isoenzymes: ALAS1 is the housekeeping enzyme,
which is required for cytochromes synthesis and is inhibited by heme. ALAS2 is an
erythroid isozyme, which is required for hemoglobin synthesis and is not inhibited by
heme. The enzyme is located on the matrix side of the inner mitochondrial
membrane 104, 105.
The next enzyme in the pathway, ALA dehydratase also called porphobilinogen
synthase, is located in the cytosol and induces the condensation of two molecules of
ALA to yield porphobilinogen (PBG) with the elimination of two water molecules.
Porphobilinogen is the first pathway intermediate that includes a pyrrole ring 106.
The porphyrin ring is formed by condensation of four molecules of
porphobilinogen. Porphobilinogen deaminase (PBGD) catalyzes successive
condensations of porphobilinogen, releases the tetrapyrrole hydroxymethylbilane.
Uroporphyrinogen III synthase converts the linear tetrapyrrole hydroxymethylbilane
to the macrocyclic uroporphyrinogen III. Both enzymes are located in the cytosol, and
the action of PBGD is the rate-limiting step. The combined action of PBGD and
uroporphyrinogen III synthase condenses four molecules of PBG in a head-to-tail
manner and cyclizes the tetrapyrrole chain to form uroporphyrinogen III 107.
A series of decarboxylations and oxidations have to take place before iron can be
inserted into the tetrapyrrole ring. The first part of this process is performed in the
cytosol by uroporphyrinogen decarboxylase. This enzyme removes four acetic acid
carboxyl groups from uroporphyrinogen to form coproporphyrinogen 106.
The last three enzymatic reactions take place in the mitochondrion.
Coproporphyrinogen III is now exposed to coproporphyrinogen oxidase which is
situated in the intermembrane space of the mitochondria. The enzyme decarboxylates
and oxidizes the propionic side chains in ring A and B to vinyl groups, and
protoporphyrinogen IX is formed 108, 109, 110.
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The next step is the oxidation of the tetrapyrrole ring by removal of six hydrogens
from protoporphyrinogen IX to produce protoporphyrin IX, catalyzed by
protoporphyrinogen oxidase. The enzyme is embedded in the inner mitochondrial
membrane with its active site on the matrix side of the membrane 111. It is an
oxygen-dependent enzyme with high substrate specificity.
The last step of heme synthesis is incorporation of ferrous iron into PpIX, which takes
place in the mitochondria catalyzed by ferrochelatase (EC 4.99.1.1) and the
eukaryotic enzyme is located in the inner mitochondrial membrane facing the matrix
of the mitochondrion 112. Ferrous iron (Fe++) is added to protoporphyrin IX via
ferrochelatase to yield heme. Eukaryotic ferrochelatase is synthesized in the cytosol
and then imported into the mitochondria.
85% heme comes from erythrocytes, the rest from a turnover of cytochromes p450s
and immature erythrocytes, i.e., most of the heme is from the degradation of
hemoglobin. Since in the steady state 6 - 8 grams of hemoglobin are synthesized daily,
6 - 8 grams must also be degraded. After approximately 120 days in the circulation,
red blood cells are taken up and are degraded by the reticuloendothelial system,
particularly in the liver and spleen. This gives rise to about 300 milligrams of heme.
As heme is not reutilized, it has to be degraded and excreted. Although heme is not
recycled, its iron is conserved. Normally, senescent and damaged erythrocytes are
sequestered by the spleen, which processes them in a manner that preserves their iron
content. The microsomal heme oxygenase system of the reticuloendothelial cells
starts degradation of heme.
Degradation of heme is catalyzed by Heme Oxygenase (HO) (EC 1.14.99.3). HO is
the first and the rate-limiting enzyme in the catabolism of heme to yield equimolar
amounts of biliverdin, carbon monoxide (CO) and free iron

113, 114

. The source of
bilirubin is from degradation of heme. In the presence of NADPH and O2, the enzyme
add hydroxyl group to the methenyl bridge between two pyrrole rings with a
concomitant oxidation of ferrous iron (Fe++) to Ferric iron (Fe+++). In the second
reaction biliverdin reductase reduces the central methene bridge of biliverdin,
producing bilirubin. Bilirubin is transported to the liver by binding non-covalently to
albumin. In the hepatocyte, the solubility of bilirubin is increased by adding two
molecules of glucuronic acid, which catalyzed by bilirubin glucuronyl-transferase.
The major product is bilirubin diglucuronide. Bilirubin diglucuronide is actively
transported against a concentration gradient into the bile canaliculi and finally
excreted via feces and/or urine.
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1.6 Ferrochelatase

Human ferrochelatase (EC4.99.1.1) is encoded by a single gene. The chromosomal
localization of the human ferrochelatase gene has been mapped to chromosome
18q21.3 115, 116. Ferrochelatase is an iron sensor in mitochondria 117, 118. It is the
terminal enzyme of the heme synthetic pathway 119. The function of ferrochelatase is
to catalyze ferrous iron into protoporphyrin IX to form heme. Mammalian
ferrochelatase utilizes ferrous iron as the physiological metal substrate. The enzyme is
capable of utilizing several other divalent metals (e.g. Zn++ Co++ and Ni++) as
substrates as well 120, 121, and there are a wide variety of IX isomer porphyrins in vitro.
Certain other divalent metals such as Mn++, Cd++, and Hg++ are inhibitors 122. Ferric
ion is not used as a substrate 123.
Decreased ferrochelatase activity leads to an accumulation of precursor porphyrins
within cells, particularly in those tissues (e.g., liver and bone marrow) where there is a
high rate of heme synthesis. The excess production of protoporphyrin results in the
disease protoporphyria 124. As with most mitochondrial proteins, eukaryotic
ferrochelatase is nuclear encoded, synthesized in the cytoplasm as a precursor form,
and subsequently processed to the mature protein during translocation to the matrix
side of the inner mitochondrial membrane in an energy-requiring step that involves
proteolytic processing of the precursor form of the protein to its mature form 125, 126.
Animal ferrochelatases possess a [2Fe-2S] cluster 127. Recombinant human
ferrochelatase was produced and purified as previously described 128.
1.7 The mechanisms involved in selective accumulation of PpIX in tumor

Heme is formed physiologically out of its precursor PpIX. Under physiologic
conditions, heme synthesis is regulated in a negative feedback control of the ALA
synthase by free heme, i.e., the amounts of the intermediate products between ALA
and heme are regulated initially by ALA synthase. Increasing concentration of heme
will create a feedback mechanism and further down-regulate intracellular ALA
production from succinyl-CoA and glycine. However, the negative feedback
mechanism can be overcome by an excess amount of ALA applied exogenously. That
is, if a high amount of ALA is applied to the synthesis pathway exogenously, this
negative feedback mechanism can be set out of control, consequently leads to
accumulation of fluorescent porphyrins, mainly PpIX in tissues of epithelial origin
and their malignant counterparts 48. Following the addition of excessive amounts of
exogenous ALA, ferrochelatase will not be able to immediately convert all of the
produced PpIX into heme. Therefore, PpIX accumulates temporarily in the cells and
renders them photosensitive and fluorescent features.
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There have been many attempts to elucidate the molecular mechanisms of
tumor-selective PpIX accumulation by studying various aspects of heme metabolism.
In general, it is thought to be induced by increased cellular uptake of ALA, increased
PpIX synthesis, reduced PpIX conversion or all 43.
One theory is that there exists an increased cellular uptake of ALA and retention of
the ALA-derived PpIX. The mechanisms may involve a higher tumor cellular uptake
of ALA through an active transport mechanism, a disturbed efflux of PpIX, and the
poorly organized vascular architecture of tumors 129, 130, 131, 132, 133, 134, 135, 136, 137. That
is to say, the success of ALA-mediated accumulation of PpIX in cancerous cells
depends on an efficient ALA uptake leading to an efficient conversion of ALA into
PpIX, and a low PpIX efflux.
In contrast, Krieg et al. using excess ALA on colon cancer and fibroblast cell lines
indicated that the metabolism of PpIX determines tumor-specific PpIX fluorescence,
whereas ALA uptake is not significantly different among cell lines 43. The recent
attempt to improve uptake of ALA by increasing lipophilicity of ALA through
esterification of the molecule leads to improved membrane permeability 138, 139.
Brunner using different ALA esters on several carcinoma cell lines showed an earlier
maximum of PpIX accumulation, whereas no significant improvement in tumor
selectivity was found when compared with ALA after treating cells with a dose of
ALA esters 0.6 mmol/L 140. These findings indicated a more important role of PpIX
metabolism in tumor cell selectivity.
Another theory suggested that there could be an increased PBGD activity at a normal
or marginally increased FECH activity, i.e., a faster rate of conversion of ALA to
PpIX 141, 142, 143, 144, 145.
An alternative hypothesis suggests that an increased PpIX formation is combined with
a reduced PpIX conversion in the heme synthetic pathway. The latter seem to be the
consequences of reduced FECH-enzyme activity and/or an insufficient intracellular
availability of iron. Those contribute to accumulation of PpIX after ALA
application 130, 143, 146, 147, 148, 149, 150. Taketani et al. (2000) suggested that the FECH
activity was under the control of intracellular iron and possibly correlated with
formation of the Fe/S cluster at the C-terminal region. The role of the Fe/S cluster was
confirmed by observations that the activity of E. coli ferrochelatase, which lacks a
Fe/S cluster, was insensitive to desferrioxamine when expressed in Cos7 cells 117. Iron
is essential in a wide variety of cellular processes including cell proliferation, viability,
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and DNA synthesis. The iron is utilized as a cofactor by heme, aconitase,
cytochromes 151, and ribonucleotide reductase 152. Tumor cells may have an increased
demand for iron to meet their rapid division. It is possible that the competition for iron
by other metabolic pathways results in its lowered availability for FECH.
Although the decreased ferrochelatase activity was reported in some types of human
cancers, and selective accumulation of PpIX in tumor was suspected to be related to
lowered FECH enzyme activity, as far as we know, no unequivocal evidence has been
obtained for the involvement of the down-regulation of FECH expression correlating
directly with the accumulation of PpIX in tumor tissues.
1.8 RNAi
RNA interference (RNAi) is a recently described mechanism for inhibiting gene
expression, which lead to post transcriptional gene silencing (PTGS) after endogenous
production or artificial introduction into a cell of double-stranded RNA with
sequences complementary to the targeted gene 153. Whereas the transcription of the
gene is normal, the translation of the protein is prevented by selective degradation of
its encoded mRNA. The functional mediators of RNAi are small interfering RNA
(siRNA) 154. The discovery of RNAi related previous work on PTGS in plants to the
activity of dsRNA. In the case of plants, it has been known for a long time that
transgenes can induce their own silencing and simultaneously silence the homologous
endogenous gene by a process known as co-suppression 155, 156. Rich Jorgensen and
colleagues tried to deepen the purple color of the petunia by introducing a
pigment-producing gene. Instead of the expected deep purple color, many of the
flowers appeared variegated or even white. This was named “co-suppression”, since
both the introduced exogenous gene and the homologous endogenous gene were
suppressed simultaneously.
Several sets of observations indicate that co-suppression might be initiated in at least
two distinct ways. There is strong evidence from plant systems that RNA products,
rather than simply the presence of multiple genomic copies of DNA sequences, can
trigger co-suppression in some cases 157. In plants, transgenes can be silenced at both
the transcriptional and post-transcriptional levels. The mechanism responsible for
PTGS is the selective degradation of mRNAs triggered by double-stranded RNA.
It was not until 1990s that RNA was showed to trigger gene silencing in an inheritable
manner. The first evidence that dsRNA could lead to gene silencing came from
investigations of Caenorhabditis elegans (C. elegans) in 1995. Both sense and
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antisense RNAs were proved to be effective at silencing homologous target genes
when injected separately. Guo and colleagues used antisense RNA to shut down
expression of the par-1 gene in order to assess its function. As expected, injection of
the antisense RNA disrupted expression of par-1, surprisingly, injection of the
sense-strand control did too 158. This resulting was a puzzle until three years later.
The seminal discovery following this was made by Fire and Mello, who demonstrated
that the combination of sense and antisense RNAs together was substantially more
effective at producing interference than either strand individually. This
experimentally-induced PTGS, the first report of the use of RNAi as a tool in biology
was very potent and remarkably. Both the individual sense and antisense RNA
preparations separately had only marginal interference activity, requiring a very high
dose of injected RNA to produce any observable effect. In contrast, a sense–antisense
mixture caused potent interference with endogenous gene activity 159. Electrophoretic
analysis indicated that the injected mixture material was predominantly
double-stranded RNA. The dsRNA was gel-purified from the annealed mixture and
was found to retain potent gene silencing effect. Thus, the dsRNA was proved to be
the key trigger of the gene silencing.
Tuschl et al. reported that RNAi-induced silencing was realized via degradation of
messenger RNA, which is promoted by dsRNA but not single-stranded RNA 160.
RNAi is triggered by dsRNA which induces the effective degradation of target mRNA
through the generation of a sequence-specific nuclease activity. Hammond et al.
termed this enzyme “RNA-induced silencing complex” (RISC) 161. This enzyme
contains an essential RNA component. After partial purification, the sequence specific
nuclease co-fractionates with a discrete, 25-nucleotide RNA species which may
confer specificity to the enzyme through homology to the substrate mRNAs 161, 162.
Zamore et al. (2000) and Bernstein et al. (2001) used the Drosophila in vitro system
to examine the the molecular mechanism during the RNAi reaction, they found that
the cell extracts contained the ability to process long dsRNA into 21 to 23-nt effector
RNAs termed “small interfering RNAs” (siRNAs) 163, 164.
Quickly, the molecular details of the assembly of RISC were elucidated. RISC is a
sequence-specifc, multicomponent nuclease that destroys target mRNA. It was shown
to contain Dicer, the Argonaute-2 (Ago-2) protein and ～22-nt siRNA.
Dicer is a member of the RNase III family of nucleases that speciacally cleave double
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stranded RNAs 164. Dicer and Ago-2 might physically interact, perhaps through their
shared PAZ domains 165. It is likely that the interaction between Ago-2 and Dicer
facilitates the incorporation of siRNAs into RISC complexes and then the sense strand
of siRNA is peeled away, leaving the antisense strand in RISC as the sequence
specific target guider for cleavage of the complementary target mRNA in the
cytoplasm.
Over the last few years, a more thorough understanding of the mechanism of action
and intracellular pathways of RNAi has developed. However, a significant hurdle
remains to be overcome in the development of RNAi as a research and therapeutic
tool, i.e., double stranded RNA molecules longer than 30bp in length, in most of
mammalian cells can cause non-specific gene silence.
In response to viral infection or long dsRNA, the mammalian cells could secrete
interferon. Long dsRNA can activate protein kinase R (PKR) and 2', 5' adenylate
synthetase (2,5AS). PKR can phosphorylate elongation initiation factor 2α (eIF2α) to
block all protein synthesis 166, 167. The biologically active 2,5AS molecules can bind to
and convert RNase L, a ubiquitous 2,5AS-dependent endoribonuclease, from its
inactive monomer to its active dimmer form, which induces non-specific mRNA
degrading in the infected cells 168. Interestingly, dsRNA less than 30bp in length do
not activate the PKR and 2,5AS. If long dsRNAs are chopped into small interfering
RNAs, these siRNA molecules will induce sequence specific gene silencing in
mammalian cells.
The first evidence that synthetic siRNAs can mediate RNAi in mammalian cells was
provided by Elbashir and co-workers in 2001 when the chemically synthesized small
dsRNAs 21-23 nucleotides in length was shown to be able to mediate cleavage of the
target RNA in a short span of time 169. The PKR activation was not effectively
triggered by these short dsRNA oligos. This finding opened the floodgates and
followed by a flood of papers that described RNAi technology in mammalian systems.
These small dsRNA oligos are creating new dimensions in the field of molecular
biology. Its applications are surprisingly numerous.
In general, three different approaches are employed in generating siRNAs:
vitro transcription; (2) Endogenous expression; and (3) Chemical synthesis.

