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| GENERAL INTRODUCTION

Photodynamic therapy (PDT) has been developedte@adnent modality for a number of
malignant and non-malignant disorders. PDT treatnigebased on the presence of a drug with
photosensitising and tumour localizing propertiesnbined with visible light and oxygen.
Separately, these three components are harmless, tambination they may destroy tissue and
inactivate cells.

Meta-tetra(hydroxyphenyl)chlorin  (mTHPC) or Foscan® a second-generation
photosensitiser and one of the most effective stlith date. It is about two orders of magnitude
more active compared to Photofrin. Foscan® has lgegnted European approval for palliative
treatment of patients with advanced head and naockers and also it has been successfully
employed for treatment of early squamous cell cartia, basal cell carcinoma, prostate,
pancreatitic cancer. Clinical application of mTHRfeets several difficulties due to high
hydrophopicity of this photosensitiser. In aqueousdia like blood plasma, mTHPC strongly
aggregates and as such is ineffective in produsinglet oxygen, thus resulting in a drop of its
photosensitizing efficiency. To avoid aggregatioifee@s and to reach monomerization of
hydrophobic drugs various delivery vehicles haverbesed, one of the most effective being lipid
vesicles. Liposomal drug carriers posess some iaddit advantages. They are non-toxic,
biodegradable and their membrane melts with thé meimbranes, leading to intracellular
delivery of the liposomal drugs. The correlatiorivEen liposomal size and the diameter of the
pores in the tumour capillaries makes it possibledrry out passive drug delivery.

There are several commercial liposomal mTHPC foatnuhs, such as Foslip and Fospeg.
Foslip is a recently designed third generation pbebsitiser based on unilamellar
dipalmitoylphosphatidylcholine/dipalmitoylphosptitiglycerol  (DPPC/DPPG)  liposomal
formulation of meta-tetra(hydroxyphenyl)chlorineopided by Biolitec AG (Jena, Germany).
Fospeg is a sterically stabilized form of Fosligieh in addition contains small amount of PEG-
phosphatidylethanolamine.

Inclusion of a photosensitiser into a lipid memlaranan significantly change its
pharmacokinetic and photophysical properties. Faccassful application of liposomal
photosensitiser formulations, the detailed know&edbgout their interactions with biomembranes

and proteins is required. Due to intensive energysfer processes between photosensitiser



molecules under the conditions of a high local emi@tion inside the lipid bilayer, where the

average distance between molecules is less thateFdadius, there could be significant changes
in absorbance and fluorescence properties of tinsitser as compared to free sensitiser.
Intermolecular interactions could even cause a eanation fluorescence quenching. It is

therefore necessary to take into account informagioout such processes while interpreting the
results obtained through the application of différeptical techniques to investigate liposomal

behaviour in biological systems.

The main objective of the present work was to stydiptosensitiser redistribution
processes between liposomal mTHPC formulationdipitdimembranes or plasma proteins. Due
to the high local mTHPC concentration inside themtbeane of the commercial liposomal
mTHPC formulations, direct application of well-knowpectroscopic techniques to estimate the
pattern of photosensitiser redistribution meetsesswifficulties. We describe the phenomenon
of photoinduced fluorescence quenching, which tagésce at high local photosensitiser
concentrations. In those conditions, small lightsek can almost completely quench the
fluorescence of the sample. This phenomenon waadfdo be of great importance while
investigating distribution patterns of liposomal HHC formulations using optical techniques.
We have also applied this phenomenon to analyzéopéositiser redistribution kinetics from

liposomal mTHPC formulations to lipid membranes atasma proteins.



II' ORIGINS AND CLINICAL APPLICATIONS OF PHOTODYNAMIC THERAPY

Phototherapy has been known for over 3000 yearthé&\Egyptians, the Indians and the
Chinese (Spikes, 1985). The first “modern” scienims the field of phototherapy was Niels
Rydberg Finsen. From 1895 until 1903, he performpbdtotherapy on 800 patients and was
awarded the Nobel Prizein 1903 for Physiology-Maedidor his work on the use of light from a
carbon arc in the treatment of skin tuberculosie{@ieset al, 2001). The concept of cell death
being induced by the interaction of light and cheats has first been reported by a German
medical student Oscar Raab. In the winter seme$t&897-1898 he started an investigation on
the toxicity of acridine to paramecia. This worksa@arried out under the direction of Professor
Dr. Hermann von Tappeiner. Initially, Raab foundatththe apparent toxicity of low
concentrations of acridine varied significantlyrfralay to day; however he soon noted that the
toxicity depended on the sunlight intensity in thkoratory. He was then able to show that low
concentration of acridine and some other dyes sscleosin, that had no effect in the dark,
provoked the rapid killing of paramecia in the grese of light (Raab, 1900). In 1902, C.
Ledoux-Lebards observed that eosin killed parampwee efficiently in open flasks than in a
closed bottles (Ledoux-Lebards, 1902) and he patstdlthat the presence of oxygen was
essential for photoinactivation. It is in 1904 tvain Tappeiner and Jodlbauer coined the term
“Photodynamische Wirkung“ (von Tappeiner and Jodéva 1904) which we translate as
“photodynamic action” for oxygen-requiring photoseized reactions in biological systems.

