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| GENERAL INTRODUCTION

Photodynamic therapy (PDT) has been developed @atrent modality for a number of
malignant and non-malignant disorders. PDT treatment is based on the presence of a drug with
photosensitising and tumour localizing properties combined with visible light and oxygen.
Separately, these three components are harmless, but in combination they may destroy tissue and
inactivate cells.

Meta-tetra(hydroxyphenyl)chlorin  (mTHPC) or Foscan® is a second-generation
photosensitiser and one of the most effective studied to date. It is about two orders of magnitude
more active compared to Photofrin. Foscan® has been granted European approval for palliative
treatment of patients with advanced head and neck cancers and also it has been successfully
employed for treatment of early squamous cell carcinoma, basal cell carcinoma, prostate,
pancreatitic cancer. Clinical application of mTHPC meets several difficulties due to high
hydrophopicity of this photosensitiser. In aqueous media like blood plasma, mTHPC strongly
aggregates and as such is ineffective in producing singlet oxygen, thus resulting in a drop of its
photosensitizing efficiency. To avoid aggregation effects and to reach monomerization of
hydrophobic drugs various delivery vehicles have been used, one of the most effective being lipid
vesicles. Liposomal drug carriers posess some additional advantages. They are non-toxic,
biodegradable and their membrane melts with the cell membranes, leading to intracellular
delivery of the liposomal drugs. The correlation between liposomal size and the diameter of the
pores in the tumour capillaries makes it possible to carry out passive drug delivery.

There are several commercial liposomal mMTHPC formulations, such as Foslip and Fospeg.
Foslip is a recently designed third generation psestsitiser based on unilamellar
dipalmitoylphosphatidylcholine/dipalmitoylphosphatidylglycerol ~ (DPPC/DPPG) liposomal
formulation of meta-tetra(hydroxyphenyl)chlorine provided by Biolitec AG (Jena, Germany).
Fospeg is a sterically stabilized form of Foslip, which in addition contains small amount of PEG-
phosphatidylethanolamine.

Inclusion of a photosensitiser into a lipid membracen significantly change its
pharmacokinetic and photophysical properties. For successful application of liposomal
photosensitiser formulations, the detailed knowledge about their interactions with biomembranes

and proteins is required. Due to intensive energy transfer processes between photosensitiser



molecules under the conditions of a high local concentration inside the lipid bilayer, where the
average distance between molecules is less than Foérster radius, there could be significant changes
in absorbance and fluorescence properties of the sensitiser as compared to free sensitiser.
Intermolecular interactions could even cause a concentration fluorescence quenching. It is
therefore necessary to take into account information about such processes while interpreting the
results obtained through the application of different optical techniques to investigate liposomal
behaviour in biological systems.

The main objective of the present work was to study photosensitiser redistribution
processes between liposomal mTHPC formulations and lipid membranes or plasma proteins. Due
to the high local mTHPC concentration inside the membrane of the commercial liposomal
mTHPC formulations, direct application of well-known spectroscopic techniques to estimate the
pattern of photosensitiser redistribution meets several difficulties. We describe the phenomenon
of photoinduced fluorescence quenching, which takes place at high local photosensitiser
concentrations. In those conditions, small light doses can almost completely quench the
fluorescence of the sample. This phenomenon was found to be of great importance while
investigating distribution patterns of liposomal mTHPC formulations using optical techniques.
We have also applied this phenomenon to analyze photosensitiser redistribution kinetics from

liposomal mMTHPC formulations to lipid membranes and plasma proteins.



II' ORIGINS AND CLINICAL APPLICATIONS OF PHOTODYNAMIC THERAPY

Phototherapy has been known for over 3000 years by the Egyptians, the Indians and the
Chinese (Spikes, 1985). The first “modern” scientist in the field of phototherapy was Niels
Rydberg Finsen. From 1895 until 1903, he performed phototherapy on 800 patients and was
awarded the Nobel Prizein 1903 for Physiology-Medicine for his work on the use of light from a
carbon arc in the treatment of skin tuberculosis (Szeigtiat, 2001). The concept of cell death
being induced by the interaction of light and chemicals has first been reported by a German
medical student Oscar Raab. In the winter semester of 1897-1898 he started an investigation on
the toxicity of acridine to paramecia. This work was carried out under the direction of Professor
Dr. Hermann von Tappeiner. Initially, Raab found that the apparent toxicity of low
concentrations of acridine varied significantly from day to day; however he soon noted that the
toxicity depended on the sunlight intensity in the laboratory. He was then able to show that low
concentration of acridine and some other dyes such as eosin, that had no effect in the dark,
provoked the rapid killing of paramecia in the presence of light (Raab, 1900). In 1902, C.
Ledoux-Lebards observed that eosin killed paramecia more efficiently in open flasks than in a
closed bottles (Ledoux-Lebards, 1902) and he postulated that the presence of oxygen was
essential for photoinactivation. It is in 1904 that von Tappeiner and Jodlbauer coined the term
“Photodynamische Wirkung“ (von Tappeiner and Jodlbauer, 1904) which we translate as
“photodynamic action” for oxygen-requiring photosensitized reactions in biological systems.

Although the mechanism of action was still unknown, it did not take long for this new
therapeutic approach to be tried out on patients. The first paper reporting a clinical trial was
published in November 1903 by von Tappeiner and Jesionek (von Tappeiner and Jesionek, 1903).
Several other trials were performed on patients, mainly by Dreyer and Neisser, that were
unfortunately were rapidly terminated because of severe side effects or temporary therapeutic
efficacy. The photosensitisers used were dyes like chinidine, acridine or eosin and further studies
were devoted to the development of new clinically relevant photosensitisers.

In 1911, Walter Hausmann injected 2 mg hematoporphyrin subcutaneously in mice, which
were exposed to sunlight and he observed edema, erythema and skin necrosis (Haussman, 1911).
The first report on the use of hematoporphyrin in humans was done by Meyer-Betz who injected
himself with 200 mg hematoporphyrin and became extremely photosensitive for more than two

months (Meyer-Betz, 1913). Accumulation and retention of hematoporphyrin in human



neoplastic tissue was evidenced by Auler and Banzer in 1942 (Auler and Banzer, 1942).
Interrupted by the Second World War, clinical studies on photodynamic treatments were no
longer performed until the middle 70’s, largely through the efforts of Dougherty.

The improved understanding of the tissular and cellular factors that contradPwdll as
an increased experience have led to much larger and better-controlled clinical trials, leading to
the approval of PDT drugs. Photofeinwas the first approved in 1993 in Canada for bladder
cancer PDT. It is now approved in more than 40 countries (1995 approval in USA, Canada,
Japan and Europe) for advanced and early stage lung cancer, superficial gastric cancer,
oesophageal adenocarcinoma, cervical cancer and bladder cancer. Revetamived FDA
approval in 1999 for treatment of actinic keratosis and blue light, followed in 2001 by ®pscan
approved for advanced head and neck cancer, in Europe, Norway and Iceland ®Medgix
approved for treating actinic keratosis, superficial and nodular basal-cell carcinoma in Europe.
PDT is also indicated in non-oncological diseases such as wet age related macular degeneration
(Visudyne®, FDA and European approval in 2000). A number of other conditions have also been
treated including psoriasis, rheumatoid arthritis, menorrhagia and benign prostatic hyperplasia. In
addition, PDT-mediated immune-modulation, bone marrow purging and PDT of certain bacterial,

fungal and viral infections are being evaluated.