(1) In

During in vitro transcription reactions, the siRNAs were prepared using T7 RNA
polymerase. The in vitro transcription approach is limited by specific sequence
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requirements. T7 RNA polymerase starts transcription at the final G in the promoter
sequence. The polymerase then transcribes the opposite strand 3'→5'. Thus, the first
base in the copy will be a G. That is, all siRNAs produced by this method will start
with a 5’-G residue and require a 3’-C residue at the terminal to allow annealing with
the complementary RNA 170. Since the efficacy of siRNAs that targeted to different
regions of a gene varies dramatically, the number of the small dsRNA molecules that
can act as the effective candidate siRNAs generated by this method could be limited.
Endogenous expression: Viral vectors have recently been applied to RNAi. Viral
vectors are typically very efficient. They take advantage of viruses that have evolved
over millions of years to develop as sophisticated vehicles to transfer nucleic acid into
mammalian cells. Vectors derived from viruses by the use of recombinant DNA
techniques are most favored because they can efficiently deliver nucleic acid into a
variety of cells directly in vivo. Despite of their high transfer efficiency, viral vector
systems are still associated with biosafety concerns. The use of viral vectors for tumor
targeting delivery of siRNAs is limited due to the limitations in tumor-tissues
selectivity, the potential of random integration into the host chromosome and
subsequent activation of proto-oncogenes. Other challenges include the difficulty of
preparing, the costs of manufacturing, etc. Recombinant viral vectors are generally
rendered replication defective to minimize pathogenicity while preserving the gene
transfer capabilities of the native virus. However, there still exists the possibility that
other versions of impurities with replication-competent may reside in vector
preparations or the viral vector could revert to a wild-type virion. Therefore, they are
potentially hazardous for the patients and their environment. Furthermore, viruses are
inherently immunogenic. It is possible that the immunogenic properties of viral
vectors could initiate serious innate humoral immune response to the expressed viral
proteins and lead to difficulty with repeat administrations. A relatively fit 18-year-old
patient with an inherited enzyme deficiency, died 17 September 1999, 4 days after a
genetically altered adenovirus was injected into his liver for human gene therapy 171.
Retroviral vectors would have unique advantages over synthetic vectors in terms of
persistency. However, a significant safety concern is that the genomic integration
carries the grave risk of insertional mutagenesis and potential carcinogenesis.
Retroviral vectors work by integrating parts of the viral genome into the host which
can introduce insertional mutations. Clinical trials have been halted after two pediatric
patients undergoing experimental gene therapy using retroviral vectors for x-linked
severe immune deficiency syndrome (x-SCID) developed leukemia 172, 173, 174.
Plasmid vectors have been developed to express short hairpin RNAs (shRNAs) that
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can be subsequently converted into siRNAs in vivo. In the case of using shRNA
expression plasmid vector for in vivo RNAi activation, one of the disadvantages of
this endogenous expression construct is difficult to transfect due to the tissue and
cellular barriers. While most rapidly dividing cells are easily transfected using shRNA
expression plasmids, these plasmid vectors are not easily transfected into
non-dividing cells. Assuming that a plasmid based shRNA expression vector can
overcome multiple tissue barriers to enter into the target cell, further intracellular
barriers await, i.e., endosomal trap and nuclear entry. In the absence of cell division,
plasmid vectors cannot easily be introduced into the nucleus, where the DNA is
transcribed. In addition, the process of cloning a DNA sequence, which encoded the
expression of a shRNA, into plasmid constructs and the need for verification of the
cloned sequence are often time-consuming.
Chemical synthesis is a direct means of generating siRNAs. Advantages of chemically
synthesized siRNA include the precise control of the actual amount and purity of
siRNA, the possibility to characterize the siRNA, and the ability to introduce
modifications into the siRNA to enhance its efficacy and target specificity or label the
siRNA with a fluorescent probe to monitor quantitatively their interactions within
living cells. The siRNA duplex requires a 3′-hydroxyl group and a 5′-phosphate group
for functional activity 175. The steps of chemical synthesis of siRNAs include the
generation of two homologous strands, ensuring that both sense and antisense strands
consist of 19 nucleotides with 2-nt overhangs at 3’ end, and annealing of the strands to
form a duplex 169. The disadvantages of synthetic siRNA include its transient gene
silencing and high cost, particularly very large quantities of siRNA required for in
vivo studies. However, the cost of chemically synthesized siRNA has already reduced
significantly over the past few years, and it appears that there could be a trend that
will continue. Hopefully, cost should finally not be a barrier to the use of this valuable
tool. Chemically synthesized siRNA mediated RNAi has become widely used for a
variety of applications from functional genetic analysis to drug discovery. Today it is
one of the most commonly used techniques to reduce levels of a particular gene to
study its function, elucidate a drug target, or analyze a particular cellular pathway 176.
1.9 Delivery of siRNA molecules in vivo
1.9.1 The biodistribution characteristics of chemically synthesized siRNAs

Delivery of siRNA appears to be more efficient than plasmid DNA, possibly due to
the smaller size of siRNA. Furthermore, efficient nuclear entry is required for plasmid
but not if synthetic siRNA is involved, i.e., the nuclear import, which is a significant
barrier to the delivery of plasmid vector, is not required for siRNA. Hence the future
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for in vivo applications of synthetic siRNA looks bright. For transfection of siRNAs,
although delivery of these RNA oligos into cultured cells can be achieved by most
delivery agents, their applications in vivo remain a major challenge. Clearly,
shortcomings in one will adversely affect the success of the other. Realization of the
full potential of the RNAi will depend significantly on the development of efficient
in vivo delivery carriers. An effective siRNA in vivo delivery system need to
overcome a multitude of biological barriers to enable the RNA oligos to reach their
action site.
The in vivo fate of a siRNA molecule is determined by both the physicochemical
properties of the siRNA and the anatomical and physiological characteristics of the
body. Rapid clearance of siRNAs by the renal system may be one of the most
important factors that can govern the biodistribution of siRNAs in the body.
Santel et al. 177 used Cy3-labeled siRNAs to investigate the biodistribution
characteristics of systemically administered lipoplexed siRNAs and naked siRNAs.
They found that naked siRNA molecules are rapidly excreted through the kidney 5
min after intravenous injection, whereas there were no detectable signals in other
organs (pancreas, heart, lung, liver, and spleen). These observations suggest that
unmodified exogenous siRNAs should be excreted rapidly by kidney following their
systemic administration. Water et al. 178 also demonstrated that after intravenous
administration of naked 111In-siRNA, the 111In-DTPA-siRNA rapidly distributed
throughout the body, and a large amount was delivered to the kidneys and excreted
into the urine. One hour after injection, the amount of siRNA present in the kidneys
was about 40 times higher than in the other organs (liver, brain, intestine, muscle, lung,
spleen, and blood). The in vivo biodistribution characteristics of naked siRNAs might
be explained by their physicochemical properties (polyanion charges and molecular
weight).
In a healthy organism, the renal threshold is in the range of 30-50 kDa to avoid
leakage of body proteins into the bladder 179. Thus, molecules with a molecular
weight of less than 30 kDa are susceptible to glomerular filtration and are excreted
into the urine. The molecular weight of duplex of siRNA (21 nucleotides) for RNAi is
approx. 15,000, and therefore the kidneys are assumed to play an important role in the
disposition of siRNAs circulating in the vasculature 178. In bloodstream, naked siRNA
is rapidly removed from the circulation after intravenous administration. Most of the
injected dose is excreted renally within minutes and taken up by liver Kupffer cells,
which make a very small percentage of the administered dose of siRNA available, this
small percentage of siRNA is additionally subject to nuclease degradation within a
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short period of time. Thus, cellular uptake of naked siRNA seems to be inefficient 180.
1.9.2 Non-viral vectors used for delivery of siRNA in vivo

Delivery of DNA/siRNA by using non-viral approaches is considered to have far
fewer drawbacks. Synthetic delivery systems can in principle overcome the
limitations of viral vectors, although their delivery efficiency needs to be improved.
The most concrete structural evidence currently available for use in the rational design
of nonviral DNA delivery systems is the crystal structure of the nucleosome core
particle of chromatin. Luger et al. have revealed the structure of a natural DNA
histone complex by X-ray analysis 181. In the nucleus, DNA is wrapped around the
outside of the histone to form nucleosomes, much like thread wound around a spool.
This protein structure with cationic amino acids on the surface can now act as a model
for the rational design of polycationic vectors for DNA/siRNA transfection.
Polymers with positively charged amine groups are materials that electrostatically
bind DNA/RNA to form tight complexes (polyplexes). The resulting particles usually
range in size from a few tens to several hundred nanometers in diameter. These
complexes mediate cellular entry and protect the delivered nucleic acid molecules by
sterically blocking the access of DNase/RNase. Polyplexes are typically toroidal or
spherical structures 182, 183. Each polyplex particle most often contains several DNA
molecules along with many polymer chains.
Nucleic acid-polymer complexes are internalized via adsorptive pinocytosis or
receptor-mediated endocytosis. In either case, these DNA/siRNA-containing
complexes might remain localized in the endosomes, failed to escape into cytoplasm.
Endosomes are acidified rapidly to pH value of 5-6 due to the actions of ATPase
proton-pump enzymes in the vesicles membrane. These complexes can subsequently
be trafficked into lysosomes. Lysosomes are acidic organelles, containing various
degradative enzymes. Lysosomes are further acidified to a pH value of ~4.5 179.
Therefore, the delivered DNA/siRNA molecules will encounter a hostile environment.
Endo-lysosomal escape is an essential prerequisite for successful in vivo application
of RNAi technique. Only siRNA-containing complexes can escape rapidly into the
cytoplasm, where the RNAi machinery is located, and furthermore, the siRNA
molecules are also able to liberate from the complexes can silence the mRNA of
interest.
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Sørensen et al. 184 demonstrated that intraperitoneal injection of DOTAP liposome
siRNAs-TNFα complex inhibited lipopolysaccharide-induced TNFα gene expression.
They found that the development of sepsis in mice following a lethal dose of
lipopolysaccharide injection was significantly inhibited by pre-treatment of the
animals with anti-TNF-α siRNAs. Landen et al. 185 reported that DOPC-encapsulated
siRNA targeting the oncoprotein EphA2 was highly effective in reducing in vivo
EphA2 expression as measured by both Western blot assay and immunohistochemistry.
Zimmermann et al. used a liposomal formulation of SNALP to evaluate systemic
delivery of siRNAs directed towards apolipoprotein B (ApoB), 80% silencing of liver
Apob mRNA and ApoB-100 protein was achieved with a single 1mg/kg dose of
SNALP-formulated Apob-specific siRNA 186. Torchilin et al. 187 successfully
delivered siRNA into lung-tumor cells by encapsulating siRNAs into liposomes
additionally bearing arginine octamer (R8) molecules attached to their outer surface.
The siRNA-loaded R8-liposomal complexes remained intact in the blood serum even
after 24-h incubation, and showed very high transfection efficiency in all three tested
lung tumor cell lines. This offers the potential for in vivo siRNA delivery application.
Santel et al. developed a liposomal system that consists of cationic and fusogenic
lipids for siRNA delivery. They used siRNA molecules to knock-down
endothelia-specifically expressed genes CD31 and Tie2 and found that the
corresponding mRNA and protein levels were significantly reduced after systemic
application of siRNA. To evaluate the effect of the liposomal system on siRNA
biodistribution in vivo, they injected 1.88 mg/kg of complexed Cy3–siRNA
intravenously in mice. Fluorescently labeled siRNA-lipoplexes were taken up by the
endothelial cells in different vascular beds, mainly liver, heart, lung, spleen, and
kidney, showing a profound delay in the clearance rate 177.
In the case of liposomal system for in vivo delivery of siRNA, one of the most
important challenges is to overcome the clearance of liposomes caused by
opsonization. In general, liposomes are rapidly recognized and removed from the
circulation by the reticuloendothelial system (RES) 188, 189. Macrophages recognize
liposomes as foreign particles through a process known as opsonization. The
liposomes are labeled by attaching serum proteins, so-called opsonins, which enhance
the clearance of liposomes 189. These labeled liposomes are recognized by the
macrophages and then the liposomes are taken up and destroyed.
The cationic surface of liposome is able to interact with biomolecules or nontarget
cells. Cationic liposomes have long been known to interact with serum proteins in the
extracellular matrix, leading to aggregation or release of nucleic acids from the
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complexes even before reaching the target cells. Small and large molecules found in
serum such as oleic acid and heparin can disrupt the structural integrity of lipoplexes
by displacing nucleic acids and lipid components leading to heavily impaired
transfection efficiency 190. In order to minimize their interaction with serum proteins
or complement system, many liposomal vectors have been coated with a polymer
called polyethylene glycol (PEG). These PEG-liposomes are known as stealth
liposomes.
1.9.3 Enhanced permeability and retention effect

Enhanced permeability and retention effect (EPR effect) results from a combination of
the increased vascular permeability and the decreased lymphatic drainage caused by
the lack of functional lymphatic vessels in tumor tissue 191, 192, 193. In general,
low-molecular-weight compounds diffuse into both normal and tumor tissue through
the endothelia layer of capillaries. However, continuous capillaries with tight
junctions are the most common type of capillaries in normal tissues. Thus,
macromolecules cannot pass through the capillary walls in most normal tissues. In
contrast, tumor vasculature is known to contain a high number of immature vessels.
These fenestrated vessels are leaky to circulating macromolecules, and favor the
movement of large-molecular-weight diagnostic and therapeutic agents across tumor
vessels 179. Under these circumstances, together with insufficient lymphatic drainage,
macromolecules are retained in the interstitial space of solid tumors. This feature has
been termed “enhanced permeability and retention effect”.
1.9.4 Folate-PEG cationic liposomes

Besides ensuring the good nuclease stability and reducing renal filtration, using
strategies that provide an active targeting manner to the intended tissues would be
helpful to improve the efficiency and specificity of siRNAs in vivo delivery.
The strategies that could allow active targeting involve the surface functionalisation
of siRNA carriers with ligands that are selectively recognized by receptors on the
surface of the cells of interest, or by conjugating them with monoclonal antibodies
against characteristic components of the area of interest. Since ligand–receptor or
antigen-antibody interactions can be highly selective, these interactions could allow a
more precise targeting of the site of interest and promote specific cellular uptake via
receptor-mediated endocytosis.
For example, by incorporating liposome with a ligand such as folic acid, this can
target to the tumor-cell surface over expressed folate receptor (FR). The competitive
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dominance of the liposomes which conjugated with receptor-specific ligand is their
active targeting delivery ability. Here, the aim is active targeting to a desired site and
then triggers receptor-mediated internalization of the entire siRNA-carrying
lipoplexes into the cell interior, not just passive targeting of the tumor tissue by
extravasating into the tumor interstitial space through the leaky vessels. Thus, more
siRNA molecules are expected to be delivered into tumor cells.
The human α isoform folate receptor (αhFR) is a glycosylphosphatidylinositol-linked
transmembrane protein with high affinity for folic acid. αhFR is an important
molecule in the cellular uptake of folates and folate analogues. It is usually considered
as an essential component in the maintenance of cellular folate homeostasis.
Internalization of folates by αhFR involves receptor-mediated endocytosis 194.
Expression of the αhFR is very low in most adult normal tissues. In contrast, αhFR is
a cellular surface marker for numerous solid tumors and myeloid leukemias. High
levels of the expression of αhFR have been reported in several tumor types. For
example, among the different cell types of the normal ovary, αhFR expression was
detected only in germinal epithelium. However, high αhFR mRNA levels were
observed in all of the serous cystadenocarcinomas examined 195. Other cancers with a
high level of αhFR expression relative to their normal counterparts include breast,
brain, lung, and colorectal cancers 195, 196, 197, 198, 199, 200, 201.
Folate receptor is an attractive molecular target for tumor-targeted drug delivery with
macromolecular carrier system. Folate-mediated tumor targeting represents a popular
approach that has been used to deliver diagnostic and therapeutic agents to folate
receptor expressing tumors 202, 203, 204, 205. Reddy et al. reported that the overall tumor
transfection efficiency of widespread intraperitoneal cancers can be significantly
enhanced using folate-targeted techniques 206. Christopher et al. found that folate
liposomes can effectively deliver oligonucleotides into folate receptor-positive tumor
cells 207. Liposomal daunorubicin as well as doxorubicin were delivered into various
tumor cells via the folate receptor were also reported 208 209. Xing et al. used folate
receptor β - targeted liposomal doxorubicin (F-L-DOX) combined with receptor
induction using all-trans retinoic acid (ATRA). They found that the cytotoxicity of
F-L-DOX in leukemic cells was superior to that of liposomal doxorubicin, exhibited a
strong dependence on FR expression 210. Folate-targeted liposomes have been
suggested as delivery vehicles for targeting tumors with haptens for tumor
immunotherapy 211 and also been used for boron neutron capture therapy 212.
Folate receptor constitutes a useful target for tumor-specific drug delivery. Folic acid
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molecules can also be covalently linked to cationic polymers to confer potential tumor
target specificity to these drug-carriers for delivery of siRNA. Kim et al. used
antisense oligodeoxynucleotide (AS-ODN), siRNA, and shRNA expressing plasmid
for inhibition of green fluorescent protein (GFP) expression. They conjugated above
three nucleic acids with Polyethylenimine (PEI) and PEI-polyethylene glycol-folate
(PEI-PEG-FOL). Among the three inhibitory nucleic acids, the PEI-PEG-FOL/siRNA
complex exhibited the most dose-effective and fastest gene silencing effect for folate
receptor positive human oral carcinoma KB cells 213. In this study, we plan to utilize
folate-PEG cationic liposome as one of the vehicles for delivery of FECH-siRNA in
vivo.
1.9.5 Dendritic polyglycerol-based cationic polymers