Although the mechanism of action was still unknovwindid not take long for this new
therapeutic approach to be tried out on patienke first paper reporting a clinical trial was
published in November 1903 by von Tappeiner anabdek (von Tappeiner and Jesionek, 1903).
Several other trials were performed on patientsinipaby Dreyer and Neisser, that were
unfortunately were rapidly terminated because okse side effects or temporary therapeutic
efficacy. The photosensitisers used were dyesclikeidine, acridine or eosin and further studies
were devoted to the development of new clinicadigvant photosensitisers.

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

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



neoplastic tissue was evidenced by Auler and Bamzet942 (Auler and Banzer, 1942).
Interrupted by the Second World War, clinical sasdion photodynamic treatments were no
longer performed until the middle 70’s, largelyatgh the efforts of Dougherty.

The improved understanding of the tissular andutzlifactors that control PDds well as
an increased experience have led to much largebatidr-controlled clinical trials, leading to
the approval of PDT drugs. Photofeinwas the first approved in 1993 in Canada for béadd
cancer PDT. It is now approved in more than 40ntees (1995 approval in USA, Canada,
Japan and Europe) for advanced and early stage damger, superficial gastric cancer,
oesophageal adenocarcinoma, cervical cancer ardtdylacancer. Levul& received FDA
approval in 1999 for treatment of actinic keratasisl blue light, followed in 2001 by Fos@n
approved for advanced head and neck cancer, inpEuidorway and Iceland. Metvix was
approved for treating actinic keratosis, superfiaad nodular basal-cell carcinoma in Europe.
PDT is also indicated in non-oncological diseasehsas wet age related macular degeneration
(Visudyne®, FDA and European approval in 2000). A numbertbéoconditions have also been
treated including psoriasis, rheumatoid arthritfignorrhagia and benign prostatic hyperplasia. In
addition, PDT-mediated immune-modulation, bone ovapurging 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 thdiahistep in all photophysical and
photochemical reactions. The energy of the absdigketipromotes molecules from their ground
state to higher energy states (exited states)odmhrtemperature, almost all the molecules are in
their ground state, which is the electronic stassoaiated with the lowest energy and a
configuration where all electrons are orbitallyrpdi During an electronic transition, one of the
electrons is excited from an initially occupied itetbof low energy to a previously unoccupied
orbital of higher energy. This process transforims molecule from its ground state into an
excited state.

The excited state;Shas a different electronic distribution than threund state §and is
energetically less stable thap Be-excitation must take place to permit the r&beaf the surplus
of energy. Several physical pathways leading tatiltion can be followed, represented in the
Jablonski diagramfig. 3.1). A molecule in a high vibrational level of thec#ed state Swill
quickly fall to the lowest vibrational level of #histate (Vibrational Relaxation: VR). Also, a
molecule in a higher excited statg &l finally fall to the first excited singlet sta S (Internal
Conversion: IC). Then, the singlet statec8n rapidly return to the ground state levgb$ two
mechanisms, a radiative process which is fluoreszeor a non radiative process (IC). During
this internal conversion, the excess of energyhef singlet state is released as heat, which
dissipates into the tissue or the solvent. Conogrttie radiative process, a photon is emitted with
an energy equal to the energy gap between the drstate (§ and the excited singlet state)S
levels. This implies that the fluorescence does depend on the excitation wavelength
(Vavilov’s rule). Emitted photons have lower eneripan absorbed photons, so fluorescence
emission maximum is red-shifted as compared tabisrption maximum, this is known as the

StOkeS-Lommel’S |aW (lhbmission> hUabsorptior).
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Figure 3.1: Jablonski diagram, where IC stands for interoaiversion, ICS for intersystem
crossing and VR, for vibrational relaxation.