Il PHOTOSENSITIZATION MECHANISMS

[11.1 Pathways of molecular excitation and deactivation

The absorption of light by a chromophore is the initial step in all photophysical and
photochemical reactions. The energy of the absorbed light promotes molecules from their ground
state to higher energy states (exited states). At room temperature, almost all the molecules are in
their ground state, which is the electronic state associated with the lowest energy and a
configuration where all electrons are orbitally paired. During an electronic transition, one of the
electrons is excited from an initially occupied orbital of low energy to a previously unoccupied
orbital of higher energy. This process transforms the molecule from its ground state into an
excited state.

The excited state;Shas a different electronic distribution than the ground statn® is
energetically less stable thap Be-excitation must take place to permit the release of the surplus
of energy. Several physical pathways leading to deactivation can be followed, represented in the
Jablonski diagramfif. 3.1). A molecule in a high vibrational level of the excited statevll
quickly fall to the lowest vibrational level of this state (Vibrational Relaxation: VR). Also, a
molecule in a higher excited statg&ll finally fall to the first excited singlet state; @internal
Conversion: IC). Then, the singlet statec8n rapidly return to the ground state levgb$ two
mechanisms, a radiative process which is fluorescence, or a non radiative process (IC). During
this internal conversion, the excess of energy of the singlet state is released as heat, which
dissipates into the tissue or the solvent. Concerning the radiative process, a photon is emitted with
an energy equal to the energy gap between the ground sfatmdShe excited singlet stateYS
levels. This implies that the fluorescence does not depend on the excitation wavelength
(Vavilov’s rule). Emitted photons have lower energy than absorbed photons, so fluorescence
emission maximum is red-shifted as compared to the absorption maximum, this is known as the

StOkES-Lommel’S |a.W (lbbmission> hUabsorptior).
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Figure 3.1: Jablonski diagram, where IC stands for internal conversion, ICS for intersystem
crossing and VR, for vibrational relaxation.

In addition to radiationless and radiative processes, the singlet state can undergo a change
to a triplet state Tvia a pathway called intersystem crossing (ISC). The lifetime of the triplet
state is much longdr ~107s) than the lifetime of the singlet state~10 %), thus increasing
dramatically the probability of a reaction with a neighbouring molecule. There are several
pathways for the triplet statg 1o return to the ground statg. ®e-excitation can occur with the
emission of a photon, calles phosphorescence, but at room temperature and due to Vavilov's rule,
phosphorescence is very weak and difficult to detect. The excited triplet stae dlternatively
deactivate by undergoing intersystem crossing followed by vibrational relaxation.

For most of the organic molecules, only the singlet staten8 triplet state jTof lowest
energy can be considered as likely candidates for the initiation of photochemical and
photophysical reactions. This is due to the fact that higher order electronic sBjterfdergoes
very rapid internal conversion from,  § and from T, to T;. This generalization (which was
used here in the description of the Jablonski diadign3.1) is known as Kasha'’s rule.

I11.2 Mechanism of photosensitized reactions

Photosensitized reactions can be defined as a process in which light activation of a

chromophore induces chemical changes in another molecule than the chromophore itself. The



initial step of this reaction is the absorption of a photon by the photosensitiser, leading to the
generation of an excited statéP). In the presence of oxygen the reaction can follow two
competing pathways called Type | and Type Il reactions (Shaetraln 2000). According to the
definition established by Foote (Foote, 1991) and as showvig.ir8.2, a Type | mechanism
involves the direct interaction 8P with a substrate (S), whereas in a type Il proéEsseacts

first with molecular oxygen to produce highly reactive oxygen intermediates that easily initiate

further reactions.

Oxidized products Oxidized products
[ S %0,
102 S.++ P .- / S.-+ P -t

p TPl gy Typel oo

30, Th“ s
op

Figure 3.z Diagram of photosensitizations mechanisms occurring after absorption
of photons by a photosensitiser.

[11.3 Typel photosensitization processes.

In a type | photochemical reaction, the exited triplet state of the photosensiser (
interacts directly with the substrate molecule (S) and leads to the formation of pairs of neutral
radicals or radical ions following an electron or hydrogen transfer as shown in the Egs. 1 & 2.

Most biological substrates undergo an oxidation : (Eqg. 1).

P*+S—— P+ST 1)

Pr+S— P+S )
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Both the excited photosensitiser and the ground state substrate can act as a hydrogen donor
(Eq. 3-4).
PH*+S—» P+ SH 3)

P*+ SH—— PH+S 4

The resulting radical species from these Type | primary processes can subsequently
participate to different kinds of reactions. In the presence of oxygen, for example, oxidized forms
of both sensitiser or substrate readily react witht@give peroxyl radicals, thus initiating a

radical chain auto-oxidation (as described by Egs (5) and (6)).

SO0+ SH —— &+ SOOH  (6)

Semireduced forms of the photosensitiser or of the substrate also interact efficiently with
oxygen and the electron transfer which takes place between the reactants, generates superoxide

radical anion (Egs. 7).

S+0,—— S+@
) ) (7)
P+0O,—— P+0

Any reaction that generates, Owill also produce hydroperoxide B, by spontaneous

dismutation (eq. 8) or one-electron reduction (eq. 9).
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0, +0, +2H"—— Q+ H,0, (8)

0, +2H " +e —— HO, 9)

Hydroperoxide is a moderate oxidant, but when it accumulates, it can react with superoxide
radical anions (eq. 10) or undergo ferrous ion catalysed reduction to give rise to an extremely

reactive hydroxyl radical (Haber-Weiss reaction) (egs. 11 & 12).

O, +H;0, —— Q+OH + OH (10)

HaberWeiss
reaction

0, +Fe" —— Q+Fe&" (11) }

H,0, + Fé* —— OH+ OH + Fe*  (12)

[11.4 Typell photosensitization processes.

This type of reaction requires the presence of molecular oxygen. In most cases, the reaction
proceeds via energy transfer from the excited triplet state photosensitiser to the oxygen molecule
in its triplet state. Singlet oxygen can only be generated by photosensitisers that possess an
energy gap between the ground state and the excited triplet state which is higher than the energy
Ea needed to excite oxygen into its excited singlet staje3.3. Ea being very low (94 kJ mdi
(van Lier and Spikes, 1989)), almost all tetrapyrrolic photosensitisers can mediate generation of
singlet oxygen. Theoretically all molecules absorbing light at wavelengtks 1260 nm can
mediate generation d0..