Hyperbranched polymer represents a polymer which may be obtained by reaction
especially between multifunctional monomers. The resulting structures are imperfect
and polydisperse. Hyperbranched polymers are often random copolymers which have
a plurality of branch points and multifunctional branches, leading to further branching
with polymer growth. The degrees of branching (DB) of hyperbranched polymers is
lower (DB = 53–60 %) as compared to perfect dendrimers (DB = 100 %). The
core-shell architecture of hyperbranched polymers is less pronounced in comparison
with perfect dendrimers.

Figure 1.4

Hyperbranched PG

PG-based cationic polymer

(The depicted structure is a small fragment of the large polymer, the technical data was kindly provided by
Professor Rainer Haag)

Hyperbranched polyglycerol (PG) is one important hyperbranched polymer and is
considered a possible alternative to the structurally perfect dendrimers. Due to the
similar physicochemical properties, dendrimers and hyperbranched polymers are
referred to as dendritic polymers in the literature. The use of hyperbranched polymers
instead of perfect dendrimers is justified by their similar properties, better
accessibility and lower costs, which are all extremely important for large-scale
synthesis 214. Dendritic PG is globular structure in solution. In contrast to dendrimers
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which contain only dendritic and terminal units, hyperbranched polyglycerols usually
consist of dendritic, linear, and terminal units.
Hyperbranched PG possesses an inert polyether scaffold. Each branch ends in a
functional hydroxyl-group, which renders hyperbranched PG a highly functional
material. The high functionality coupled with the versatile and well-investigated
reactivity of hydroxyl-functions is the basis for a variety of derivatives 215. PG-PEG
and PG-PEG-Folate recently were prepared and investigated as potential
drug-delivery systems 216. PG can also be used as core unit and functionalized with
amine groups. Such polymers can be applied in DNA/siRNA transfection. In this
study, we are interested in the application potential of the polyglycerol-based
nanocarriers for delivery of siRNAs to tumors.
1.10 Aims of the thesis

The objectives of the thesis focus on:
(1) the investigation of the relationship between FECH expression and PpIX
formation
(2) the assessment of the possibility of utilizing folate-PEG cationic liposomes and
PG-based cationic polymers as the vehicles for delivery of siRNAs to tumor
(3) the evaluation of the diagnostic application potential of the siRNA-based inhibitor
of FECH for early cancer detection
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2 Materials and methods
2.1 Laboratory equipment

Taqman 7000 SDS Cycler, Applied Biosystems (Weiterstadt, Germany); Eppendorf
Bio-photometer (Eppendorf AG, Hamburg, Germany); MMI CELLCUT® laser
microdissection system (MMI Molecular Machines & Industries GmbH, Germany);
Reversed-phase RP18 column HPLC (Shimadzu, Duisburg, Germany); Fluorimeter
(Merck,
Darmstadt,
Germany);
Optical
parametric
oscillator
(OPO,
GWU-Lasertechnik, Erftstadt, Germany); Q-switched Nd:YAG laser (GCR-230,
Spectra-Physics Inc., USA); Inverted microscope stand (Zeiss Axiovert 35M, Carl
Zeiss, Oberkochen, Germany); Mode-locked titanium: sapphire (Ti:Sa) laser (MaiTai,
Spectra-Physics, Mountainview, CA); Closed loop galvanometer scanner (GSI
Lumonics, Moorpark, CA, USA); Water immersion objective (N.A. 1.2, Carl Zeiss,
Oberkochen, Germany); Avalanche photo detector (SPCM – AQR – 14, Perkin Elmer
Inc., Santa Clara, CA, USA); PC plug-in counter board (pci-6602, National
Instruments, Munich, Germany). Rotary evaporator (Büchi, Essen, Germany),
LiposoFAST™ Basic system (Avestin, Ottawa, Canada), high-performance thinlayer
chromatography (Automated Multiple Development System and Linomat IV;
CAMAG, Muttenz, Switzerland), Coulter Counter N4 plus (Coulter Electronics,
Hialeah, USA), OLYMPUS BX 50 fluorescence microscope (Olympus Corporation,
Japan); Leica TCS SP5 confocal microscope (Leica Microsystems GmbH, Wetzlar,
Germany), fluorescence imaging system (Physikalisch-Technische Bundesanstalt,
Berlin, Germany), EMCCD-Camera (electron multiplied CCD-Camera, IXON,
manufacturer Andor Technology, Belfast, Northern Ireland).
2.2 Chemicals and reagents

DEPC-water and all real-time PCR chemicals were, unless otherwise stated, from
Applied Biosystems (Weiterstadt, Germany). Agarose was obtained from
BioWhittaker Molecular Applications (Rockland, ME, USA). M-MLV Reverse
Transcriptase, RNasin, RNaseH, and dNTP were purchased from ProMega
(Mannheim, Germany). RNeasy RNA-extraction Kit, QIAshredder Kit, One-Step RT
PCR Kit, QiaEx-II gel extraction Kit, chemically synthesized siRNAs, Cy3-labeled
siRNAs, and TransMessenger kit were purchased from Qiagen (Hilden, Germany).
Phenol/Chloroform and other chemicals were purchased from Roth (Karlsruhe,
Germany). Sucrose was obtained from Serva (Heidelberg, Germany). Protoporphyrin
IX disodium salt, zinc acetate, Triton X-100, BSA, δ-aminolevulinic acid (ALA), and
4',6-Diamidino-2-phenylindole dihydrochloride hydrate (DAPI) were purchased from
Sigma-Aldrich (Munich, Germany); Dulbecco’s Modified Eagle’s Medium, fetal calf
serum, phosphate buffered saline, antibiotics, and glutamine from GIBCO, Life Tech
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(Eggenstein, Germany). Fluorescent mounting media antifade reagent (DAKO, CA,
USA).1,2-Dioleoyl-3-Trimethylammonium-Propane(DOTAP),1,2-Distearoyl-sn-Glyc
ero-3-Phosphocholine(DSPC),1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[
Carboxy(PolyethyleneGlycol)2000](DSPE-PEG),1,2-distearoyl-sn-glycero-3-phospho
ethanolamine-N-[folate(polyethylene-glycol)-2000]
(DSPE-PEG-Folate),
and
cholesterol were purchased from Avanti Polar Lipids(Alabaster, AL, USA).
Polyglycerol-based SX141 nanoparticles were kindly provided by Professor Rainer
Haag. The degree of functionalisation (DF) of SX141 is nearly 100 % according to
the technical data sheet.

1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-Folate)

1, 2-Distearoyl-sn-Glycero-3-Phosphocholine(DSPC)

1, 2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Carboxy(Polyethylene Glycol)2000] (DSPE-PEG)

1, 2-Dioleoyl-3-Trimethylammonium-Propane(DOTAP)

Cholesterol
Figure 2.1 Chemical structures of lipids and cholesterol used in this thesis
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2.3 Patients’ tissue samples

Patients had been treated in the Department of Surgery and Surgical Oncology,
Robert-Roessle-Klinik in Berlin, Germany. Carcinoma tissues were excised carefully
from tumor specimens. Non-malignant mucosa was also scraped off at a distance of
over 50 mm from the tumor margin. Tissue was snap-frozen in liquid nitrogen by the
Tumorbank service of the Robert-Roessle-Klinik. Carcinomas were classified and
characterized according to the World Health Organization’s UICC (Union
Internationale Contre le Cancer) system. Normal tissue refers to peritumoral tissue
verified to be free of any pathologic traits. All patients had been treated surgically
between 1999 and 2001. In each case, a comprehensive histopathological and clinical
record is available. Patient specimens were collected after informed consent and only
used after ethics-committee approval (Charité, Berlin). For quantitative RT-PCR
studies, a panel of 18 cases with esophageal carcinomas, 20 cases with gastric
carcinomas, 15 cases with colonic carcinomas, and 15 cases with rectal carcinomas
along with their non-malignant counterparts, were examined. Tumor stages were
equally represented.
2.4 Tissue preparation, RNA extraction and cDNA synthesis

Cryo-sections from tumor and normal tissue specimens were transferred into
RLT-Buffer containing 140 µM β-mercaptoethanol and frozen at -80° C. In order to
assure absence of tumor cells in normal tissue and sufficient tumor content in cancer
specimens, all tissue specimens were evaluated by a pathologist. Only specimens
containing more than 60% epithelial cells, but no Peyer’s patches or necrotic areas
were further processed. RNA was isolated using QIAshredder and RNeasy Kits.
Integrity of isolated mRNA was checked by β-Actin One-Step RT PCR, and RNA
concentration was determined photometrically. About 3 µg of RNA were applied for
cDNA synthesis. In the presence of 4 µM random hexamer primer, RNA was
incubated for 10 min. at 70° C, afterwards the mixture was kept on ice for another 10
min. After addition of M-MLV-Buffer, 8 U/µL M-MLV Reverse Transcriptase, 0.8
U/µL RNasin, 0.1 µg/µL BSA and 1.25 mM dNTP and 1 h incubation at 37° C, twice
the volume of absolute ethanol was added. Following 30 min. at -40° C, samples were
spun down in a centrifuge at 15,000 g at 4° C for 20 min. and washed once with 70%
ethanol. Finally, cDNA was reconstituted in 50 µL DEPC water and frozen at -20° C.
2.5 Cell culture

MDA-MB-231, MDA-MB-435 breast cancer cell lines, and LS174T, SW480, HT29,
colorectal cancer cell lines originating from the American Type Culture Collection
(ATCC), were grown in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 10 % FBS, 2 mM glutamine, 0.6 µg penicillin/ ml (equivalent to
100 Units) and 0.1 mg streptomycin / ml medium. Subconfluent adherent cells were
harvested by a mixture of trypsin (0.05%) and EDTA (0.02%), rescued with their own
medium and washed with phosphate buffered saline (PBS).
2.6 Extraction and purification of RNA from cultured cells and cDNA synthesis

About 1 x 106 cells were trypsinized from the cell-culture vessel, total RNA
purification from the harvested cells using QIAGEN RNeasy Mini Kit according to
manufacture’s instructions: Aspirated medium, and washed cells with PBS. Aspirated
PBS and added trypsin to trypsinize the cells, after cells detach from the cell-culture
vessel, added medium (containing serum to inactivate the trypsin), transferred cells to
an RNase-free polypropylene centrifuge tube, and pelleted by centrifugation at 300 x
g for 5 min. Completely aspirated supernatant. Added 350 µl of Buffer RLT (ensured
that β-ME is added to Buffer RLT before use), vortexed or pipeted to mix, ensured
that no cell clumps were visible before proceeding to next step; pipeted the lysate
directly onto a QIAshredder spin column placed in a 2 ml collection tube, and
centrifuged for 2 min. at maximum speed, added 350 µl of 70% ethanol to the
homogenized lysate, and mixed well by pipetting. Did not centrifuge, then applied up
to 700 µl of the sample, including any precipitate that may have formed to an RNeasy
mini column placed in a 2 ml collection tube. Closed the tube gently, and centrifuged
for 15 s at ≥8000 x g (≥10,000 rpm), discarded the flowthrough, added 700 µl Buffer
RW1 to the RNeasy column. Closed the tube gently, and centrifuged for 15 s at ≥8000
x g (≥10,000 rpm) to wash the column, discarded the flow-through and collection tube,
transferred the RNeasy column into a new 2 ml collection tube, pipeted 500 µl Buffer
RPE onto the RNeasy column, closed the tube gently, and centrifuged for 15 s at
≥8000 x g (≥10,000 rpm) to wash the column, discarded the flow-through, added
another 500 µl Buffer RPE to the RNeasy column, closed the tube gently, and
centrifuged for 2 min. at ≥8000 x g (≥10,000 rpm) to dry the RNeasy silica-gel
membrane. To elute, transferred the RNeasy column to a new 1.5 ml collection tube,
pipeted 50 µl RNase-free water directly onto the RNeasy silica-gel membrane, closed
the tube gently, and centrifuged for 1 min. at ≥8000 x g (≥10,000 rpm). RNA
concentration was determined by using Eppendorf Bio-photometer. Approx. 3 µg of
RNA were applied for cDNA synthesis. In the presence of 4 µM random hexamer
primer, RNA was incubated for 10 min. at 70° C, afterwards the mixture was kept on
ice for another 10 min. After addition of M-MLV-Buffer, 8 U/µL M-MLV Reverse
Transcriptase, 0.8 U/µL RNasin, 0.1 µg/µL BSA and 1.25 mM dNTP and 1 h
incubation at 37° C, twice the volume of absolute ethanol was added. Following 30
min. at -40° C, samples were spun down in a centrifuge at 15,000 g at 4° C for 20 min.
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and washed once with 70% ethanol. Finally, cDNA was reconstituted in 50 µL DEPC
water and frozen at -20° C.
2.7 Quantitative real-time TaqMan PCR

For all genes, Assays-on-Demand (ABI) primer and probes were employed. For
quantitative analysis of gene expression, 100 ng of cDNA were used per well. All
reactions were carried out threefold. After mixing with the appropriate volume of
TaqMan Universal PCR Master Mix, quantitative real-time PCR was run in a
MicroAmp Optical 96-Well Reaction Plate using the ABI 7000 Sequence Detection
System. Thermal cycle conditions were as follows: 95° C for 10 min., initially, then
40 cycles of 95° C for 15 s and 60° C for 1 min. In order to analyze expression data
according to the ∆∆Ct method 217, Ct values were exported from the ABI Prism 7000
SDS Software into Microsoft Excel (Seattle, WA). Ct values of a cDNA stock from
the cell line LS174T were used as calibrator. Thereby, gene expression in a sample
under investigation is reported as a multiple of cell line expression. This expression is
achieved by employing the equation
− (∆ Ct Sample . − ∆ CtCalibrator . )
Relative Amount = 2

,

wherein ∆Ct stands for the difference between Ct values of gene of interest and
housekeeper β-Actin.
2.8 PpIX determination