In addition to radiationless and radiative procsssige singlet state can undergo a change
to a triplet state Tvia a pathway called intersystem crossing (ISCk Tifetime of the triplet
state is much longgr ~107s) than the lifetime of the singlet state~10"%), thus increasing
dramatically the probability of a reaction with @ighbouring 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,tlbabm temperature and due to Vavilov's rule,
phosphorescence is very weak and difficult to def®ue excited triplet state; Tan alternatively
deactivate by undergoing intersystem crossing i by vibrational relaxation.

For most of the organic molecules, only the singtate $ and triplet state jTof lowest
energy can be considered as likely candidates e initiation of photochemical and
photophysical reactions. This is due to the faat thgher order electronic state>@) undergoes
very rapid internal conversion from, S and from T, to T,. This generalization (which was
used here in the description of the Jablonski diadiy. 3.1) is known as Kasha’s rule.

[11.2 Mechanism of photosensitized reactions

Photosensitized reactions can be defined as a gwoice which light activation of a

chromophore induces chemical changes in anotheeaula than the chromophore itself. The



initial step of this reaction is the absorptionaophoton by the photosensitiser, leading to the
generation of an excited statéP). In the presence of oxygen the reaction carovioltwo
competing pathways called Type | and Type Il reaxgi(Sharmaet al, 2000). According to the
definition established by Foote (Foote, 1991) aadslaown infig. 3.2, a Type | mechanism
involves the direct interaction 8P with a substrate (S), whereas in a type |l pmcBsreacts
first with molecular oxygen to produce highly reaetoxygen intermediates that easily initiate

further reactions.

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

sp TPl gy Typel oo

30, Th“ s
op

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

I11.3 Typel photosensitization processes.

In a type | photochemical reaction, the exitedl¢tipstate of the photosensitiséP¥)
interacts directly with the substrate molecule é8)l leads to the formation of pairs of neutral
radicals or radical ions following an electron gdfogen transfer as shown in the Eqgs. 1 & 2.

Most biological substrates undergo an oxidatidag. (1).

P*+S—— P+ST 1)

Pr+S— P+S )
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Both the excited photosensitiser and the groune stabstrate 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 Mmpry processes can subsequently
participate to different kinds of reactions. In firesence of oxygen, for example, oxidized forms
of both sensitiser or substrate readily react v@hto give peroxyl radicals, thus initiating a

radical chain auto-oxidation (as described by Bys0d (6)).

SO0+ SH —— &+ SOOH  (6)

Semireduced forms of the photosensitiser or ofsthiestrate also interact efficiently with
oxygen and the electron transfer which takes plate/een 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 @q.

11



0, +0, +2H"—— Q+ H,0, (8)

0, +2H " +e —— HO, 9)

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

reactive hydroxyl radical (Haber-Weiss reactiomsell & 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 oubée oxygen. In most cases, the reaction
proceeds via energy transfer from the exciteddtiptate photosensitiser to the oxygen molecule
in its triplet state. Singlet oxygen can only bengmated by photosensitisers that possess an
energy gap between the ground state and the exdipéet state which is higher than the energy
Ea needed to excite oxygen into its excited singletesfig. 3.3). Ea being very low (94 kJ mdi
(van Lier and Spikes, 1989)), almost all tetrapijerphotosensitisers can mediate generation of
singlet oxygen. Theoretically all molecules absogblight at wavelengthsh < 1260 nm can
mediate generation d0..

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

excited from its ground state into excited singédes

ho 3 1
P—s1p* — %P1 — P40, (13)

For pure Type Il reaction, the quantum yield fornm@atf 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 i€lmonore electrophilic than its ground state
and can oxidize biomolecules very rapidly. It i;yatastable species with a lifetime varying from
about 4 ps in water to 25-100 ps in non polar dggaaolutions, 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 oious quenchers, and is calculated to be about
170-330 ns (Baker and Kanofsky, 1992). Accordindg/iman and coworkers, this short lifetime
allows the diffusion of singlet oxygen to a maxind#dtance of 50 nm at the sub-cellular level
(Moan, 1990; Moan and Berg, 1991; Moan and Boye119Singlet oxygen can be either
deactivated by returning to the ground state, @ctrenith electron-rich regions of many
biomolecules to give oxidized species.