Due to the higher lifetime of triplet state of porphyrin-like photosensitiser compared to the
singlet state, photochemical reactions most likely occur from the triplet state. The oxygen is then

excited from its ground state into excited single state:

ho 3 1
P—s1p* — %P1 — P40, (13)

For pure Type Il reaction, the quantum yield formation of singlet oxygen can be defined as:

12



ke'[T4] . [S]
P = Pr = (14)

Kohosp T 1] + kisc'[T1] + kR'[T4] - [S]

Singlet oxygen is a very reactive species, it is much more electrophilic than its ground state
and can oxidize biomolecules very rapidly. It is a metastable species with a lifetime varying from
about 4 us in water to 25-100 ps in non polar organic solutions, which can be considered as a
model for lipid regions of the cell (Koheat al, 1995). The life time of singlet oxygen decreases
in biological environment due to the presence of various quenchers, and is calculated to be about
170-330 ns (Baker and Kanofsky, 1992). According to Moan and coworkers, this short lifetime
allows the diffusion of singlet oxygen to a maximal distance of 50 nm at the sub-cellular level
(Moan, 1990; Moan and Berg, 1991; Moan and Boye, 1981). Singlet oxygen can be either
deactivated by returning to the ground state, or react with electron-rich regions of many
biomolecules to give oxidized species.

BN\ M
S,
]
IC
(‘ _!l i ISC
Energy
S, A ool transfer
T:I—- 02
14+
. Fluor- A
Absorption escence | Phosphor- s

1270nm  Da~0,5
0.98 eV

escence

U S,

3
“a

Figure 3.Z: Simplified Jablonski diagram, showing the activa
and deactivation pathways during a Type Il reaction.

[11.5 Photosensitisers
Haematoporphyrin derivative (HpD) has been for a very long time the only photosensitiser

used in clinical PDT. It belongs to the so called first generation photosensitisers. During the 80’s
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it has becomes evident that HpD was not a perfect photosensitiser. It is a very complex mixture
and the exact composition of a such mix is rather difficult to reproduce. The absorption band in
the red is at 630 nm with a rather limited tissue penetration, at the beginning of the “therapeutic
window” and the molar extinction coefficient is rather low (about 117@rkt"). Although HpD
photodynamic activity is acceptable, it is still modest. Finally, the selectivity for the target
(tumour) is low, therefore inducing side effect such as skin sensitisation for several weeks.
Bonnett established several requirements for an ideal photosensitiser (Boahe989):

« Strong absorption in the red part of the visible spectrum (> 650nm)

- High quantum yield of triplet formation, with a triplet energy greater than 94 KJnhel
excitation energy foAy singlet oxygen

« High singlet oxygen quantum yield

« Lack of dark toxicity

« Pharmacokinetic profile with rapid clearing from the body

« High selectivity for the tumour tissue versus the healthy tissue

- Uniform stable composition, and preferably a single substance

HO,
OH

OH OH

m-THPP m-THPC m-THPBC

Figure 3.4 : Molecular structure ot THPP,mTHPC andm-THPBC.

Second generation photosensitisers have been developed so far in agreement with the above
requirements of the ideal photosensitiser. They are constituted by pure molecular synthetic
structures (Phthalocyanines, naphthalocyanines, benzoporphyrins, purpurins, chlorines and

14



porphycenes) and natural porphyrinoids (pheophorbides, bacteriochlorins, bacterio-
pheophorbides). Most of the second generation photosensitisers are tetrapyrrolic compounds with
side chains, added to stabilise and improve the absorption in the red. Phthalocyanines are
tetrapyrrolic compounds, where pyrrole groups are condensed with a benzenic group and where a
nitrogenous bridge replaces a methene one, thus enhancing the molar absorption coefficient of
these molecules and with Jaax absorption around 700 nm. Texaphyrins are also synthetic
relatives of porphyrins. Due to their side chains, these molecules are water soluble and rapidly
cleared from the circulation and possess a wide absorption band centered at 732 nm.
Unfortunately 2 generation sensitisers generally do not manifest a large tumour localizing
selectivity. Therefore research has been focused on developing third generation photosensitisers.
With this aim 29 generation photosensitiser are introduced into a vehicle (e.g. liposomes) which
will drive the molecule towards the desired target. Another method is to graft amino-acids,
proteins, polymers, carbohydrates or anti-bodyies on an existent photosensitiser (Moser, 1998).
The photosensitisers of tetraphenilchlorin series are derived from the meso-
tetra(hydroxyphenyl)porphyrins, they are namely the meso-tetra(hydroxyphenyl)chlorin (m-
THPC) and the meso-tetra(hydroxyphenyl)-bacteriochlorin (m-THPB&)3.4). The discovery
and the chemical synthesis pathway of these compounds was performed by Boreett
(Berenbaunet al, 1986; Bonnetet al, 1989). The ortho, meta and para isomers of porphyrin
and chlorin have been testddy( 3.5 and the meta isomer m-THPP was found to be the most
active isomer in the vivo assays (Berenbauet al, 1986). The same meta isomer of chlorin m-
THPC was also identified as the most active chlorin isomer (Boainaitf 1989).

HO
O~ O O
OH

meta para ortho

Figure 3.5: m, p ando isomers of the hydroxyphenyl substituent.

The attractive properties of this series are the strong absorption in the far red region. Where
the molar extinction coefficient in ethanol is 1170'dvh? for Photofrin® at 630 nm, it is 3400
Mcm? at 644 nm for m-THPP, 29600 Mm™ at 650 nm for m-THPC and 91000 %m™ at

15



735 nm for m-THPBC. They have a high triplet state quantum yield formation ranging between
0.69-0.89 and a good quantum vyield in singlet oxygen formation (0.43-0.45).

Because of these photophysical properties those photosensitisers were expected to be
valuable compounds for PDT. Actually it has been shown that m-THPP was 25-30 times as
potent as haematoporphyrin derivative in sensitising tumours (Berendétaaln 1986) and m-

THPC, considering global photodynamic doses (light doses x photosensitiser dose), was found to
be 100 to 200 times as potent as haematoporphyrin derivative (&hedry1998; Savaret al,
1997).