PpIX Fluorescence in homogenized centrifuged pellets from cell culture was
quantitatively determined by time-resolved fluorescence spectroscopy. PpIX
fluorescence

was

excited

with

an

optical

parametric

oscillator

(OPO,

GWU-Lasertechnik, Erftstadt, Germany), pumped by the third harmonic (λ = 355 nm,
Epulse = 100 mJ) of a Q-switched Nd:YAG laser (GCR-230, Spectra-Physics Inc.,
USA). The OPO was tuned to provide laser radiation at λ= 505 nm to excite
PpIX-fluorescence. The energy and duration of output pulses amounted typically to
50μJ and 3 ns, respectively. The laser beam was coupled into a 600 µm hard clad
silica fiber used for illumination of cell samples. The fluorescence light was collected
by the same fiber and a dichroic beam splitter served to separate reflected laser light
from fluorescence. Approx. 5 % of the remaining fluorescence intensity were
separated by a quartz plate and coupled into a hard clad silica fiber, approx. 5 m long,
whereas the main fluorescence intensity (90 %) was focused into a second fiber, 1 m
long. In this way, fluorescence in the first channel was delayed with respect to the
second channel by approx. 20 ns, which allowed simultaneous recording of prompt
and delayed fluorescence intensity. For this purpose, the ends of both fibers were
attached one above the other to the entrance slit of an imaging polychromator
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equipped with an intensified CCD-camera (Model ICCD-576, Princeton Instruments
Inc, Trenton, USA.). The intensifier was gated by an electrical pulse (-180 V) of
approx. 10 ns duration derived from a high-voltage (HV) pulse generator
synchronized with the laser pulse. The HV pulse generator was triggered by a pulse
provided by the power supply of the Nd:YAG laser and appropriately delayed by
means of a digital delay generator. In this way, immediate and delayed fluorescence
intensities were recorded. Furthermore, two long pass filters were applied
(λ50% = 550 nm) to cut off the remaining scattered excitation light from emitted
fluorescence light. For quantification, we calculated the normalized fluorescence
intensity of the main PpIX-fluorescence band at λ = 633 nm. A factor of 18
corresponded to the ratio of the transmitted and reflected fluorescence intensity by the
quartz plate.
2.9 Determination of ferrochelatase enzyme activity

FECH activity was determined as described by van Hillegersberg et al. 147 with minor
modifications. Briefly, approx. 5*107 frozen cells were powdered in 500 µl ice-cold
H2O using a tissue-homogenizer (Braun, Germany). Then, 50 µl of the homogenate
were added to 100 µl buffer A, consisting of 25 mM Tris/HCl, 0.1 % Triton X-100,
1.75 mM palmitic acid, pH 8.2. Protein content in the supernatant was determined
using the BioRad protein assay. 50 µl of a 250 µM protoporphyrin solution in 0.01 N
KOH were added, and the reaction was started by addition of 50 µl 200 µM zinc
acetate. After 60 min. at 37°C, the reaction was stopped by addition of 1 ml
dimethylsulfoxide:methanol (30:70). After centrifugation at 16000 x g for 5 min., 100
µl supernatant were injected into a reversed-phase RP18 column HPLC (Shimadzu,
Duisburg, Germany) with acetone/methanol/water/formic acid (560:240:200:2), 1
ml/min as the mobile phase. Zinc-Protoporphyrin was detected using a fluorimeter
(Merck, Darmstadt, Germany) with an excitation λ = 415 nm and an emission
wavelengthλ= 580 nm. One unit of activity was defined as the amount of enzyme
catalyzing the formation of 1 µmol product/min. The activity of the enzyme was
given in nU/mg protein.
2.10 Preparation of siRNA and transfection in vitro

All siRNA-molecules were designed according to standard procedures and obtained
from Qiagen (Hilden, Germany). Three different sequences were used:
siRNA-sequence FECH-510, 5’-gauucaagagcaguaccgc-3’, covering the FECH mRNA,
transcript variant 1, with accession NM_001012515.1 between nucleotides 510-528,
and FECH mRNA, transcript variant 2, with accession NM_000140.2 between
nucleotides 492-510, respectively; siRNA FECH-1140, 5’- gaauauccucuugguuccg -3’,
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covering the FECH mRNA, transcript variant 1, with accession NM_001012515.1
between nucleotides 1140-1158, and FECH mRNA, transcript variant 2, with
accession NM_000140.2 between nucleotides 1122-1140, respectively; siRNA
FECH-2107, 5’- guacaguguucaugauacg -3’, covering the FECH mRNA, transcript
variant 1, with accession NM_001012515.1 between nucleotides 2107-2125, and
FECH mRNA, transcript variant 2, with accession NM_000140.2 between nucleotides
2089-2107, respectively. The following siRNA sequence was used as negative control:
5’- gaccaugggacuucaagag -3’. The negative control siRNA was compared with
NM_001012515.1 and/or NM_000140.2 sequences. Results showed that no
significant similarity was found, i.e., the negative control siRNAs exhibit no target
mRNA in the transcripts of both NM_001012515.1 and NM_000140.2.
For siRNA-treatment, the TransMessenger kit (Qiagen) was used. Cell seeding
density in 6-well plates was always 2×105 cells per well. Transfection experiments
were performed 24 hours after seeding, siRNA in a final concentration of 50 nM.
Briefly, 0.44 µg siRNA was mixed with buffer and enhancer and incubated at room
temperature for 5 minutes. Thereafter, 2.2 µl TransMessenger were added, and the
entire solution was mixed by pipetting up and down. Then, the complexes were
incubated for 10 min. at room temperature to allow transfection-complex formation to
take place. During this time, the growth medium was gently aspirated and cells were
carefully washed. DMEM medium 600 µl (without serum or antibiotics) were added
into the no-siRNA & no-transfection reagent control wells, and 500 µl/well DMEM
medium (without serum or antibiotics) were added into the other wells. Then, 100 µl
of the transfection complexes were added into the corresponding wells. Cells were
incubated with the transfection complexes for 4 h under their normal growth
conditions. Washed cells with 2ml PBS, and then 1000-2000 µl DMEM medium
(containing serum and antibiotics) per well were added. A second siRNA-treatment
was conducted on day 5. Cells were harvested at day 6. All experiments were
performed at least threefold.
2.11 Two-photon microscopy

Experiments were carried out on a two-photon excitation confocal equipment
established in Physikalisch-Technische Bundesanstalt, Department of Biomedical
Optics, Berlin by utilizing an inverted microscope stand (Zeiss Axiovert 35M, Carl
Zeiss, Oberkochen, Germany). In short, the system consisted of a mode-locked
titanium: sapphire (Ti: Sa) laser (MaiTai, Spectra-Physics, Mountainview, CA) that
generated pulses with a duration of approx. 100 fs at a repetition rate of 80 MHz.
After having passed beam-neutral density filters and a beam expander, the excitation
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light was directed to a dichroic mirror that was highly reflective in the near infrared
and transparent below 725 nm (725DCX SP, AHF, Germany). Thus, the laser beam
was coupled into the optical epi-illumination path of the microscope. To allow
imaging, we incorporated a two-dimensional laser-beam scanner consisting of two
mirrors driven by a closed loop galvanometer scanner (GSI Lumonics, Moorpark, CA,
USA). A tube lens and a 10x magnification ocular (both Carl Zeiss) acted as
relay-lens system between the scanner mirrors and the objective. Finally, the
excitation light was focused into the sample by a 63x C-apochromat, water immersion
objective (N.A. 1.2, Carl Zeiss, Oberkochen, Germany). The fluorescence radiation
was collected by the same microscope objective and then passed scan lenses and
scanning mirrors. Since for two-photon excitation the excited fluorescence light was
of shorter wavelength than the excitation light, the generated fluorescence signal
passed the dichroic beam-splitter mentioned above. To further suppress scattered
excitation light, an additional short pass (700 SP, AHF) was incorporated into the
detection path. Although in two-photon microscopy no confocal aperture is needed for
axial sectioning its inclusion in the detection path reduces the contribution of scattered
out-of focus fluorescence and residual ambient light and, hence, increases the
signal/background ratio. Therefore, the fluorescence intensity was imaged by an
achromat (f = 600 mm) onto an adjustable aperture, the diameter of which was set to
1.8 mm. The overall magnification was measured to be about 1,530 for the 63x
magnification objective. Light passing the confocal aperture was spectrally filtered for
analysis by a long pass filter with 50% transmission at 595 nm and two band pass
filters (535 ± 17.5 nm and 635 ± 20 nm) (AHF Analysentechnik AG, Tuebingen,
Germany). The light of each path was focused onto an avalanche photo detector
(SPCM – AQR – 14, Perkin Elmer Inc., Santa Clara, CA, USA), which converted the
detected photons into standard TTL pulses. The pulses were counted by a PC plug-in
counter board (pci-6602, National Instruments, Munich, Germany). Measurement of
excitation spectra (not shown) in the tunable range of the excitation laser (760-920 nm)
yielded a PpIX excitation maximum at λ= 760 nm. The one-photon excitation
maximum of PpIX was located at approx. 400 nm. As expected 218, the two-photon
excitation maximum was slightly blue-shifted compared to the one-photon excitation
spectrum. Images of 200x200 pixels were acquired by line scans atλ= 760 nm. The
excitation power measured at the sample position was 0.8±0.1 mW. The inter-pixel
distance selected amounted to 0.98 µm corresponding to a total field of view of 197 x
197 µm. The exposure time per pixel was varied between 0.25 ms and 1.25 ms
according to the overall fluorescence intensity of the sample to assure good detection
statistics with the lowest possible excitation power. Total data acquisition times,
therefore, varied between 10 and 50 s.
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2.12 Preparation of PEG cationic liposomes and folate-PEG cationic liposomes

Liposomes were prepared by the lipid film/hydration technique as described
previously by Huwyler et al. with a minor modification 219. Briefly, cationic liposome
formulations composed of DOTAP, cholesterol, DSPC, DSPE-PEG-Folate or
DSPE-PEG. The properties of liposomes were indicated in Table 2.1 & Table2.2. A
mixture from stock solutions of above lipids in a round-bottomed flask was dried to a
thin lipid film in a rotary evaporator (Büchi, Essen, Germany). The flask containing
the thin lipid film was then placed under vacuum for 1 hour to remove residual
organic solvent and the lipid film was dried thoroughly. After that, the dried layer was
hydrated with a glucose solution (5%, w/v) to a final concentration of 5mM of
DOTAP, then the flask was shaken in 53 °C warm water-bath for 10-15 min. until the
lipid suspension became even and uniform. Multilamellar vesicles were obtained by
12 hours of shaking. Large unilamellar vesicles (LUV) were prepared by extruding
the resulting multilamellar vesicles 20 times repeatedly through polycarbonate
membranes of 100 nm pore size using the LiposoFAST™ Basic System (Avestin,
Ottawa, Canada). The lipid content and liposomal composition of the preparations
were determined by high-performance thinlayer chromatography (Automated
Multiple Development System and Linomat IV; CAMAG, Muttenz, Switzerland).
Vesicle size determination was performed by dynamic light-scattering measurements
with a Coulter Counter N4 plus (Coulter Electronics, Hialeah, USA). Mean particle
size distribution (based on solid sphere weight results) is given as polydispersity index
(PI) - varying from 0 (entirely monodisperse) to 1 (completely polydisperse
suspension).
Table 2.1 Composition and properties of Folate-PEG-cationic liposomes
Liposome composition
Molar ratio

DOTAP : cholesterol : DSPC : DSPE-PEG-Folate
5

:

4.7

:

5

Suspension media

aqueous 5% glucose solution

Mean size (diameter)

105 ± 48nm

Polydispersity index

0.22

:

0.3

Table 2.2 Composition and properties of PEG-cationic liposomes
Liposome composition
Molar ratio

DOTAP : cholesterol : DSPC :
5

:

4.7

:

5

Suspension media

aqueous 5% glucose solution

Mean size (diameter)

104 ± 22nm

Polydispersity index

0.04
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:

DSPE-PEG
0.3

Figure 2.2 Schematic structure of the folate-PEG cationic liposome-siRNA complex depicted in this thesis

2.13 Preparation of the siRNA-carrying PG-based nanoparticles

The protocol described by professor Rainer Haag was followed. SiRNAs were
encapsulated in the SX141 nanoparticles in a 1:8 molar ratio. Briefly, to prepare the
stock solution of siRNA, 2970µg FECH-1140 siRNA were added to 1 ml buffer.
Solution of PG-based nanoparticle was prepared by dissolving SX141 in
phosphate-buffered saline (PBS). For intratumor injection, we used the concentration
of siRNA at a dose of 0.067 nmol per gram of body weight, and the SX141 at a dose
of 0.536nmol per gram of body weight. Animals were administered in an intratumor
injection of total volume 50µl siRNA-SX141 mixture per mouse/day.
2.14 Fluorescent microscopy

MDA MB 231 cells were seeded in 8-well chamber slide at a cells-plating density of
1×104 /well. Cells were grown in standard culture conditions before transfection. 24h
after seeding, PEG cationic liposomal complex or folate-PEG cationic liposomal
complex containing siRNA labeled with the fluorophore Cy3 (50nM), as well as
naked Cy3-siRNA (50nM) and no-siRNA & no-liposomes control media were placed
separately in the 8-well chamber slides. After 4 h incubation with the transfection
media, the cells were washed twice with PBS, and then fixed with 4%
paraformaldehyde in PBS for 10 min. at room temperature. The cells were washed
with PBS again and nuclei were stained with 300 nM 4',6-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI; D8417, Sigma) for 10 min. After that, cells were
washed twice with PBS. Finally, the fluorescent mounting media antifade reagent
(DAKO, CA, USA) was applied and a cover slip was added above the slide to prepare
for microscopy.
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The cells were viewed by using an Olympus BX50 microscope (Olympus Corporation,
Japan) modified for fluorescence capabilities, 100 Watt Epifluorescence Illumination
applied in conjunction with transformator OLYMPUS U-RFL-T. Fluorescence within
the cells was visualized using a filter-cube UVF: U-MWU; TPF: U-MWIB set. Digital
pictures were captured by using an Olympus Soft Imaging Solutions ColorView II
digital camera, flanged onto the microscope. Acquired fluorescence images then were
transferred to the computer. The camera was controlled by the analySIS image
analysis software (Software Imaging Solutions for Life Science Microscopy©,
Olympus Soft Imaging Solutions GmbH, Germany). This software enabled
acquisition, processing and visualization of fluorescence images. Photography was
similar to other fluorescent techniques, fluorescence from both the DAPI (blue) and
the cy3 (red) could be acquired and recorded separately and later recombined in a
merged false color image.
2.15 Confocal microscopy

MDA MB 435 cells were seeded in 8-well chamber slide at a cells-plating density of
1×104 /well. Cells were grown in standard culture conditions before transfection. 24h
after seeding, FECH-siRNA (50nM) in folate PEG cationic liposome-siRNA complex
was applied to the chamber slide and incubated for 4 h; Folate PEG cationic liposome
alone without siRNA treatment was used as negative controls. After incubation, cells
were washed with PBS and replaced with their own medium. A second siRNA
treatment was conducted on day 4. Cells fluorescence capabilities were viewed at day
6 by confocal microscopy: at day 6, the slides were washed twice with PBS, and the
cells were fixed with 4% paraformaldehyde in PBS for 10 min. at room temperature.
Afterwards, cells were re-washed twice with PBS. Finally, the fluorescent mounting
media antifade reagent (DAKO, CA, USA) was applied and a cover slip was added
above the slide. Slides were viewed under Leica TCS SP5 confocal microscope for
fluorescence capabilities.
2.16 PpIX-mediated fluorescent imaging for detecting tumors in vivo