S,
]
IC
C 1
;_l A ISC Energy
S . - transfer
T;
At
) Fluor- Ag
Absorption escence 1o70mm  ©s~0.5
0.98 eV
|
H So Y 32_

g

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

[11.5 Photosensitisers
Haematoporphyrin derivative (HpD) has been for iy Weng time the only photosensitiser

used in clinical PDT. It belongs to the so calledtfgeneration photosensitisers. During the 80’s
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it has becomes evident that HpD was not a perfeatgsensitiser. It is a very complex mixture
and the exact composition of a such mix is ratliiicdlt to reproduce. The absorption band in
the red is at 630 nm with a rather limited tisseegdration, at the beginning of the “therapeutic
window” and the molar extinction coefficient istat low (about 1170 NMcmi?). Although HpD
photodynamic activity is acceptable, it is still dest. Finally, the selectivity for the target
(tumour) is low, therefore inducing side effect lsuas skin sensitisation for several weeks.
Bonnett established several requirements for aal jpleotosensitiser (Bonnedt al, 1989):

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

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

« High singlet oxygen quantum yield

« Lack of dark toxicity

« Pharmacokinetic profile with rapid clearing fronethody

« High selectivity for the tumour tissue versus tlealthy tissue

- Uniform stable composition, and preferably a sirgglbstance

O ) O

OH

OH OH

m-THPP m-THPC m-THPBC

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

Second generation photosensitisers have been gexkto far in agreement with the above
requirements of the ideal photosensitiser. They aestituted by pure molecular synthetic
structures (Phthalocyanines, naphthalocyanineszdpemphyrins, purpurins, chlorines and

14



porphycenes) and natural porphyrinoids (pheophesdyid bacteriochlorins, bacterio-
pheophorbides). Most of the second generation gkeositisers are tetrapyrrolic compounds with
side chains, added to stabilise and improve therpben in the red. Phthalocyanines are
tetrapyrrolic compounds, where pyrrole groups amdensed with a benzenic group and where a
nitrogenous bridge replaces a methene one, thusnemy the molar absorption coefficient of
these molecules and with Ja.ax absorption around 700 nm. Texaphyrins are alsdhstic
relatives of porphyrins. Due to their side chaitiese molecules are water soluble and rapidly
cleared from the circulation and possess a wideorpben band centered at 732 nm.
Unfortunately 2 generation sensitisers generally do not manifefirge tumour localizing
selectivity. Therefore research has been focusediewaloping third generation photosensitisers.
With this aim 39 generation photosensitiser are introduced intehicle (e.g. liposomes) which
will drive the molecule towards the desired targ®&hother method is to graft amino-acids,
proteins, polymers, carbohydrates or anti-bodyreamexistent photosensitiser (Moser, 1998).
The photosensitisers of tetraphenilchlorin seriese alerived from the meso-
tetra(hydroxyphenyl)porphyrins, they are namely theso-tetra(hydroxyphenyl)chlorin (m-
THPC) and the meso-tetra(hydroxyphenyl)-bacterimechl(m-THPBC) {ig. 3.4). The discovery
and the chemical synthesis pathway of these congmowvas performed by Bonnedt al.
(Berenbaunet al, 1986; Bonnetet al, 1989). The ortho, meta and para isomers of paiphy
and chlorin have been testddy( 3.5 and the meta isomer m-THPP was found to be th&t mo
active isomer in the vivo assays (Berenbauet al, 1986). The same meta isomer of chlorin m-

THPC was also identified as the most active chlm@mer (Bonnetét al, 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 thengtabsorption in the far red region. Where
the molar extinction coefficient in ethanol is 11M0'cm® for Photofrin® at 630 nm, it is 3400
M2tecm? 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 stgi@ntum yield formation ranging between
0.69-0.89 and a good quantum yield in singlet oxyigemation (0.43-0.45).

Because of these photophysical properties thoseophasitisers were expected to be
valuable compounds for PDT. Actually it has beeovah that m-THPP was 25-30 times as
potent as haematoporphyrin derivative in sensgisirmours (Berenbauret al, 1986) and m-
THPC, considering global photodynamic doses (ldgges x photosensitiser dose), was found to
be 100 to 200 times as potent as haematoporphgrivadive (Savarget al, 1998; Savaret al,
1997).