[11.6 5,10,15,20-meta-tetra(hydroxyphenyl)chlorin

5,10,15,20-meta-tetra(hydroxyphenyl)chlorin (mTHPC) is a photosensitiser of the second-
generation (Bonnetet al. 1989). It mediates cell photodamage, principally through singlet
oxygen formation (Melnikova, Bezdetnayat al. 1999) and its efficacy is sensitive to
oxygenation conditions (Coutiert al. 2002). In 2001, mTHPC has been granted European
approval for palliative treatment of patients with advanced head and neck cancers and it has been
successfully employed for treatment of early squamous cell carcinoma (Gatppkr2003;
Hopperet al. 2004), basal cell carcinom&daset al, 200]), prostate Moore et al, 2009,
pancreatitic cancerBown et al, 2003).

mTHPC is a highly hydrophobic compound and this defines its affinity to cell membranes
and plasma proteins. Since interactions with plasma components and blood cells can play an
important role in mTHPC-PDT efficacy, they are intensively studied (Michael-&itas 1995;
Hopkinson et al. 1999; Kessel 1999). Sasnous&t al. studied the kinetics of Foscan
disaggregation in albumin-enriched solutions and found them to be very sensitive to the protein
concentration and incubation temperature. Kinetic analysis demonstrated that two types of
Foscan aggregated species with different rate constants could be involved in disaggregation:
dimers and higher aggregates. Disaggregation considerably increases with temperature rise.
Compared to albumin, Foscan disaggregation kinetics in the presence of lipoproteins displayed
less dependency on lipoprotein concentrations and smaller variations in disaggregation rate
constants (Sasnouslket al, 2005). The same group studied the processes of mTHPC
redistribution from plasma proteins to model membranes and demonstrated very slow kinetics of

MTHPC release from protein complexes. Thermodynamic considerations proposed that sensitizer
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release from high-density lipoproteins into the aqueous medium is unfavourable and collision
mechanism appeared to be the preferred mode of transfer in biological environments (Sasnouski
et al, 2006). mTHPC displays some unusual propertiegtro andin vivo compared to many

other sensitizers. Gradient-density ultracentrifugation demonstrated the presence of weakly
fluorescing aggregated mTHPC species in the regions of albumin or HDL/albumin (Hopdinson

al. 1999; Kessel and Sykes 1999). mTHPC forms large-scale aggregates in agueous media, that
monomerize upon interaction with plasma proteins (Bonnett, 2001). This sensitizer is rigidly
fixed in model membranes and is strongly retained in ceN#ro (Ball et al. 1999; Bombelliet

al. 2005). mTHPC displays an unusual pharmacokinetic behaviour in human and rabbit plasma,
with a secondary peak at about 10 and 6 h after in intravenous injection, respectivelgt(Rlonn
1997; Glanzmanret al. 1998). These phenomena were supposed to be explained by initial
retention of PS in the liver or sensitizer aggregates in the vasculature. A similar pharmacokinetic
profile was only reported for hexyl-ether derivative of pyropheophorbide-a in mice (Bdtnier

al. 1993). mTHPC has small initial volume of distribution with high retention in the vasculature
together with two peaks of PDT efficacy (2h and 24h) in mice (Jeras2003).

It has been demonstrated that the Golgi apparatus and endoplasmic reticulum (ER) are
preferential sites of mMTHPC accumulation in MCF-7 human adenocarcinoma cells after 3h of
incubation (Teiteret al. 2003). Golgi apparatus and ER were also shown to be the primary PDT-
induced damage sites as measured by enzymes photoinactivation techniquee(Tait2a03;
Teitenet al. 2003). Damage to Golgi apparatus was confirmed by fluence-dependent alterations
of Golgi apparatus and mitochondrial morphology (Melnikeval, 1999). Using fluorescence
anisotropy imaging, Fostet al. demonstrated an unusual localization of mTHPC in the nuclear
envelope, indicating that this structure is a target of photodynamic damage with this sensitizer
(Fosteret al. 2005). Both apoptotic and necrotic pathways are implicated in mTHPC-mediated
HT29 cell photoinactivation that is governed by mitochondrial membrane photodamage
manifested by cytochrome C release and dissipation of mitochondrial membrane potential
(Marchal et al. 2005). Investigation of the relationship between the subcellular localisation of
Foscan and intrinsic apoptotic pathway post Foscan-based photodynamic therapy demonstrated
that Foscan localisation in endoplasmic reticulum improves the photoactivation of the caspase-7
apoptotic pathway, which is poorly related to mitochondrial damage (MathhaP007).
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During irradiation of mTHPC in organic, PBS and PBS containing 10% FCS at 650 nm in
the absorption spectra the major absorption bands at 380-450 and 650 nm decreaseét(Hadjur
al. 1998). A new absorption band was observed at 320 nm, attributed to the formation of a
photoproduct. The spectra of mTHPC fluorescence also decreased upon irradiation but no
fluorescent photoproducts were detected. A strong dependence of oxygen concentration on
photodegradation on formation of photoproducts has been reported (dadjut998). Hadjur
et al. determined the quantum yields of photobleacldagin agueous solution containing 10 %

FCS to be 1.54 x 10for air saturated conditions and 1.8 x°18fter No bubling. In aerobic
conditions, the photodegradation as well as the formation of photoproducts, have been
competitively inhibited by singlet oxygen quenchers. On the basis of photobleaching experiments
Hadjur et. al. also determined the quantum vyield of singlet oxygen produdtipiy mTHPC,

which appeared to be 0.3 in ethanol and 0.01 in PBS suggesting that mTHPC is highly
aggregated in aqueous media (Hadjural. 1998). Products of mTHPC oxidation irradiated in
methanol have been separated and identified by high-performance liquid chromatography. The
major compound of oxygenation process has been describ@ehydroxy-mTHPC with an
absorption band around 423 nm (Joeeal. 1996). mTHPC has been reported to be a moderately
photolabile compound. A comparative study of mTHPBC and mTHPC in methanol-water (3:2,
v/v) solution demonstrated a 90 fold greater mTHPBC photobleaching rate compared to mTHPC
(Bonnett, Djelalet al. 1999). Rover®t al.in anin vivo study on Colo 26 tumour bearing mice
showed that the rate of bleaching of mMTHPBC was approximately 20 times greater than that of
MTHPC (Rovers, de Jode, Rezzatgal. 2000). The®p, value for mTHPC in PBS with 10 %

FCS solution is an order of magnitude lower compared to BPD-dA % 2.07 x 10) (Aveline

et al.1994).

MmTHPC has a strong absorbance in the red region (650 nm) with high molar extinction
coefficient (Bonnett, Djelaét al. 1999). This offers promising therapeutic perspectives for PDT
of deep tumours and pigmented tissues. Pre-clinical studies have demonstrated a significant depth
of necrosis for mTHPC (Bonnett al. 1989; Roverst al, 2000). The absence of correlation
between PS concentration in tumor and PDT efficiency was obserwee (Veenhuizeret al.

1997; Riset al. 1998). It was also demonstrated that in the case of mTHPC-PDT, singlet oxygen
dose to the tumor volume does not track even qualitatively with tumor response, so in this case

any PDT dose metric that is proportional to singlet oxygen creation and/or deposition would fail
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to predict the tumor response (Wagigal. 2008). Study of the impact of different aggregation

states of mMTHPC on the photoinactivation of cells showed that the photosensitizing efficiency
was 1.8 times greater at 3 h of incubation than at 24 h. Also, intracellular photobleaching of
mTHPC slowed down and the profile changed from mono- to bi-exponential upon incubation.
The loss of photosensitizing efficiency at higher mTHPC concentrations was attributed to self-

guenching of the triplet states of the sensitizers (Sasnetiaki2007).
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IV  PHOTOBLEACHING

IV.1 Photobleaching mechanisms

During photodynamic treatment, in addition to the reaction with biological substrate, self-
photosensitization occurs and reactive oxygen intermediates interact with the photosensitiser,
leading to its transformation and/or destruction. This phenomenon is called photobleaching. The
first relevant observation of photobleaching in the photodynamic therapy field was made in 1986
by Moan (Moan, 1986).
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Figure 4.1: Diagram of photobleaching mechanisms occurring after absorption of
photons by a photosensitiser.