Mice were used for all experiments and all animal procedures were approved by the
regional authorities according to German animal-care regulations. The female nude
mice used in the present experiments were 6 to 7 weeks of age and weighed approx.
20 g at initiation of the experiments. Human mammary carcinoma MDA MB 435 cells
(1x107/mouse) were inoculated in the right/left inguinal fat pad of nude mice at day 0.
Then the animals were kept for another 2 - 3 weeks to allow the development of
tumors with a size of approximately 3 mm in diameter. Tumor-bearing mice were
randomized for the studies. The nude mice bearing xenograft tumors were assigned to
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7 different groups as follows:
Group A (2 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl folate-PEG cationic liposomes without FECH-siRNAs serving as control.
Group B (4 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50µl folate-PEG cationic liposomes plus an intratumoral injection of ALA at
different drug concentrations: 5mg (1mouse), 10mg (1mouse), and 15 mg/kg (2mice),
at day 22.
Group C (3 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl folate-PEG cationic lipoplexes containing FECH-1140 siRNAs at a dose of
0.067 nmol/gram of body weight.
Group D (5 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl folate-PEG cationic lipoplexes containing FECH-1140 siRNAs at a dose of
0.067 nmol/gram of body weight plus an intratumoral injection of ALA at a single
dose of 15 mg/kg at day 22.
Group E (3 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl siRNA carrying-SX141 nanoparticles (encapsulated with a dose of
0.067nmol/gram of FECH-1140 siRNAs) plus an intratumoral injection of ALA at a
single dose of 5 mg/kg at day 22.
Group F (3 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl siRNA carrying-SX141 nanoparticles (encapsulated with a dose of 0.067
nmol/gram of FECH-1140 siRNAs) plus an intratumoral injection of ALA at a single
dose of 10 mg/kg at day 22.
Group G (3 mice) animals were injected intratumorally at day 16, day 18, and day 21
with 50 µl siRNA carrying-SX141 nanoparticles (encapsulated with a dose of 0.067
nmol/gram of FECH-1140 siRNAs) plus an intratumoral injection of ALA at a single
dose of 15 mg/kg at day 22.
Tumors in xenografted human tumor model of nude mice were detected at day 22 by
probing the emission of PpIX fluorescence. Images were acquired by using a
non-invasive intravital fluorescence imaging system (Physikalisch-Technische
Bundesanstalt, Berlin, Germany), which consisted of a LED (Luxeon 1W, center
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wavelength 505nm) as excitation light source and an EMCCD-Camera (electron
multiplied CCD-Camera, IXON, manufacturer Andor Technology, Belfast, Northern
Ireland). For detection, a camera with a 50mm Nikon objective and 2 long pass filters
(550 nm omega optical inc., Brattleborough, USA) were used. Due to the broad
emission spectrum of LED, we used a 550 nm short pass filter in front of it.
2.17 Data evaluation

All in vitro experiments were repeated with at least three independent measurements
performed from different samples. Each performed in triplicate. Results were given in
the form of mean ± SD (standard deviations). Correlations between clinical
parameters and gene expression as measured by qPCR were analysed by Wilcoxon
test. A value of P < 0.05 was considered statistically significant. Data were analysed
with SPSS 14.0 (SPSS, Chicago, IL).
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3 Results
3.1 Expression of heme metabolism relevant enzymes in colorectal tissues

δ-aminolevulinate synthase1 (ALAS1), porphobilinogen deaminase (PBGD),
ferrochelatase (FECH), and heme oxygenase (HO) mRNA-expression were
determined in microdissected specimens of colorectal carcinoma tissue and
corresponding normal mucosa. Quantitative single-step multiplex RT-PCR in relation
to that of the housekeeper gene ß-Actin and in comparison with the colorectal cell line
SW480 was used (Figure 3.1). Results showed that ALAS1 mRNA-expression was
reduced in colorectal carcinomas compared to that of normal tissue of the same
patients (P<0.031, Wilcoxon-test of matched pairs). No significant alterations in
PBGD mRNA-expression between colorectal carcinomas and normal mucosa were
detected. HO mRNA-expression was reduced in colorectal carcinomas compared to
normal tissue of the same patients (P<0.021, Wilcoxon-test of matched pairs).
Ferrochelatase expression was significantly reduced in colorectal carcinomas
compared to normal tissue of the same patients (P<0.005, Wilcoxon test of matched
pairs).
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Expression of heme metabolism enzymes in colorectal tissues

The mRNA expression of δ-aminolevulinate synthase (ALAS), porphobilinogen deaminase (PBGD),
ferrochelatase (FC) and heme oxygenase (HO) in colorectal tumor tissue and corresponding normal mucosa were
determined by using quantitative RT-PCR. A total of 30 cases of colorectal carcinomas were examined for each
enzyme. Ferrochelatase mRNA expression was significantly higher in normal mucosa compared to carcinoma
tissue (P<0.005, Wilcoxon-test). Computational analysis of expression data was made by the ∆ΔCt -method with
reference to ß-actin expression. Abbreviations: CA, carcinoma tissue; NM, normal mucosa. X-axis: tissue samples;
Y-axis, relative amount of expression; *, or o depict samples which were rated as extremes or outliers.
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3.2 FECH mRNA expression in different parts of the gastrointestinal tract

Ferrochelatase mRNA-expression in microdissected samples of gastrointestinal tissue
was determined by quantitative single-step multiplex RT-PCR as described above.
In general, FECH expression is significantly reduced in gastrointestinal carcinomas in
comparison to normal mucosa of the same patient. This decrease in FECH
mRNA-expression was highly significant as well in gastric (P<0.001), colonic
(P<0.005), and rectal (P<0.031) carcinomas compared to corresponding normal
mucosa (Wilcoxon-test of matched pairs). FECH expression of esophageal
carcinomas was also lower than that of corresponding normal mucosa. However, this
difference was not significant, presumably because FECH expression in esophageal
tissues showed higher variation (Figure 3. 2).
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Ferrochelatase mRNA expression in different parts of the gastrointestinal tract

Ferrochelatase mRNA expression was determined by quantitative RT-PCR in different parts of the gastrointestinal
tract. A panel of 18 cases with esophageal carcinomas, 20 cases with gastric carcinomas, 15 cases with colonic
carcinomas, and 15 cases with rectal carcinomas, along with their non-malignant counterparts were examined.
Throughout the gastrointestinal tract, except in esophageal tissue, ferrochelatase expression was significantly
higher in normal mucosa compared to carcinoma tissue (p<0.05; Wilcoxon-test). Computational analysis of
expression data was made by using the ∆∆Ct method in comparison to ß-actin expression (see Materials &
Methods). Abbreviations: CA, carcinoma tissue; NM, normal mucosa. X-axis: tissue samples; Y-axis, relative
amount of expression; *, or o depict samples which were rated as extremes or outliers.
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3.3 FECH expression correlates with the potential to accumulate PpIX

In an in vitro model consisting of several carcinoma cell lines, FECH
mRNA-expression and FECH enzyme activity were independently determined. FECH
mRNA-expression was measured by quantitative single-step multiplex RT-PCR in
relation to that of ß-Actin. FECH enzyme activity was determined as described by van
Hillegersberg 147. FECH mRNA-expression correlated well with enzyme activity
(Table 3.1). PpIX-accumulation was induced by exogenous ALA-stimulation with 0.1
mM ALA for 4 hours and determined by time-delayed fluorescence measurements as
described above. Down-regulation of FECH expression in the carcinoma cell lines
corresponded to their potential to accumulate PpIX after ALA-stimulation. The
tendency for high PpIX content accompanied by low ferrochelatase expression and
vice versa was observed.
Table 3.1

Comparison of ferrochelatase mRNA-expression, enzyme activity, and concentration of
protoporphyrin-IX in an in vitro model of several human carcinoma cell lines

Ferrochelatase mRNA expression

Ferrochelatase enzyme activity
PpIX (nmol /106 cells)

Cell line
(relative amount)

(nU/mg)

HT29-P92

0.526±0.03

8.92±0.6

16.96±4.1

SW480

0.551±0.02

10.92±4.1

27.94±3.8

HT29-P37

0.696±0.02

12.33±3.8

19.15±3.2

MDA-MB-435

0.921±0.08

18.33±1.9

0.73±0.3

LS174T

1.000±0.05

23.54±6.3

1.76±0.3

Cells were cultured in 6-well plates for 5 days. Quantitative RT-PCR was used for determination of ferrochelatase
mRNA-expression. Computational analysis of expression data was made by using the ∆∆Ct method with reference
to ß-actin. Zn-Protoporphyrin was used as reaction product to determine ferrochelatase enzyme activity by
HPLC-based fluorescence detection. Intracellular protoporphyrin-IX concentration was determined by
time-resolved fluorescence spectroscopy using cells which were harvested after addition of 0.1 mM
δ-aminolevulinic acid for 4 hours. As depicted in column 2 and 3, FECH enzyme activity showed a strong
correlation with mRNA expression (r2=0.95). Determination of PpIX showed that cell lines with high FECH
enzyme activity displayed low PpIX-fluorescence (r2=0.71). Given are the means of five independent
measurements. Cells used were colorectal carcinoma cells LS174T, SW480, HT29 (two different passages), and
MDA-MB-435 cells, originally derived from a mammary carcinoma.

3.4 Silencing of FECH-expression by siRNA-treatment in vitro

For silencing of FECH gene expression by siRNA-treatment, the colorectal carcinoma
cell line LS174T was chosen. These cells displayed relatively high amount of FECH
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mRNA expression level and enzyme activity, and only a very low PpIX-fluorescence
could be observed after ALA-addition. We used siRNAs directed towards three
different coding regions of human ferrochelatase (EC 4.99.1.1), starting from base
pairs 510, 1140, and 2107 of the FECH sequence (gene bank accession
NM_001012515.1) in a concentration of 50 nM. In addition, a 50 nM mixture
composed of all 3 sequences was used. Cells of mock group were treated with a
50 nM of negative control siRNA, which was not related to heme biosynthesis and
exhibited no target mRNA in the transcripts of FECH sequence. Among the three
candidate siRNAs, the most effective working one was siRNA FECH-1140, which
blocked about 65 % of the FECH expression found in mock-treated LS174T cells
(Table 3.2).
Table 3.2

Comparison of the efficacy of different siRNAs for silencing of FECH gene expression

2x105 LS174T cells were treated twice (see Materials & Methods) with 50 nM siRNAs directed towards three
different coding regions of human ferrochelatase (EC 4.99.1.1), starting from base pairs 510, 1140, and 2107 of the
FECH gene sequence (gene bank accession NM_001012515.1) in a concentration of 50 nM. In addition, a 50 nM
mixture composed of all 3 candidate siRNAs as described above was used. Cells were also treated with a 50 nM of
negative control siRNA, which was not related to heme biosynthesis and exhibited no target mRNA in the
transcripts of FECH sequence. Quantitative RT-PCR was used for determination of ferrochelatase
mRNA-expression. Computational analysis of expression data was made by using the ∆∆Ct method with reference
to ß-actin. Abbreviations: mock-siRNAs: siRNA sequences which are not related to heme biosynthesis and
exhibit no target mRNA in the transcripts of both NM_001012515.1 and NM_000140.2; FECH-510 siRNAs:
siRNAs directed towards the ferrochelatase sequence starting at bp 510; FECH-1140 siRNAs: siRNAs directed
towards the ferrochelatase sequence starting at bp 1140; FECH-2107 siRNAs: siRNAs directed towards the
ferrochelatase sequence starting at bp 2107; FECH-mixture siRNAs: equal amounts of the mixture composed of all
3 candidate siRNAs as described above. Given are the means of five independent measurements.

3.5 PpIX accumulation in LS174T cells treated with FECH-siRNA

After treatment of LS174T cells with FECH-siRNA, cellular PpIX of the LS174T
cells was quantitatively determined by a time-resolved fluorescence spectroscopy.
Cellular concentration of PpIX in FECH-1140 siRNAs transfected LS174T cells was
increased more than 20-fold compared to mock LS174T cells (Figure 3.3).
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Figure 3.3 PpIX accumulation in LS174T cells treated with siRNAs directed towards ferrochelatase mRNA

LS174T cells were treated two times (see Materials & Methods) with 50 nM siRNA directed towards different
regions of the ferrochelatase mRNA sequence (FECH mRNA, transcript variant 1, gene bank accession
NM_001012515.1). PpIX was quantitatively determined by time-resolved fluorescence spectroscopy.
Abbreviations mock: no siRNA-treatment; other: negative control siRNA; FECH-510: siRNA directed towards
the ferrochelatase sequence starting at bp 510; FECH-1140: siRNA directed towards the ferrochelatase sequence
starting at bp 1140; FECH-2107: siRNA directed towards the ferrochelatase sequence starting at bp 2107;
FECH-mixture: equal amounts of the siRNAs directed towards different regions of the ferrochelatase mRNA
sequence. X-axis: siRNA-treatment; Y-axis: nmol PpIX per 106 LS174T cells. Given are the means of five
independent measurements.

3.6 PpIX accumulation after combined FECH-siRNA and ALA treatment

In order to study the effect of a combined treatment with FECH siRNA in conjunction
with ALA, LS174T cells were treated twice with FECH-siRNA. Thereafter, ALA was
added in a concentration of 0.1 mM for 240 min. As a consequence, PpIX
fluorescence was increased more than 50-fold after combined FECH-1140 siRNAs
treatment and ALA stimulation compared to ALA-treatment alone (Figure 3.4).
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Figure 3.4

PpIX accumulation in cells treated with FECH-siRNA and ALA

LS174T cells were treated twice (see Materials & Methods) with 50 nM siRNA directed towards different regions
of the ferrochelatase mRNA sequence (FECH mRNA, transcript variant 1, gene bank accession
NM_001012515.1). Thereafter, ALA was added in a concentration of 0.1 mM ALA for 4 hours. PpIX was
quantitatively determined by time-resolved fluorescence spectroscopy. PpIX fluorescence was increased more than
50-fold after combined FECH-1140 siRNAs treatment and ALA stimulation compared to ALA-treatment alone
(mock).

Abbreviations mock: no siRNA-treatment; other: negative control siRNA; FECH-510: siRNA directed

towards the ferrochelatase sequence starting at bp 510; FECH-1140: siRNA directed towards the ferrochelatase
sequence starting at bp 1140; FECH-2107: siRNA directed towards the ferrochelatase sequence starting at bp 2107;
FECH-mixture: equal amounts of the siRNAs directed towards different regions of the ferrochelatase mRNA
sequence. X-axis: siRNA-treatment; Y-axis: nmol PpIX per 106 LS174T cells. Given are means of five
independent measurements.