The main reactions leading to photobleaching are presentied t1l The photosensitiser
undergoes Type | and/or Type Il mechanisms upon light irradiation, leading to the production of
oxygen radical species. These oxygen radical species react with the neighbouring molecules,
including the photosensitisers, leading to their destruction. Thus photobleaching can occurs via
two pathways, the Type | way involving reactive oxygen species and Type Il way involving
singlet oxygen. Photobleaching quantum vyield of different photosensitisers varies significantly
and can be attributed to oxidation potential, lipophilicity, presence of a metallic ion, kind of
reactions involved (Type | or II).

Kinetic parameters of photobleaching are mainly derived from spectroscopic measurements
assessed by UV-Vis or fluorescence spectroscopy. Several important mechanistic issues of
photobleaching were obtained from the detailed analysis of spectroscopic modifications. In the

earlier studies on photobleaching of photosensizer molecules, the kinetic decay of photosensitiser
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was considered as a mechanism depending only on the light dose delivered to the tissue,
materialized by the mono-exponential dec&y,avhereq, stands for the photobleaching constant

and D stands for the fluence of irradiation (JAAmlt became clear later on that the
photobleaching is a complex phenomenon, which cannot be described by a single exponential
decrease (Moaet al, 2000; Sgrenseat al, 1998). For some photosensitisers the decay rates
have been shown to be practically independent of the concentration of the dye during
illumination (Manget al, 1987; Moan, 1986; Sgrensenal, 1998) and thus exhibit a first order
decay. However, for the majority of dyes, the photobleaching decay is highly dependent on the
initial photosensitiser concentration (Moainal, 1988), meaning that the photoproducts from the

chromophore can cause the decay of a neighbouring chromophore éMalai997).

IV.2 Parameters affecting photobleaching. Aggregation state, pH, ionic strength and
oxygen concentration

Bezdetnayaet al. (Bezdetnayat al, 1996) demonstrated that for HpD and PplX, quantum
yield of photobleaching obtained by matching fluorescence were higher than those obtained by
matching absorbance (10 and 11 times for HpD and PpIX respectively). The authors concluded
that this difference reflected the preferential photobleaching of photolabile monomeric forms
compared to aggregates. Another study confirmed the preferential photobleaching of monomeric
species of m-THPC (Belitchenlat al, 1998).

Several studies of Rotomskis and co-workers demonstrated that photobleaching efficiency
of haematoporphyrin-like sensitisers seemed to be consistent with their aggregation state and the
presence of covalently linked structures. Both dimethoxyhaematoporphyrin (DMHp) and Hp are
present in an equilibrium of monomeric and aggregated forms in aqueous solutions (Streckyte
and Rotomskis, 1993). Their absorption bleaching rate constants are two to four times higher than
that of HpD, a sensitiser containing mostly linear structures of porphyrins linked by ether, ester
and/or carbon-carbon bonds (Doughegtyal, 1984). It is also 10 to 20 times higher than that of
Photofrin® (PF), which contains covalently linked "sandwich” type structure (Streckyte and
Rotomskis, 1993b). In HpD, some of the side chains are involved in ether and ester linkages and
therefore this compound is more photostable than DMHp and Hp. In PF and Photosan-3 (PS)
(highly aggregated “sandwich” type structure (Streckyte and Rotomskis, 1993)), almost all side

chains are involved in covalently linked structures, probably accounting for the high
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photostability of these sensitisers. The presence of a certain amount of protoporphyrin in PS is
probably responsible for its lower photostability compared to PF.

Lowering the pH value of a photosensitiser solution results in a shift of both the absorption
and the fluorescence spectra as well as in a decrease of the fluorescence intensity, indicating an
aggregation at low pH values (pH < 5) (Cunderlikeval, 1999). Reddet al. (Reddi and Jori,

1988) also demonstrated an aggregation of hematoporphyrin and Photofrin® when decreasing the
pH from 7.4 to 5.0 and they also demonstrated the decrease of the photobleaching quantum yield
to 70 % for hematoporphyrin and 30 % for Photofrin®, thus suggesting a resistance toward
photobleaching of aggregated species.

Changing the ionic strength by varying the buffer concentration can affect the aggregation
state of a sensitiser. An increase of the buffer concentration of a, BBR8on increases the
aggregation of the sensitiser and reduces the photobleaching quantum yield by 50 % (Davila and
Harriman, 1990). Thus, it follows from all these studies that the quantum yield of photobleaching
is inversely proportional to the aggregation state of the photosensitisers.

Streckyteet al. (Streckyte and Rotomskis, 1993) showed that in micellar media (Triton X-
100), which leads to the monomerisation of the photosensitisers, several dyes such as DMHp and
HP had a different photostability and different photoproducts formation compared to aqueous
media. Spikes (Spikes, 1992) reported that adding CTAB (cetyltrimethylammonium bromide) to
PBS solution increases the quantum yield of PF photobleaching by 90%. The photobleaching of
uroporphyrin 1 and hematoporphyrin in the same conditions was unchanged and the bleaching of
TPPS decreased by 25%. Spectroscopic studies demonstrated that there was significant
monomerisation of hematoporphyrin, TRBP&hd PF in CTAB, however the reasons for this
opposite effect between TPP&nd PF were not clear. The authors proposed that ;J/PPS
penetrates into the CTAB micelles (Reddi and Jori, 1988) and that it localizes in a low dielectric
constant region and that under these conditions photobleaching would probably be slower.

Spikes (Spikes, 1992) investigated the quantum vyield of photobleaching of several
porphyrins in phosphate buffer solution, and found that the bleaching was reduced by nitrogen
bubbling. Also, Streckyte and co-workers demonstrated that the photobleaching process of ALA-
induced PplIX in cells was slowed down by bubbling nitrogen through the sample (Streickyte
al., 1994). Konig et al. also made the same observation for endogenously formed porphyrins in

bacteria during argon flushing (Koneg al, 1993). An observation of the involvement of oxygen
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in vivo has been realised by Robinson and co-workers (Robiesaa, 1998). During a
photobleaching experiment with ALA-induced PplIX, the mice died and they observed a
slowdown of the photobleaching. They correlated this bleaching decrease to the oxygen decline
in the skin, due to the death of the animal.

Several studies from the laboratory of TH. Foster documented oxygen depletion during
PDT. Oxygen consumption model was refined by Georgakoudi and co-workers (Georgakoudi
and Foster, 1998; Georgakoudi al, 1997) by taking into account the parameter of
photobleaching of Photofrin in EMT6 spheroids. This improvement considerably changed the
kinetic profile of the oxygen aspects of Photofrin-PDT. The authors observed a rapid decrease in
oxygen concentration during irradiation followed by a progressive return to the values measured
before the irradiation. The first phase is due to the photochemical oxygen consumption which is
faster than the diffusion of the oxygen through the spheroid. The second phase, corresponding to
the comeback of oxygen to the initial value, is due to a slowdown of the photochemical
consumption of the oxygen explained by a decrease in photosensitiser concentration
(photobleaching), together with the diffusion of oxygen. This was in total agreement with the
data from the mathematical model that they had developed, assuming that the photobleaching
was based on a reaction between singlet oxygen and photosensitiser at the ground state. The
validity of the developed model was confirmed by applying it to the experimental results on
photobleaching in NHIK 3025 cells loaded with Photofrin from the study of Moan (Moan, 1986).

In their further studies Foster and co-workers investigated the impact of irradiance on
photobleaching (Finlagt al, 2001; Finlayet al, 2002). In a study reporting the photobleaching
of ALA-induced Protoporphyrin IX (Pp IX) in normal rat skin (Finlay al, 2001) it was
demonstrated that the photobleaching kinetics were different with different irradiances. High
irradiance led to rapid oxygen consumption and a slow down of the photobleaching. In addition,
the photoproducts of PplX also exhibited an irradiance dependant photobleaching. In a second
study, Finlayet al. (Finlay et al, 2002) showed that photobleaching kinetics of m-THPC on
normal rat skin exhibited two distinct phases. The first phase was shown to be irradiance
independent, whereas the second phase revealed an irradiance dependency consistent with an

oxygen-dependant reaction process.
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IV.3 Photoproducts formation

Presently, two mechanisms of photobleaching are acknowledged (Bonnett and Martinez,
2001). The first one, true photobleaching, corresponds to the photodegradation of the porphyrin
macrocycle with the formation of photoproducts, which do not absorb in the visible light region.
The second mechanism is called photomodification, where the chromophore is retained in a
modified form with the formation of new visible spectral bands. For the majority of
photosensitisers the photoproducts arise from both photodegradation pathways.

Photomodification is featured by the loss of absorbance or fluorescence at some wavelength
and the appearance of new spectral bands, this being in agreement with the photoformation of
new compounds. For macrocyclic compounds, photomodification appears when the rupture of the
macrocycle doesn’t occur. While true photobleaching leads to the destruction of the tetrapyrrolic
cycle and results in the formation of small products that do not absorb visible light. It appears
that, where photomodification occurs, true photobleaching often occurs concomitantly and one
also should notice that photomodification can be mistaken for photorelocalisation.

The photobleaching of tetraphenylchlorin series sensitisers have been extensively studied
because of the large clinical potential of the m-THPC and also because of their important
absorption in the red region of the visible spectrum. Borete#tl. have made a comparative
study of the photobleaching of this sensitiser series by absorption measurements @ainett
1999). The authors demonstrated that in methanol-water solution m-THPC and m-THPBC
underwent only true photobleaching and photomodification mainly occurs for m-THPP. The
products formed after the irradiation of m-THPP methanol-water were hydroxylated m-THPP
(mono-, di-, tri- and tetra-hydroxylated m-THPP) (Bonnett and Martinez, 2002) with mono-
hydroxylated m-THPP being the major photoproduct (25%). While in pure methanol small
photoproducts appeared such as maleimide and methyl-3-hydroxybenzoate, the mono-
hydroxylated m-THPP was still photoproduced. A recent study (Lowretié, 2005) regarding
the photobleaching of m-THPP in ethanol-water (1/99, v/v) solution revealed that using a pulsed
laser as light source, m-THPP undergoes phototransformation to a hydroxylated product and

several covalent oligomeric structures as dimer, trimer, tetramer and pentamer of m-THPP.
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Figure 4.Z : Photooxidation of F-THPC in methan~water from(Bonnett and Martinez, 20C.

Several studies on m-THPC photobleaching demonstrated a rapid true photobleaching of
m-THPC, accompanied by a photoproduct formatioh,@t= 320 nm when the photosensitiser
was in a PBS solution supplemented with 2% fetal calf serum (FCS) (Aagatti 1999, 2001;
Belitchenkoet al, 1998). This result was confirmed by Hadgairal. (Hadjuret al, 1998) who
showed a large formation of a 320 nm absorbing product in a 10% FCS solution. In methanol or
methanol-water solution it appears that m-THPC undergoes true photobleaching (Bbahett
1999), since no photoproduct at 320 nm was detected. These three observations let us propose
that the photoproduct formation correlates with the FCS concentration in the incubation solutions.
Mass spectrometry studies were carried out to identify the spectroscopically invisible
photoproducts (Angottet al, 1999, 2001; Jonest al, 1996; Kasselouret al, 1999). The
photobleaching was performed onTHPC methanol solution or water-methanol solution and the

products obtained are presented infipe4.2and4.3.
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Figure 4.3: Photooxidation products af- THPC in methanol from (Bonnett and Martinez, 2001)

The major photoproducts observed were hydroxy- and di-hydreXy#PC, hydroxym-
THPP, still the position of the hydroxyl(s) group(s) is(are) not determined, these penta or
hexahydroxylated chlorin have almost the same absorption peak than m-THPC gfJahes
1996; Kasselouret al, 1999). Bonnett (Bonnett and Martinez, 2002) identified several products
like a chlorin and four minor products coming from true photobleaching. They are dipyrrin
derivative, succinimide, and the two afore mentioned products maleimide and methyl-3-
hydroxybenzoate, which were also photoproducts fmeirHPP.
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V LIPOSOMES

Liposomes are spherical self-closed structures, composed of curved lipid bilayers, which
enclose part of the surrounding solvent into their interior. The size of a liposome ranges from
some 20 nm up to several micrometers and they may be composed of one or several concentric
membranes, each with a thickness of about 4 nm. Liposomes possess unique properties owing to
the amphiphilic character of the lipids, which make them suitable for drug delivery.

V.1 Amphiphilic lipids

Amphiphilic lipids, used for liposome preparation, consist of hydrophilic polar headgroup
and hydrophobic hydrocarbon chains. This means that a polar environment, such as water
solutions, promote the spontaneous aggregation of such molecules and the formation of a variety

of microstructures (Tanford, 1991).
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Figure 5.1: structure of the typical lipids used for preparation of
unilamellar vesicle

This selforganisation is usually accompanied by an increased entropy of the system.
Supposedly this increase is due to the water-hydrocarbon interactions that force the water
molecules to form an ordered structure around the hydrophobic part when the amphiphilic
molecules are freely suspended as monomers. Release of the ordered water can be achieved by
driving the hydrophobic parts out of the aqueous solution and sequestering them within the
interior of the aggregate. Thus the increased entropy gained by the water molecules may lead to
an overall gain in free energy so that aggregation occurs spontaneously.