3.7 Two-photon microscopy for intracellular PpIX fluorescence imaging

Images of treated LS174T-cells were generated by two-photon microscopy. Due to
the high depth of field of two-photon microscopy, the images showed sections
through the LS174T cells, where the fluorescence light collected stems from a layer of
approximately 1 µm thickness. Imaging was performed 5 µm above the cover slide
surface. With cell diameters of approx. 10 µm, the images are shown in figures
(Figures 3.5) and (Figures 3.6) represent sections through the axial center of the cells.
The images show the fluorescence detected in the PpIX channel reduced by the
fluorescence intensity detected in the autofluorescence channel. Since endogenous
fluorescence emission takes place in a broad wavelength range, almost identical
autofluorescence intensities are detected in both channels. Therefore, the distribution
of the autofluorescence signal in the PpIX channel can be compensated by subtracting
the fluorescence intensities detected in the autofluorescence channel from the
fluorescence signal detected in the PpIX channel. In addition, corresponding scatter
plots show the correlation between the images detected at different detection
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wavelengths, i.e., PpIX at 635±20 nm and endogenous fluorescence at 535±17.5 nm.
The use of scatter plots for signal decomposition was demonstrated by Moertelmaier
et al. 218. While mock-treated cells showed only weak fluorescence in the PpIX
emission band (Figures 3.5 a,b), treatment of LS174T cells with 50 nM FECH-1140
siRNAs resulted in a strong increase in PpIX fluorescence, which showed increased
brightness of the image and higher fluorescence intensity spots up to values of 250
counts PpIX/ms (Figures 3.5 c,d). Similarly, treatment of LS174T cells with 1 mM
ALA alone led to a strong increase of PpIX fluorescence compared with mock
treatment (Figures 3.6 a,b). However, PpIX fluorescence intensity was much higher
up to 2500 counts PpIX/ms after combined FECH-1140 siRNAs treatment and ALA
stimulation (Figures 3.6 c,d).
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Figure 3.5 Two-photon microscopy images of untreated cells and FECH-1140 siRNA treated LS174T cells
In the images a) and c), cells fluorescently labeled by PpIX are displayed. Fluorescence is as detected in the PpIX
channel, corrected for the fluorescence intensity of the autofluorescence channel. Please note that the intensity
scale is cropped in false colors for better visibility and intensity. Values that exceed the scale are shown in white.
The sharp yellow spot in image a) is an artefact. Corresponding scatter plots of two-photon-microscopy images of
LS174T-cells b) and cells treated with FECH-1140 siRNA d) are presented as well. The scatter plots show the
correlation pixel by pixel between images detected at different emission wavelengths. X-axis, endogenous
autofluorescence at λ = 535±17.5 nm; Y-axis, PpIX fluorescence at λ = 635±20 nm; counts/ms, counts/
millisecond.
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Figure 3.6

Two-photon-microscopy images of cells treated with ALA and cells treated with FECH-1140
siRNA in conjunction with ALA

In the images a) and c), cells fluorescently labeled by PpIX are displayed. Fluorescence is as detected in the PpIX
channel, corrected for the fluorescence intensity of the autofluorescence channel. Please note that the intensity
scale is cropped in false colors for better visibility and intensity. Values that exceed the scale are shown in white.
Corresponding scatter plots of two-photon-microscopy images of LS174T-cells treated for 4 h with 1 mM ALA
alone b) and cells treated with FECH-1140 siRNA in conjunction with 1 mM ALA d) are presented as well. The
scatter plots show the correlation pixel by pixel between images detected at different emission wavelengths. X-axis,
endogenous autofluorescence at λ = 535±17.5 nm; Y-axis, PpIX fluorescence at λ = 635±20 nm; counts/ms,
counts/ millisecond.

49

3.8 Visualization of the process of cationic liposomes mediated uptake of siRNAs

For evaluating the efficiency of PEG cationic liposomes and folate-PEG cationic
liposomes mediated uptake of siRNAs, we used fluorescence micrography to observe
the Cy3-labeled siRNAs (red) inside MDA MB 231 cells. After washing and fixing,
cell nuclei were stained with the fluorescent marker DAPI (blue) to more accurately
determine the location of the fluorescently labeled siRNA and to observe nuclear
morphological structure. Fluorescent images and differential interference contrast
(DIC) images are shown in (Figure 3.7).
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A: no-siRNA & no-liposome control DIC 100x

B: no-siRNA & no-liposome control TPF 100x

C:

siRNA alone control DIC 100x

D:

E:

PEG liposome-siRNA DIC 100x

G: no-siRNA & no-liposome control DIC 100x

siRNA alone control TPF 100x

F:

PEG liposome-siRNA TPF 100x

H: no-siRNA & no-liposome control TPF 100x
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I:

siRNA alone control DIC 100x

J:

K:

Folate-PEG liposome-siRNA DIC 100x

L:

Figure 3.7

siRNA alone control TPF 100x

Folate-PEG liposome-siRNA TPF 100x

Fluorescent microscopy of PEG-iposome and Folate-PEG-iposome-mediated
uptake of Cy3 labeled siRNA:

MDA MB 231cells were seeded in 8-well chamber slide at a cells-plating density of 1 × 104 /well. Cells were
grown 24h in standard-culture conditions prior to transfection. Cy3-labeled siRNA-PEG cationic liposomal
complexes or Cy3-labeled siRNA-folate PEG cationic liposomal complexes were applied to cells and incubated
for 4 h. After washing and fixing, the cells were viewed by using an Olympus BX50 Microscope for fluorescence
capabilities. Cell nuclei were stained with DAPI (blue). No-siRNA & no-liposome and naked Cy3-siRNA were
used as negative controls.
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As can be seen from the photographs presented in Figure 3.7 F, in the field of view
(Magnification 100x) about 40% of MDA MB 231 cells, in which the uptake of
cy3-siRNA mediated by PEG cationic liposomes, bright-red fluorescence could be
observed. Whereas in the case of the uptake of cy3-siRNA mediated by folate-PEG
cationic liposomes (Figure 3.7 L), virtually all MDA MB 231 cells showed bright-red
fluorescence in the field of view (Magnification 100x).
3.9 Silencing efficacy of FECH-siRNA transfected by folate-PEG cationic liposomes

To evaluate the silencing efficacy of the FECH-siRNAs which were transfected by
folate-coupled PEG cationic liposomes, confocal fluorescence-microscopy studies
were performed on MDA MB 435 cells by using a Leica TCS SP5 confocal
microscope for fluorescence detecting. Intracellular PpIX was excited with an
excitation λ =543 nm, a programmable Leica Spectral-Photometer (SP detector)
system setup allowed the acquisition of fluorescence emission spectra between 633
and 800 nm for detection. Confocal microscopy images confirmed that there was a
considerable enhancement of PpIX fluorescence in FECH-siRNA transfected MDA
MB 435 cells compared with mock-treated cells (Figure 3.8).
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A. Mock-treated MDA MB 4 35 cells

B. FECH- siRNA transfected MDA MB 435 cells
Figure 3.8 Silencing efficacy of FECH-siRNAs transfected by folate-PEG liposomes in MDA MB 435 cells
MDA MB 435 cells were seeded in 8-well chamber slide at a cells-plating density of 1 × 104 /well. Cells were
grown in standard culture conditions prior to transfection. 24h after seeding, FECH-1140 siRNA (50nM) in Folate
PEG cationic liposome-siRNA complex was applied to cells and incubated for 4 h. A second siRNA treatment was
conducted on day 4. Cells were viewed at day 6 by using a Leica TCS SP5 confocal microscope for fluorescence
capabilities. Folate PEG cationic liposome alone without siRNA treatment was used as negative controls. Confocal
microscopy images showed a considerable enhancement of PpIX fluorescence in FECH-siRNA transfected cells
compared with mock-treated cells.
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3.10 Preliminary results for detecting millimeter-sized tumors in the mouse model

Xenografted tumor foci in nude mice were detected by probing the emission of PpIX
fluorescence in vivo. Images were acquired with the fluorescence imaging system as
described in materials and methods section. Results are shown in Table 3.3 and Figure
3.9.
Table 3.3

Comparison of the detected positive xenografted tumor foci in vivo with respect to their fluorescence
imaging for different treatment groups

Experimental groups

Inoculated xenograft tumor (n)

Fluorescence positive tumor (n)

(A) Liposome alone

2

0

(B) ALA alone

4

0

(C) siRNA alone

3

0

(D) siRNA- lipoplexes +ALA (15mg/kg)

5

3

(E) siRNA-PG SX141+ALA (5mg/kg)

3

3

(F) siRNA-PG SX141+ALA (10mg/kg)

3

3

(G) siRNA-PG SX141+ALA (15mg/kg)

3

2

Immediately after ALA injection, no fluorescence increase was observed anywhere in
all of the mice. The fluorescent signals from group A (Figure 3.9 A), mice were
injected intratumorally with liposome alone, group B (Figure 3.9 B), mice were
injected intratumorally with ALA at different drug concentrations: 5mg (1mouse),
10mg (1mouse), and 15mg/kg (2mice), and group C (Figure 3.9 C), mice were
injected intratumorally with 0.067 nmol/gram of FECH-1140 siRNA alone were
close to the background and showed little nonspecific fluorescent signals, which
failed to detect the xenografted tumors in nude mice. In contrast, in group D (Figure
3.9 D1, D2, and D3), mice were treated with folate-PEG cationic lipoplexes containing
FECH-1140 siRNAs at a dose of 0.067 nmol/gram followed by a single dose of
15mg/kg ALA, fluorescent signals started to increase in tumors 120 minutes after
ALA injection. Dramatic enhancement of PpIX fluorescent signals from the areas of
xenografted tumors were detected at 180 minutes and reached the highest level at 240
minutes after application of ALA. Xenografted tumors approximately 3 mm in
diameter were easily recognized by detecting PpIX-dependent fluorescence emissions.
Similarly, mice were injected intratumorally with siRNA-SX141 nanoparticles in
conjunction with a low dose of ALA led to strong increase of PpIX-dependent
fluorescence. Localized fluorescent hotspots were detected at the sites of the
millimeter-sized tumors (Figure 3.9 E, F, and G). Circles indicate the xenografted
tumors of the nude mice.
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t=120min

t=180min

t=240min

(A) Liposome treatment alone

(B) ALA treatment alone

(C) siRNA treatment alone
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t=300min

t=120min

t=180min

t=240min

(D1) siRNA-lipoplexes +ALA 15 mg/kg (mouse#1)

(D2) siRNA-lipoplexes +ALA 15 mg/kg (mouse#2)

(D3) siRNA-lipoplexes +ALA 15 mg/kg (mouse#3)
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t=300min

t=120min

t=180min

t=240min

t=300min

(E) siRNA-PG SX141+ALA (5mg/kg)

(F) siRNA-PG SX141+ALA (10mg/kg)

(G) siRNA-PG SX141+ALA (15 mg/kg)
Figure 3.9 Tumor fluorescent images in nude mice
The fluorescence signals from (A) Liposome treatment alone, (B) ALA treatment alone and (C) siRNA treatment
alone, mice were close to the background and showed little nonspecific fluorescence signals which failed to detect
the xenografted tumors in nude mice. In contrast, dramatic enhancement of PpIX fluorescent signals from the areas
of xenografted tumors were detected in mice which were treated with folate-PEG cationic lipoplexes containing
FECH-1140 siRNAs at a dose of 0.067 nmol/gram, followed by a single dose of 15 mg/kg ALA (D1, D2, D3).
Similarly, mice were injected intratumorally with siRNA-SX141 nanoparticles in conjunction with different
concentrations of ALA (5 mg, 10 mg, and 15 mg/kg), led to strong increase of PpIX-dependent fluorescence.
Localized fluorescent hotspots were detected at the sites of the millimeter-sized tumors (E, F, G). Circles indicate
the xenografted tumors.
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4 Discussion
4.1 Relationship between FECH expression and PpIX formation

Tumor and surrounding normal tissue exhibit a different pattern of porphyrin
metabolites. A better understanding of heme metabolism and the different expression
levels of relevant enzymes between normal and malignant tissue is a key step in
clarifying the molecular mechanisms leading to tumor-selective accumulation of
endogenous PpIX.
We used quantitative RT-PCR to determine the mRNA expression levels of crucial
enzymes in heme metabolism pathway, including δ-Aminolevulinate synthase
(ALAS), porphobilinogen deaminase (PBGD), ferrochelatase (FECH), and heme
oxygenase (HO) in microdissected specimens of colorectal carcinoma tissue and
corresponding normal mucosa (Figure 3.1). Ferrochelatase expression was
significantly reduced in colorectal carcinomas compared to normal mucosa. Similarly,
a significant down-regulation of FECH mRNA expression was shown in gastric,
colonic and rectal carcinomas compared to normal tissue (Figure 3.2).
Among the heme metabolic relevant enzymes, PBGD and FECH are assumed to be
the two most important regulatory molecules in ALA-induced PpIX formation.
Previous investigations indicated that PBGD activity might be a strong regulatory
factor in ALA-induced PpIX formation 141, 142, 143, 144, 145. Hinnen suggested that a ratio
of PBGD and FECH could be used as a diagnostic so-called PDT power index 141.
However, no significant alterations in PBGD mRNA-expression between colorectal
carcinomas and normal mucosa were detected in this study. Our data confirmed the
result seen previously by Hilf et al. who constructed plasmid vectors containing the
PBGD DNA and demonstrated that transient transfection of cells with the cDNA of
PBGD was successful in elevating enzyme activity in tumor cell lines, but this did not
result in a comparable difference in the levels of PpIX 220.
Our present results demonstrated that ALAS1 mRNA was reduced in colorectal
carcinomas compared to corresponding normal mucosa of the same patients. Although
further investigation will be required to clarify the correlation between the mRNA
expression and enzyme activity, our data support the previous observation by
Kondo et al. 143 who found that hepatoma-derived cell lines exhibited decreased ALA
synthase activity. The exact mechanisms involved in decreased ALAS1 mRNA and
HO mRNA expression in colorectal carcinomas are not yet clear.
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Application of exogenous ALA is certainly an important factor for inducing
accumulation of PpIX in cancerous cells. However, besides the uptake of the
exogenous ALA, what is important for an increased PpIX formation seems to be the
degree that heme cycle is activated in cells, and the degree to which it is altered. No
matter how good the delivery of ALA may be, the formation of PpIX requires the
activity of several enzymes (Figure 1.3). Moreover, selective accumulation of PpIX in
cancerous tissues had been proved to occur under conditions without administration
of exogenous ALA 19, 20, 21. Thus, one of the main reasons for a selective accumulation
of PpIX in cancerous tissues seems to be the difference in the metabolizing ability of
the heme synthetic pathway between cancerous and normal tissues.
Previous investigations reported that the defects in FECH cause the accumulation
of protoporphyrin in patients with erythropoietic protoporphyria 116, 221. Data obtained
from our studies agree with prior studies in showing that the selective porphyrins
formation in human cancers was related to relatively lowered FECH enzyme activity
15, 130, 143, 147, 222, 223

. Moreover, our data revealed that a transcriptional down-regulation
of FECH occurred in gastrointestinal malignant tissue (Figure 3. 1 and Figure 3. 2).
In an in vitro model, we also found a close correlation between FECH mRNA
transcriptional level and enzyme activity. An increasing tendency for accumulation of
PpIX was accompanied by a decrease in the expression of FECH, and vice versa
(Table 3.1). Our data also showed that there were wide individual variations of the
FECH expression levels among different cell-type origins, which might possibly be
one of the causes for different capacity of the PpIX formation in different cancer-cell
types.
The functional argument to prove the causal relationship between FECH expression
and PpIX formation is now provided by the fact that the observed ALA resistance of
LS174T cells which showed a relatively high level of FECH mRNA expression, can
be overcome by functional application of siRNAs directed towards FECH gene. After
knocking down FECH expression in siRNA-transfected LS174T cells, cellular PpIX
was increased more than 20-fold compared to mock-treated cells (Figure 3.3). These
results support that there is an inverse relationship between FECH-expression and
PpIX-formation under the condition without exogenous ALA. The functional
application of FECH-siRNA alone can lead to an obvious increase in accumulation of
PpIX within colorectal cancerous cells by affecting the cellular heme metabolism.
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Incubation of LS174T cells with 0.1 mM ALA for 4 hours did not induce significant
accumulation of PpIX, However, if cells were treated with FECH-siRNA followed by
0.1 mM ALA, a dramatic enhancement of PpIX accumulation by a factor of 50 was
achieved compared to ALA-treatment alone cells (Figure 3.4). Sharply red
PpIX-dependent fluorescence could be observed in LS174T cells in which
FECH-siRNA was transfected alone (Figures 3.5 c,d) or in conjunction with
exogenous ALA (Figures 3.6 c,d).
We used siRNAs to block the translation of FECH in MDA MB 435 cells.
Confocal-microscopy images revealed that there was an obvious increase of
PpIX-fluorescence in siRNA-transfected cells (Figure 3.8), implying that the
down-regulation of FECH-gene expression was associated with a considerable
enhancement of PpIX accumulation in siRNA-transfected cells compared to untreated
cells.
RNAi can act as a powerful tool to switch off a specific gene expression 224. Although
the expression of FECH varies widely from one cell line to another, functional
application of siRNAs can achieve dramatic increase in the concentrations of PpIX in
different tumor cells.
4.2 Tumor targeting delivery of siRNAs mediated by nonviral vehicles