Spontaneous aggregation is also related to the molecular parameters of the amphiphile
molecule. The so-called surfactant parameter (Israela@tali. 1977), which takes into account
the hydrophobic volume, chain length and head group area, is a useful guide for predicting the

optimal aggregate structure. The surfactant paranttisrdefined by
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wherev stands for the volume of the hydrophobic portion of the amphiphdehe length of the
hydrocarbon chains and, is the effective area per head group. These parameters contain
information about the geometrical shape of the molecule and the surfactant parameter can be
considered to use geometrical packing constraints to restrict the number of forms available to the
aggregate. The value of the surfactant parameter relates the properties of the molecule to the
mean curvature of the formed aggregates. By convention the curvature of an aggregate is positive
if the aggregate is curved around the hydrophobic part and negative if it is curved towards the
polar part. The former produces normal aggregates and phases, while the latter forms reversed
ones. For example, small valuesSimply highly curved aggregates, micelles, while $+ 1

planar bilayers are formed.

V.2 Lipid bilayers

Phospholipid lamellar phases may exist in different physical states since the character of
the bilayer changes with, for instance, lipid composition or temperature. Low temperatures or a
high degree of saturation force the bilayer into a gel state, in which hydrocarbon chains exhibit
close packing and a more or less frozen conformation. Increasing the temperature or introducing
unsaturated acyl chains results in a bilayer of a liquid crystalline (or fluid) state, where the chains
are disordered and have a high mobility. The temperature where the gel-to-liquid crystalline
phase transition occurs is function of the chemical composition of the bilayer, especially of the
acyl chains. This transition was at first supposed to be an isothermal first-order process (Albon
and Sturtevant, 1978), but proved later on to posess both first-order and second-order characters
(Mitaku et al. 1983). Comparing an unsaturated phosphatidylcholine with its saturated analogue,
the temperature for the unsaturated lipid will be significantly lower since the double bond
introduces kinks in the chain that do not allow for close packing.

Many potential mechanisms have been suggested for the formation of liposomes (Lasic,
1988). One approach is to consider the self-closing of a bilayer into a liposome as a competition
between two effects, the bending or curvature energy and the edge energy of a bilayer. For a flat
lamellar fragment, in a hydrophilic surrounding, there will be a high surface tension at the rim of
the lamellar sheet. Bending can reduce this edge energy but bending also implies an energy

penalty due to the induced curvature. To further minimise the edge energy, a higher curvature is
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required and finally a closed sphere will be formed, where the edge energy is reduced to zero.
The bending energy, on the other hand, has now reached its maximum. Thus, larger liposomes
are energetically favoured, while entropy would favour many small ones. However, liposomes
are usually stable due to the relatively high values of energy needed for pore formation. This
means that a very long time is required before they collapse into a lamellar phase.

Most of thein vivo experimental work using liposomal formulations has been performed
with conventional liposomes that were used in particular as carriers for hydrophobic
photosensitisers. Conventional or unmodified liposomes are multilamellar or unilamellar vesicles
composed of phospholipids (e.g. phosphatidylcholines) but cholesterol is often included as a
constituent. The latter improves the rigidity of the bilayer membrane and in doing so reduces the
permeability for encapsulated molecules and enhances the stability of the bilayer in the presence
of biological fluids (Vemuri and Rhodes, 1995).

Liposomes can differ in size, ranging from the smallest vesicle (diameter 20nm) to
liposomes that are visible under the light microscope, with a diameter of 1um or greater, equal to
the dimensions of living cells. They are classified structurally into multilamellar vesicles and
unilamellar vesicles (Perez-Solar, 1989). Unilamellar vesicles have a single phospholipid bilayer
membrane and a diameter of 0.05-0.25 um. Such liposomes can be further classified into large
unilamellar vesicles with a diameter of 0.10-0.25 pm and small unilamellar vesicles with a
diameter of 0.05-0.10 um.

V.3 Steric stabilisation

Polymer-coated liposomes are often used to create sterically stabilized liposomes.
Stabilisation can be obtained by grafting or by adsorption of the polymer to the liposomal surface
(Edwardset al, 1997; Jamshidt al. 1988; Woodleet al, 1992). The grafting method is the most
commonly used and normally stabilisation is achieved by incorporation of so-called PEG-lipids,
poly(ethylene glycol)-phospholipids (Edwards al, 1997). The hydrophilic PEG chains are
placed on the surface of the liposome. When two polymer-covered surfaces approach each other
they experience a repulsive force as soon as the outer polymer segments start to overlap. This
repulsive force is due to the unfavourable entropy associated with compressing (the loss of
conformational freedom) the polymer chains between the two surfaces (Israelachvili, 1992). In
addition, the difference in chemical potential between the water in the bulk and in the interaction

region induces an osmotic repulsive force (de Gennes, 1987).
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To describe the repulsive interactions between polymer-coated surfaces, two limiting cases
have to be distinguished. At a low surface coverage of the polymer, that is, without overlapping
of neighbouring chains, each chain can interact with the opposite surface independently of the
other chains. Going from low to high coverage, the polymers come so close to each other that
they are forced to adopt extended configurations. Thereby the thickness of the polymer layer
increases and hence, within this extended region, the steric stabilisation is more efficient
(Israelachvili, 1992).
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VI LIPOSOMES FOR ANTI-CANCER DRUG DELIVERY

Tumor blood vessels have several abnormalities compared with physiological vessels, such
as a relatively high proportion of proliferating endothelial cells, an increased tortuosity and an
aberrant basement membrane formation. The rapidly expanding tumor vasculature often has a
discontinuous endothelium, with gaps between the cells that may be several hundred nanometers
large. Macromolecular transport pathways across tumor vessels occur via open gaps
(interendothelial junctions and transendothelial channels), vesicular vacuolar organelles and
fenestrations.

Tumor interstitium is also characterized by a high interstitial pressure, leading to an
outward convective interstitial fluid flow, as well as the absence of an anatomically well-defined
functioning lymphatic network. Hence, the transport of an anticancer drug in the interstitium will
be governed by the physiological and physicochemical properties of the interstitium and by the
physicochemical properties of the molecule itself.

VI.1 Liposomesfor drug delivery

Liposomes have been studied for many years as carrier systems for drugs (Storm and
Crommelin, 1998), with advantages such as enhancement of therapeutic efficacy at low dosage
and hence, reduction in toxicity of the encapsulated agent, improved pharmacokinetic profiles
and targeting to tumour tissues as well as increased stability of the drug, particularly against
enzymatic degradation (Fielding, 1991; Gregoriadis, 1991; Xianebal 1995).

Liposomes are made from pure lipids or a combination of lipids. The lipids commonly
employed in liposomal formulations are phospholipids (Uhumwangho and Okor, 2005).
Liposomes have been prepared from a variety of synthetic and naturally occurring phospholipids,
generally containing cholesterol (Rogers and Aderson, 1998). The incorporation of cholesterol
into the lipid bilayer membrane enhances the stability of liposomes in serum, reduces the
permeability of the membranes to water soluble molecules and increases the fluidity or
microviscosity of the bilayer (Weinest al, 1989; Senior and Gregoriadis, 1982). Usually, a
zwitterionic or non-ionic lipid is used as basic lipid for the preparation of liposomes. The net
surface charge of liposome can be modified by the incorporation of positively charged lipids such
as stearylamine, or negatively charged lipids such as diacetylphosphate, phosphatidyl glycerol or

phosphatidyl serine (Frezard, 1999). The presence of negatively or positively charged lipids leads
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to a greater overall volume for aqueous entrapment and reduces the likelihood of aggregation
after preparation of the liposomes (Goldbathl, 1995).

The extents of drug entrapment and retention as well as the factors influencing them are
important considerations in the design of liposome-mediated drug delivery systems. Drugs may
be entrapped in the aqueous and/or lipid phase of the liposome (Uhumwangho and Okor, 2005).

Aqueous entrapment relates to the aqueous volume in the liposome. The larger the aqueous
volume, the greater the amount of polar drugs that can be encapsulated (Fendler, 1980). Multiple
compartment liposomes encapsulate a higher percentages of aqueous soluble drugs than single
compartment vesicles, because of the larger volume of encapsulated aqueous space in the former.
Formulations that promote formation of multilamellar vesicles are thus associated with higher
aqueous entrapment. Cholesterol modifies the fluidity of lipid membranes, thereby influencing
the degree of retention of drugs by vesicles as well as stabilising the system against enzymatic
degradation (Weinegt al, 1989). Large molecules are better retained than smaller ones, which
can diffuse slowly through the lipid layers (Uhumwangho and Okor, 2005).

Lipid soluble drugs are entrapped in the lipid layers of liposome. Here, the entrapment
efficiency can be as high as 100%, irrespective of liposomal type and composition. The retention
of such hydrophobic drugs is very high when the liposomes are placed in aqueous biological
environment because of their high lipid-water partition coefficients.

Active targeting encompasses the strategy of coupling a specific targeting entity to the
surface of liposomes, enhancing their selective interaction with cells or tissues through binding
with specific membrane-located markers (Derycke, 2004). The targeting technique can be applied
to conventional liposomes, especiallyimvitro conditions, but is much more appealing in case
of long-circulating liposomes. Indeed, sufficient plasma stability is needed to assure satisfactory
extravasation, followed by an encounter of the intact liposome with its target. The objective of
active targeting is the enhancement of tumor-selective accumulation by site-directed retention
through target binding and a possible increase in the photodynamic effect through cellular
internalisation of the liposome-bound photosensitiser. In this way, active targeting aims at
minimizing undesired side-effects related to non-specific photosensitiser accumulation (Allen,
1994).

A potential drawback of active targeting is related to the existence of the so-called ‘binding

site barrier’. This concept predicts that targeting molecules bind to the first target they encounter,
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e.g. the tumor cells proximal to the blood vessel or in case of topical administration the cells at
the tumor periphery, retarding or even preventing the penetration of targeted liposomes into the
tumor interior. Thus, when solid tumors are to be treated, non-targeted liposomes may have a
greater penetrability through the tumor tissue than have targeted liposomes{Alleh998).

VI.2 Pharmacokinetics and biodistribution of liposomes and liposomal drugs

There is a number of factors that influence pharmacokinetic parameters of liposomal drug
formulations. The first being their size. The general trend for liposomes of similar compositions
is that increasing size translates into more rapid uptake by the reticuloendothelial system (Abra
and Hunt, 1981; Hwang, 1987; Senior, 1987). However, although the trend remains the same, the
clearance of liposomes is affected at different extents by their composition. The dependency of
size on liposomeal clearance rates is relatively less for stabilized formulations than for
conventional liposomes (Ahét al, 1997; Woodleet al, 1992). For neutral conventional
liposomes, the window for optimal behavior is narrow, meaning that for effective application,
liposomes should be small enough (preferably, <100 nm) but still maintain reasonable drug
encapsulation efficiencies (Drummoatial,, 1999).

Early studies have shown that the presence of negatively charged lipids in liposomes,
including phosphatidic acid, phosphatidylserine and phosphatidylglycerol, results in a rapid
uptake by the reticuloendothelial system (Sergbral, 1985; Senior, 1987). However, this
relationship between the presence of charged lipids and circulation lifetimes is extremely
complex and canot be readily explained with simple models in which the presence of an anionic
lipid necessitates increased clearance from the circulation. Indeed, it now appears that each lipid
must be analyzed separately and in the context of similar liposomes with respect to size,
membrane packing constraints and surface charge density (Drunetnaind 999).

The effect of bilayer fluidity and the relative nature of the lipid components can have a
considerable impact on the clearance from the circulation of both the liposome and the associated
drug. These effects can either be direct effects, such as inhibition of penetration and thus binding
of serum proteins (Papahadjopoutdsal, 1973), or indirect effects, such as stabilization of the
drug formulation to reduce the rate of drug leakage. The presence of cholesterol probably has one
of the most important roles in the maintenance of membrane bilayer stability and long circulation
timesin vivo (Gregoriadis and Davis, 1979; Senior and Gregoriadis, 1982; Senior, 1987). In the

absence of cholesterol, conventional liposomes are destabilized by high density lipoproteins
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(Chobaniaret al, 1979; Dameret al, 1980) and upon release, their components can be readily
eliminated from the circulation. For liposomes with and without cholesterol, clearance rates were
shown to negatively correlate with increased stability in plasma (Senior and Gregoriadis, 1982).
The presence of steric stabilization makes the need for cholesterol less apparent for empty
liposomes, but for drug-loaded liposomes, cholesterol is necessary for maintenance of the drug in
the liposomal interior. The phospholipid component also plays a prominent role in the
maintenance of high plasma levels of liposomes (Drumnatiadl, 1999).

The rate of elimination of a liposomal drug from the circulation also dependens on the rate
of drug leakage from the carrier. Because drugs considered for liposomal encapsulation often
have circulation times significantly shorter than the liposomal carrier, premature release can lead
to an apparent increase in elimination rate from the circulation. For conventional liposomes, a
membrane composed of cholesterol and high-phase transition phospholipids appears to be
imperative for maintaining long circulation times and subsequent delivery of high levels of
liposomes to solid tumors (Ballgt al, 1990). Sterically stabilizeliposomes are more pliable
and can be used with fluid-phase lipids to obtain long circulation times and high tumor levels of
liposomes (Gabizoret al, 1993). For both types of liposomes, the lipid composition of the
liposomal membrane is essential for maintaining a stable encapsulation of the drug while in the
circulation. For most amphipathic drugs that are either weak acids or weak bases (the majority of
classic chemotherapeutic agents), this is of considerable importance because these drugs will leak
more rapidly from the carrier while in the circulation, unless high-phase transition lipids are used.

Original attempts to mimic the surface of red blood cells by including the sterically
hindered monosialotetrahexosylganglioside or phosphatidylinositol in liposome preparations led
to the development of longcirculating 