Targeting delivery is the ability to preferentially direct the drug-loaded system to
clinically relevant organs, tissues, cells or receptors. Tumor-specific delivery of drugs
by carriers can be broadly categorized as passive and active targeting strategies
according to drug transport mechanism. Passive targeting is the method determined by
the physicochemical properties, e.g., molecular weight and electric charges of the
macromolecular carriers relative to microvascular architecture characteristics of the
healthy and malignant tissues. Active targeting is usually achieved by highly specific
interactions between receptors on cell surface and targeting moieties conjugated to the
drug carriers, which allow preferential accumulation of the drug in the tumor tissues.
As far as tumor-targeting delivery of siRNA mediated by nonviral vehicle is
concerned, there are at least three aspects, which have to be addressed: transfection
efficiency, tumor selectivity, and biocompatibility.
4.2.1 Transfection efficiency

The first aspect involves the transfection efficiency. In the case of nonviral carriers for
in vivo delivery of siRNA, the sufficient amounts of siRNAs should be delivered to
the intended tissues and then to appropriate number of target cells selectively.
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Furthermore, the siRNAs have to be delivered to their desired action site inside the
targeted cells in sufficient concentration. The efficiency of RNAi in cell culture is
often lost when siRNA is used in vivo. It is most likely due to rapid clearance of
siRNAs by renal system 177, 178, degradation by nucleases 225, competitive uptake by
nontarget cells 178, difficulty in transporting across cell membranes once in the target
tissues 226, and endosomal trapping, i.e., upon uptake via endocytosis, the siRNAs
remain localized in the endosomes and/or lysosomes, failing to escape to the
cytoplasm 180.
A variety of nonviral vehicles have been used in nucleic acid delivery studies, but
their effectiveness remains orders of magnitude poorer than viral vectors.
Development of an effective delivery system is one of the most critical issues for
using siRNA as a diagnostic agent.
Among the nonviral transfer technologies, lipofection is probably the most commonly
used gene transfer method, providing safety of gene transfer associated with
reasonable transfer efficiency in vitro and in vivo 227. Although their gene transfer
efficiency and in vivo stability need to be improved, cationic liposome transfection
systems are considered relatively safe, simple to prepare and use, may be modified to
enhance the internalization rate, and therefore can offer a safe alternative to their viral
counterparts.
A chemically synthesized siRNA molecule is typically 21 nucleotides in length with
42 negative charges. This renders siRNA to be poly-anionic in nature. The
electrostatic repulsion effect between the siRNA and cell membrane results in an
extremely low membrane permeability for cellular uptake of naked siRNA. The
positively charged amine groups of the cationic liposomes can help in the
complexation and delivery of siRNA molecules. Dendritic polyglycerol-based
nanocarriers, which incorporated with positively charged amine groups, may
spontaneously form complexes with siRNAs, and facilitate the intracellular uptake of
siRNAs by the same token.
In this study, folate-PEG cationic liposome and PG-based cationic polymers were
selected as candidates for tumor-targeting delivery of siRNAs. MDA MB 231 cells
transfected with Cy3-labeled siRNA were examined by fluorescence microscopy.
There was a higher efficiency of uptake of Cy3-labeled siRNA in cells treated with
folate-PEG cationic liposomal siRNA complex (Figure 3.7 L) compared to PEG
cationic liposomal siRNA complex (Figure 3.7 F). Confocal microscopy confirmed
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that the folate-PEG cationic liposome is efficient in delivering siRNA to tumor cells
(Figure 3.8). FECH-siRNA transfected by folate-PEG cationic liposomes can
selectively knock down FECH expression in MDA MB 435 cells, consequently
leading to a higher accumulation of PpIX in those cells.
Folate-PEG cationic liposomes containing siRNAs were locally applied to
xenografted tumors on nude mice. Neither application of a low dose of ALA alone
(Figure 3.9 B) nor treated only with siRNA (Figure 3.9 C) can obtain sufficient
fluorescent signals for in vivo detection of the xenografted tumors. The most likely
explanation might be the different conditions between fluorescence detected in vivo
and in vitro. In contrast, dramatic enhancement of PpIX fluorescent signals from the
areas of xenografted tumors were detected in those of mice treated with siRNA
followed by a low dose of ALA (Figure 3.9 D1, D2, and D3). Similarly, mice were
injected intratumorally with siRNA-SX141 nanoparticles in conjunction with a low
dose of ALA, which led to a strong increase of PpIX-dependent fluorescence.
Localized fluorescent hotspots were observed at the sites of the millimeter-sized
tumors (Figure 3.9 E, F, and G).
Although the precise mechanisms for folate-PEG cationic liposomes and PG-based
cationic polymers mediated delivery of siRNAs to tumors are still not fully
understood, it is likely that both of them contain positively charged groups to form
lipoplexes/polyplexes with siRNAs, and further, gain the proper conformation and
appropriate size to increase the contact between lipoplexes/polyplexes and tumor cells,
finally, enter to tumor cells, then escape into cytoplasm to trigger RNAi to block
FECH expression, because silencing efficiency of FECH-siRNA had been observed
both in vitro (Figure 3.8 B) and in vivo (Figure 3.9 D1, D2, D3, E, F, and G).
Hyperbranched PG is one of the most important hyperbranched polymers, which can
be used as the core unit and functionalized with amine groups to introduce
DNA/siRNA transfection. Various parameters, such as molecular weight, amount of
nitrogen atoms, their protonation behavior at certain pH values, degree of
functionalisation (DF), and degrees of branching (DB) of a PG-based vector,
influence the efficiency of this vector for DNA/siRNA transfection.
For successful DNA/RNA transfection, the nucleic acid molecules have to be released
from endolysosomal vesicles before degradation of DNA/RNA starting. Polyplexes
covered in positive charges interacting with the cell membrane will produce a high
local concentration of polymers in endolysosomal vesicles, which renders these
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vesicles to become more sensitive to osmotic stress 228. On the other hand, the
accumulated dendritic polymers can buffer the endosomal pH, causing the ATPase to
transport more protons to reach the desired pH. However, the accumulation of protons
in the vesicle must be balanced by an influx of counter ions, which leads to an influx
of chloride anions. In the presence of dendritic polymers there will be a large increase
in the ionic concentration within the endolysosome 229. Moreover, the protonation of a
large number of amines in the dendritic polymers will also expand their polymeric
network by electrostatic repulsion of the internal positive charges 228. The increased
osmotic pressure ultimately causes swelling and rupture of the endolysosomal
membrane 228 229. Consequently, the DNA/RNA introduced by cationic polymers will
be rapidly liberated from the damaging endolysosomal environment. This is known as
“proton-sponge effect”. Shorter lifetime of the endocytic vesicles leads to faster
release of the nucleic acid molecules. Thus, the degradation of DNA/RNA molecules
could be avoided. However, whether there existed a similar phenomenon in the
process of PG-based cationic polymers-mediated siRNA transfection remains
unknown. Further basic research will be required, including precise measurements of
－
the endosomal Cl
concentration, pH, and the volume of endosomes after
internalization of polyplexes composed of siRNAs and dendritic PG cationic
polymers, etc.
4.2.2 Tumor selectivity

The second problem relates to the cancer specificity of the synthetic vehicles. The size
of the macromolecule is a crucial factor with respect to uptake by the tumor. An
understanding of the functional size and physiological regulation of transvascular
pathways is necessary to optimize the methods of delivery of siRNAs to tumors.
Passively targeted liposomal nanocarriers for avoiding rapid reticular-endothelial
system clearance and renal excretion have been suggested to be in the range of
70–200 nm in diameter 230, 231, 232. The general trend for liposomes of similar
composition is that increasing size translates into more rapid uptake by the
RES 232, 233, 234. On the other hand, small liposomes (≤ 60nm) could be excreted out of
kidney more rapidly than large ones. Liposomes of a defined size can be prepared by
the extrusion of lipid suspensions through a polycarbonate filter containing pores of a
similar size (e.g., 100 nm in diameter) to yield vesicles with their average diameter
around the pore size of the filter used 235, 236. Design of liposomal drug delivery
system using such small particle size puts this branch of medicine within the regimen
of nanotechnology.
Growing solid tumors have a higher vascular permeability than normal tissues. Stealth
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liposomes of approx. 100 nm in size passively target solid tumors by extravasation
into their extracellular space on intravenous administration. Extravasation is achieved
due to the disorganized tumor vasculature 237, 238, 239, 240.
Most normal tissues contain continuous capillaries with tight junctions 241. The clefts
between adjacent endothelial cells are usually 6-7 nm in width, which are
impermeable to lipoplexes. However, there exist sinusoidal capillaries in liver, spleen,
and bone marrow. Sinusoids are very large capillaries (diameter >30 µm) with
numerous fenestrae and a discontinuous basal lamina because of the interruptions.
Large compounds, even cells such as macrophages, can pass in and out of the blood
through the sinusoidal capillaries. Therefore there is a tendency for accumulation of
lipoplexes/polyplexes in those organs.
The homeostatic regulation of tissue and the growth of blood vessels are broken down
in solid cancers. Tumor cells often have the potential for more rapid proliferation than
normal cells 242. Unlike normal blood vessels, tumor vessels are dilated and poorly
differentiated 133. Tumors are proved to have a poorly organized vascular architecture,
irregular blood flow and the absence of functional lymphatic vessels. These immature
vessels have wide interendothelial junctions, large number of fenestrae, discontinuous
or absent basement membranes, and have leaky open gaps as large as 600 to 800 nm
between adjacent endothelial cells 243. The majority of tumors exhibited a
characteristic vascular pore cutoff size between 380 and 780 nm 134. These factors
favor the movement of macromolecules across tumor vessels. A number of studies
have confirmed passive accumulation of intravenously injected macromolecules in
experimental and clinical cases of solid tumors 191, 192, 193, 244. Macromolecules can
extravasate through the leaky capillary walls into the tumor interstitial space in a
size-dependent manner 245. Furthermore, tumors have impaired lymphatic
drainage 191, 192, 193, which is exacerbated by the compression of lymphatic vessels by
rapidly proliferative cancer cells 242. Thus, the drug carriers concentrate in the tumor,
and large increases in tumor-drug concentrations can be achieved 242, 246.
The exact location of the filtration barrier of kidney is the glomerular capillary wall,
which consists of thin endothelial cells with fenestrae measuring 60 – 80 nm in
diameter 247. As mentioned above, tumor vessels are proved to have leaky open gap.
The liposomes that we used in animal experiments had been prepared with a mean
size of 105 nm in diameter. Such liposomes would be able to avoid rapid RES
clearance. Moreover, they are large enough to prevent rapid renal excretion yet small
enough to extravasate into the tumor interstitial space through the leaky capillary
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walls.
Naked siRNAs are poly-anionic in nature and have low membrane permeability. In
order to facilitate the intracellular uptake of siRNAs, cationic functional groups are
usually required for in vivo delivery of siRNA. Liposome-siRNA complexes protect
siRNAs from rapid renal excretion by increasing their apparent size above the cut-off
value as well as from nuclease degradation by sterically blocking the access of RNase.
However, due to the positive charges, these complexes tend to form aggregates by
binding to negatively charged biomolecules in the blood stream. Moreover, such
positively charged complexes possess a propensity to interact with virtually any cell
type they will encounter, creating a need to insulate the interactive surface of these
complexes to promote the specificity of tumor targeting 180.
Shielding of the cationic surfaces of these liposomes by engrafting polyethylene
glycol on to the surfaces of the liposomes is supposed to gain a new conformational
state, which is capable of facilitating the transfer of these liposomes/lipoplexes across
the leaky tumor vessels and increasing the contact between lipoplexes and tumor cells.
As coating liposomes with PEG renders their surface more hydrophilic, which inhibits
the hydrophobic and electrostatic interactions between a wide variety of blood
components, e.g., opsonins and the lipoplexes 232, consequently prevents recognition
by macrophages and reduces the rate of clearance of lipoplexes by
reticular-endothelial system. These sterically stabilized liposomes can also reduce the
rate of nonspecific binding of lipoplexes to non-target cells, so as to enable them to
remain in the circulation longer 232, 244. A longer liposomal blood-residence time will
lead to repeated passages of these lipoplexes through the tumor microvascular bed,
and result in a greater efficiency of the extravasation per unit volume of the
convective current 193. However, this solution may create another problem, i.e., the
steric barrier imparted by PEG chains can interfere with the binding capacity of the
PEG-liposomes. To circumvent this hurdle, ligands can be coupled to the distal
terminus of the PEG chains. This strategy is expected to provide perfect accessibility
to the ligand molecules for their target cells. Active targeting ligands are believed to
restore the binding capacity of PEG-coated lipoplexes and lead to accumulation of
these lipoplexes in tumor tissues with more precision than that the passive targeting
processes will allow 209.
Folates are essential for cell survival 248. Tumor cells may have an increased demand
for folic acid to meet their rapid division. Folate receptors are frequently
over-expressed in a range of tumor tissues 195, 196, 197, 198, 199, 200, 201. Thus, covalent
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attachment of folic acid to PEG terminal possesses a recognition signal for specific
interaction with folate-receptor-positive tumor cells, and guides the lipoplexes to enter
into these cells via the same pathway as the free folic acid molecules. By combining
both the EPR effect and receptor-mediated internalization pathway, more siRNA
molecules are expected to be delivered into tumor cells. However, the requirement for
targeting ligands may not be obligatory. In the way of using lipoplexes for delivery of
siRNA to tumor, the most important reason seems to be the consequence of passive
convective transport through a leaky endothelium 249. Although active targeting is a
very attractive approach, successful results often depend on the effective passive
targeting, i.e., the success in passive targeting will help us achieve a successful result
for tumor-targeted siRNA delivery. It could be the same reason for the preferential
accumulation of siRNA-carrying dendritic PG nanoparticles in solid tumors.
Kainthan et al. used a hyperbranched polymer based on PG and PEG to bind DNA.
Results showed that the multivalent cationic polymers were able to condense DNA to
highly compact, stable, water-soluble nanoparticles in the range of 60 – 80 nm 250.
Polyplexes within the size range of 70 to 200 nm are small enough to extravasate into
the tumor interstitial space through the leaky capillaries in the tumor tissue while
cannot pass through the capillary walls with tight junctions in normal tissue.
Differences in angiogenesis and microvascular architecture between the healthy and
malignant tissues are responsible for the passive accumulation of macromolecules in
tumors.
Based on our animal experimental results, despite their preliminary character, it is
tempting to speculate that folate-PEG-cationic liposomal siRNA vehicle and dendritic
PG nanoparticles could be able to improve local bioavailability of siRNAs within
tumor tissue and facilitate the transfer of siRNAs across the tumor cell membrane. A
considerable large part of siRNAs could have been released into the cytoplasm, as
silencing efficiency of FECH-siRNA had been observed. Treatment of the mice with
FECH-1140 siRNA containing lipoplexes/polyplexes in conjunction with a low dose
of ALA led to strong increase of PpIX-dependent fluorescence, localized fluorescent
hotspots were detected at the sites of the millimeter-sized tumors of the nude mice
(Figure3.9 D1, D2, D3, E, F, and G). In contrast, treatment of the same dose of ALA
alone failed to detect the xenografted tumors in nude mice (Figure 3.9 B).
4.2.3 Biocompatibility

The third question refers to the biocompatibility of the synthetic vectors. Felgner et al.
pioneered gene delivery with liposomes containing a synthetic cationic lipid
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(DOTMA). These small unilamellar liposomes can interact spontaneously with DNA
to form lipid-DNA complexes 251. Cationic liposome-mediated transfection has been
routinely applied as an efficient method in both in vitro and in vivo gene delivery
studies, and in many human gene-therapy clinical trials 252. Liposomal systems offer
significant advantages over viral delivery options for in vivo delivery of nucleic acid
molecules. The Doxil (liposomal doxorubicin) therapy is currently used to treat
several human cancers. Many groups have already reported the usefulness of cationic
liposomes or modified liposomes for in vivo use. A significant benefit of liposomal
drug delivery systems for medical applications is that they are relatively safe (related
to their lack of immunogenicity and integration) compared to viral systems 246, 252,
suggesting that liposome could be one of good candidates for in vivo delivery of
siRNA.
In the same way, biocompatibility is one particularly advantageous characteristic of
polyglycerol (PG). PG contains an inert polyether-backbone with functional
hydroxyl-groups at every branch-end. This structural feature resembles the
polyethylene glycol (PEG). As is well known, PEG is a synthetic non-toxic polymer.
PG and its derivatives represent a versatile and promising class of materials for future
biomedical applications 214. Kainthan et al. synthesized a hyperbranched polymer
based on polyglycerol and PEG and then studied the blood compatibility of these
aminated PG-PEG polymers. Polymers showed insignificant effects on complement
activation, platelet activation, coagulation, erythrocyte aggregation and hemolysis
compared to polyethyleneimine (PEI). Cytotoxicity of these polymers is significantly
lower than that of PEI 250.
4.3 The diagnostic application potential of the siRNA-based inhibitor of FECH for early
cancer detection

Most of invasive cancers are preceded by premalignant alterations, such as dysplasia
or carcinoma in situ, and no anatomical imaging technique is available to detect such
alterations 253. PpIX-dependent fluorescence is associated with the early stages of
carcinogenesis and correlated with the progression of cancerous lesions 17, 19, 20, 63, 254.
Certain cancerous and pre-malignant tissues selectively accumulated with PpIX and a
significant tumor and normal (T/N) tissue contrast had been obtained following the
addition of excessive amounts of exogenous ALA 18, 255, 256. However, a significant
hurdle remained for the development of this technique as a routine clinical diagnostic
tool is that a fairly large dose of ALA must be applied for achieving sufficient cellular
levels of PpIX for detection of tumors.
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Although the success of using ALA-induced PpIX for early cancer detection depends
on many factors such as the administration routes of ALA, excitation and detection
modes, light wavelength, the location of the tumor, tissue type, and the concentration
of ALA, in terms of safety, the dose of ALA is absolutely the most important factor.
Tumors located in deeper tissue layers will require a larger dose of ALA for
PpIX-fluorescent detection. So far, using ALA-mediated PDD or PDT, fairly large
doses of exogenous ALA (100-500mg/kg of body weight) have to be administered in
order to achieve sufficient cellular levels of PpIX that are diagnostically or
therapeutically relevant in clinical studies or animal experiments 18, 36, 39, 47, 55, 255, 256.
Obviously, under extremely high-dose conditions, the undesired side effects of
exogenous ALA seem to be inevitable 80, 81, 82, 83, 84, 85, 86, 87, 88, 96. Therefore, there is an
urgent need for safe and efficient PpIX-inducing approach in vivo.
Here, we introduce a new concept for early cancerous tissues characterization. A
siRNA-based inhibitor of FECH is capable of controlling PpIX fluorescence emission
in cancerous cells. In conjunction with a very low dose of ALA (a single dose of 5
mg/kg) and encapsulated siRNA with dendritic PG nanoparticles, the siRNA-based
inhibitor of FECH can identify the millimeter-sized tumor in a mouse model (Figure
3.9 E). This provides a distinct advantage over a singular ALA-induced PpIX mode in
ensuring the safe use of ALA.
PpIX-mediated PDD is one type of the simplest imaging methods for viewing
tumor-selective fluorescence. In connection with endoscopic visualization techniques,
it is possible to utilize the investigator’s naked eyes as a detector to find early stages
of malignancies. Thus, to further explore this siRNA-based fluorescent approach
holds a promising potential to distinguish cancerous tissues from normal tissues and
obtain safer, more diagnostic accuracy for detecting cancers at their earlier stages.
Our data confirm a recent observation (2005) reported by Ohgari 130 who used an in
vitro model to investigate the expression of FECH and uptake of ALA related to the
accumulation of protoporphyrin. When mouse fibrosarcoma MethA cells, mouse
fibroblast L929 cells and Balb/3T3 cells were treated with ALA, the greatest
accumulation of protoporphyrin was observed in MethA cells, whereas the expression
level of FECH was the lowest in MethA cells. They also examined the uptake of ALA
by all three cell lines. The extent of ALA uptake by MethA and L929 cells was bigger
than in the Balb/3T3 cells. Those results signified that not only the low level of FECH
but also the exogenous ALA contributed to the accumulation of protoporphyrin IX in
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cancer cells.
The relative contribution of the FECH-siRNA versus ALA to induce selectively PpIX
accumulation within cancerous tissue is unknown. Even so, under the experimental
conditions employed here, the cumulative effects of combined treatments could be a
synergistic interaction. As showed in Figure 1.3, the final step of heme synthesis is
the incorporation of ferrous iron into PpIX to form heme, which is catalyzed by
FECH when sufficient cellular ferrous iron is available. It might become a
“bottle-neck” for PpIX conversion if ALA is applied to heme-synthesis pathway
exogenously. Under this condition, even a slight reduction of FECH activity in tumor
cells may contribute to the selective accumulation of PpIX in tumor tissues. In other
words, the approach that combines both the increased PpIX formation and reduced
PpIX conversion may yield much stronger efficacy of PpIX accumulation than either
the sole application of exogenous ALA (increasing formation of PpIX) or the siRNA
treatment alone (reducing conversion of PpIX).
Despite the fact that the siRNA-based inhibitor of FECH was proved to work
effectively in vitro, e.g., treatment of FECH-siRNAs alone can obtain sufficient PpIX
fluorescence signals to visualize cancerous cells (Figure 3.5 c and Figure 3.8 B),
under the conditions employed in our animal experiments, the presence of a low dose
of ALA was required for using siRNA-based inhibitor of FECH to identify the
millimeter-sized tumor in vivo. However, these results do not necessarily contradict
the hypothesis of inverse relationship between FECH-expression and PpIX-formation,
but suggest that the detection of tumors located in relatively deeper tissue layers
might require a much higher accumulation of PpIX in cancerous cells, which can be
achieved by combining both manipulation of increased PpIX synthesis and reduced
PpIX conversion.
The ability to accurately quantify the in vivo fluorescence is a critical step for
evaluating the exact level of PpIX accumulation in tumor tissue. This is a major
challenge. The detection of fluorescent signals in vivo is influenced by numerous
factors other than the fluorescent marker only. The application of
fluorescence-imaging techniques in living tissue is certainly complicated by the
penetration depth of the excitation light, the absorption of light by endogenous tissue
chromophores, and the multiple scattering feature of the excited fluorescence light.
The absorption of light by fluorophores is wavelength-dependent and the tissue
penetration is greater at longer wavelengths. Porphyrin-related photosensitizers are
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most efficiently activated by blue light since these wavelengths are generally
absorbed most easily by this sort of compounds 257, 258. However, blue-light tissue
penetrance does not penetrate beyond depth as little as 0.45 mm. Penetration depth of
0.7 mm may be achieved by green light. Penetration depth of 1 mm can be achieved at
a red light. Radiation with longer wavelengths penetrates more deeply into the tissues,
e.g., the penetration average values of near-infrared light (at 775 - 904 nm) ranged
between 6.3 and 8.5 mm 259. Since hemoglobin absorption diminishes at wavelengths
>600 nm, red light can be used to photosensitize deeper tissue structures. However,
porphyrin-related photosensitizers typically absorb red light less efficiently than blue
light 257. For example, their red absorption maxima at 630 nm are nearly 35 times less
intense than blue peaks at 405 nm 257, 258. When we used a LED with a peak-emission
wavelength of 505 nm as excitation light source (see Materials & Methods), the
penetration depth was limited within 1 mm and less the absorption intense than blue
light.
On the other hand, PpIX fluorescence propagation in tissue decreases exponentially
with distance due to part of the fluorescence will be reabsorbed, and the multiple
scattering feature of excited fluorescence could strongly decrease the overall
fluorescence intensity during its transportation to the detector. So that in vivo
fluorescence image can be subject to various artifacts that can compromise the
quantitative accuracy and lead to a negative in vivo fluorescence imaging result.
In contrast, when fluorescent images were acquired in vitro, for example, when
applying confocal microscopy, the thickness of the cell sample was less than 50 µm
and such cells allowed forming a thin layer of the sample on the slide surface. The
excitation laser beam penetrated the cells effectively and the returning fluorescence
was directed to the confocal pinhole and photomultiplier undisturbed. Thus, it is quite
feasible for the acquisition of a higher resolution PpIX fluorescence imaging
compared to in vivo detecting methods.
Limited by its penetrating depth, PpIX-mediated PDD may be more suitable for
detecting superficial macroscopically indiscernible malignancies rather than deep
invasive lesions, as the excitation light penetrates only the superficial layers of tissue.
However, most of human cancers originate from epithelial cells, which cover body
surfaces and the interior of organs 260. Many early malignancies occurred in areas of
relatively superficial tissues, in intraepithelial layers at depths of a few hundred
microns 261, 262.
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Therefore, early detection of carcinomas often relies on techniques to detect tissue
abnormalities on these interior hollow-organs surface and the surface of the body
cavities. Photodynamic diagnosis used in conjunction with conventional white-light
endoscopy could offer a practical method for in situ detection of the PpIX
fluorescence in the superficially transformed epithelial cells or neoplastic tissues of
the accessible internal hollow organs, and thereby increase the sensitivity and
specificity of endoscopic diagnosis for finding early malignancies.
Overall, the following conclusions can be drawn to sum up this dissertation:
(1) A significant transcriptional down-regulation of FECH expression occurred in
gastrointestinal malignant tissues.
(2) FECH is the key player in PpIX conversion. Silencing of FECH by functional
application of siRNA alone can lead to a dramatic enhancement of PpIX
accumulation in LS174T colorectal carcinoma cells and MDA-MB-435 human
mammary carcinoma cells.
(3) In vivo application of siRNA-based inhibitor of FECH in conjunction with a very
low dose of ALA leads to a significantly higher endogenous PpIX level at the site
of the xenografted tumor in the mouse model. Either siRNAs encapsulated within
folate-PEG cationic liposomes or bound to polyglycerol-based nanocarriers
worked well in this regard, supporting the hypothesis that down-regulation of
FECH expression plays a crucial role for selective accumulation of PpIX in
cancerous tissues.
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5 Prospects and future research directions
In the present work, the role played by FECH for the selective accumulation of PpIX
in cancerous tissues and the possibilities of using siRNA-based inhibitor of FECH to
induce accumulation of PpIX in cancerous tissues have been discussed. The main
benefit of this approach lies in the fact that it may reduce the undesired side effects of
exogenous ALA which are inevitable when fairly large doses currently must be used
in a singular ALA-induced PpIX mode. Some of the results deserve to be further
explored.
Although the siRNA-based inhibitor of FECH was proved to work effectively in vitro
and resulted in encouraging results in the animal experiments, it cannot be claimed to
be feasible in vivo now. Numerous challenges remain before this siRNA-based
fluorescent approach can be translated into clinics to become a realistic
tumor-diagnostic tool. The development of non-viral vectors for in vivo DNA/siRNA
delivery, especially clinical applications, has suffered from low transfer efficiency,
e.g., the cationic polymers are still lacking three orders of magnitude compared to
viral systems, and therefore investigations have been focused on improvement of their
delivery efficiency. The following criteria should be taken into account on the design
of a synthetic vector for delivery of siRNAs in vivo: providing the ability to complex
and compact the siRNAs, ensuring the good nuclease stability and reducing renal
filtration, having the capacity of preventing recognition and clearance by the
reticular-endothelial system, increasing the accessibility of the complexes to interact
with the intended tissues and avoiding nonspecific cell binding, efficient endocytosis,
with the capability of endolysosomal escape, ensuring siRNAs to be liberated from
the complexes after endolysosomal escape, and lowering the cytotoxicity of the
vector, etc.
As described above, for successful in vivo RNAi activation, siRNAs need to
overcome multiple barriers to reach the sites of interest, e.g., the rapid renal excretion
of naked siRNAs; nonspecific distribution of these siRNA-containing complexes
throughout the body; degradation of siRNAs by nucleases and so on. Moreover, due
to the positive charges, the siRNA-containing cationic complexes possess a
propensity to interact with virtually any cell type they will encounter. The cationic
complexes also tend to form aggregates by binding to negatively charged
biomolecules in the blood stream, which may lead to more rapid clearance of these
siRNA-containing complexes by reticular-endothelial system. Local injection of
siRNAs at the site of pathology can avoid many of the difficulties that would be
encountered after systemic administration. Thus, local application of siRNAs
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becomes a popular approach to increase tumor tissue concentrations of siRNAs.
Unfortunately, local administration of siRNAs can limit the effects on distance tissues
and it is not always feasible because the target tissue cannot be reached or covers an
area that is too large to be feasible for a local injection protocol 180. Furthermore, in
terms of early cancer diagnosis, the local application approach is difficult to obtain an
ideal distribution of fluorescence for using PpIX as a diagnostic probe to scan early
malignancies, because cancerous lesions could be located in different parts of the
epithelial tissues inside the body. Thus, in vivo systemic siRNA-delivery approach
will be required.
In addition, it is fair to assume that using FECH-siRNA to manipulate the heme
synthetic pathway in tumor tissues is likely to affect other tissues. The nonspecific
silencing effect could be reduced after having applied folate-PEG cationic liposomes
or PG-based nanoparticles as tumor-targeting carriers to deliver FECH-siRNA.
However, the extent of the selectivity for malignant cells in vivo remains unknown.
Further studies based on animal models will be required to evaluate whether
folate-PEG cationic liposomes and PG-based nanoparticles can act as the ideal
vehicles for in vivo systemic delivery of siRNA as well as their stability and
cytotoxicity. These will need to be performed in a series of separate experiments.
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Abbreviations
AKs
ALA
ALAS

Actinic keratoses
δ-Aminolevulinic acid
δ-Aminolevulinate synthase

ALAD
2', 5'AS
BSA
CCD

δ-Aminolevulinate dehydratase
2', 5' Adenylate Synthetase
Bovine serum albumin
Charge-coupled device

CIS
CO
CSF
CT

Carcinoma in situ
Carbon monoxide
Cerebrospinal fluid
Computerized tomography

DB
DF
DMEM

Degree of branching
Degree of functionalisation
Dulbecco’s modified Eagle’s medium

dsRNA
EDTA
eIF2α

Double strand RNA
Ethylenediaminetetraacetic acid

EPR effect
FBS
FDA

Elongation initiation factor 2α
Enhanced permeability and retention effect
Fetal bovine serum
Food and Drug Administration

FECH
Fe/S cluster
FR
GABA

Ferrochelatase
[2Fe-2S] iron-sulfur clusters
Folate receptor
G-aminobutyric acid

GI
HO
HPD
HPLC
IR

Gastro-intestinal tract
Heme oxygenase
Hematoporphyrin Derivative
High performance liquid chromatography
Infrared

MRI
NADH
NADPH

Magnetic resonance imaging
Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate

Na+ K+ATPase Sodium potassium ATPase
NIR
Near infrared
NO
Nitric oxide
PAMAM
Polyamidoamine
PBS
Phosphate buffered saline
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PBGD
PDD
PDT
PEG

Porphobilinogen deaminase
Photodynamic diagnosis
Photodynamic therapy
Polyethylene glycols

PEI
PG
PKR
PLL

Polyethylenimine
Polyglycerol
Protein Kinase R
Poly-L-lysine

PpIX
RNAi
RES
RISC

Protoporphyrin IX
RNA interference
Reticuloendothelial system
RNA-induced silencing complex

RT-PCR
SD
siRNA

Reverse transcription polymerase chain reaction
Standard deviations
small interfering RNA

shRNA
UV

small hairpins RNA
Ultraviolet

λex
λem

Excitation wavelength
Emission wavelength
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