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

5,10,15,20-meta-tetra(hydroxyphenyl)chlorin (mMTHRE R photosensitiser of the second-
generation (Bonnetet al. 1989). It mediates cell photodamage, principalyotigh singlet
oxygen formation (Melnikova, Bezdetnayat al. 1999) and its efficacy is sensitive to
oxygenation conditions (Coutiest al. 2002). In 2001, mTHPC has been granted European
approval for palliative treatment of patients watthvanced head and neck cancers and it has been
successfully employed for treatment of early squasnoell carcinoma (Coppest al. 2003;
Hopperet al. 2004), basal cell carcinom®daset al, 200]), prostate oore et al, 2009,
pancreatitic canceBpwn et al, 2003).

mTHPC is a highly hydrophobic compound and thigraef its affinity to cell membranes
and plasma proteins. Since interactions with plasor@aponents and blood cells can play an
important role in mTHPC-PDT efficacy, they are mdvely studied (Michael-Titust al. 1995;
Hopkinson et al. 1999; Kessel 1999). Sasnous&t al. studied the kinetics of Foscan
disaggregation in albumin-enriched solutions anthébthem to be very sensitive to the protein
concentration and incubation temperature. Kineti@lysis demonstrated that two types of
Foscan aggregated species with different rate antsstcould be involved in disaggregation:
dimers and higher aggregates. Disaggregation ceraity increases with temperature rise.
Compared to albumin, Foscan disaggregation kin@tidke presence of lipoproteins displayed
less dependency on lipoprotein concentrations andller variations in disaggregation rate
constants (Sasnouslet al, 2005). The same group studied the processes OHRGT
redistribution from plasma proteins to model membgand demonstrated very slow kinetics of

MTHPC release from protein complexes. Thermodynammnsiderations proposed that sensitizer

16



release from high-density lipoproteins into the empus medium is unfavourable and collision
mechanism appeared to be the preferred mode afféraim biological environments (Sasnouski
et al, 2006). mTHPC displays some unusual propertiegtro andin vivo compared to many
other sensitizers. Gradient-density ultracentrifigga demonstrated the presence of weakly
fluorescing aggregated mTHPC species in the regbatbumin or HDL/albumin (Hopkinsoet

al. 1999; Kessel and Sykes 1999). mTHPC forms largéesgggregates in aqueous media, that
monomerize upon interaction with plasma proteinsnitt, 2001). This sensitizer is rigidly
fixed in model membranes and is strongly retaimedellsin vitro (Ball et al. 1999; Bombelliet

al. 2005). mTHPC displays an unusual pharmacokinetf@abiour in human and rabbit plasma,
with a secondary peak at about 10 and 6 h afteitiavenous injection, respectively (Roenal.
1997; Glanzmanret al. 1998). These phenomena were supposed to be eagbléiy initial
retention of PS in the liver or sensitizer aggregan the vasculature. A similar pharmacokinetic
profile was only reported for hexyl-ether derivatiof pyropheophorbide-a in mice (Bellnier

al. 1993). mTHPC has small initial volume of distrilout with high retention in the vasculature
together with two peaks of PDT efficacy (2h and)2ahmice (Jonest al. 2003).

It has been demonstrated that the Golgi apparatdseadoplasmic reticulum (ER) are
preferential sites of mMTHPC accumulation in MCF4irfan adenocarcinoma cells after 3h of
incubation (Teiteret al. 2003). Golgi apparatus and ER were also showre tind primary PDT-
induced damage sites as measured by enzymes pdaiteation technique (Teiteet al. 2003;
Teitenet al. 2003). Damage to Golgi apparatus was confirmeflugnce-dependent alterations
of Golgi apparatus and mitochondrial morphology IiMeva et al, 1999). Using fluorescence
anisotropy imaging, Fostet al. demonstrated an unusual localization of mTHPGertuclear
envelope, indicating that this structure is a tafephotodynamic damage with this sensitizer
(Fosteret al. 2005). Both apoptotic and necrotic pathways anglicated in mTHPC-mediated
HT29 cell photoinactivation that is governed by oufiondrial membrane photodamage
manifested by cytochrome C release and dissipabibrmitochondrial membrane potential
(Marchal et al. 2005). Investigation of the relationship betweba subcellular localisation of
Foscan and intrinsic apoptotic pathway post Fosemed photodynamic therapy demonstrated
that Foscan localisation in endoplasmic reticulumprioves the photoactivation of the caspase-7
apoptotic pathway, which is poorly related to mitoodrial damage (Marchat al. 2007).
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During irradiation of mMTHPC in organic, PBS and P&itaining 10% FCS at 650 nm in
the absorption spectra the major absorption bah@8@450 and 650 nm decreased (Hadjur
al. 1998). A new absorption band was observed at 380 attributed to the formation of a
photoproduct. The spectra of mTHPC fluorescence discreased upon irradiation but no
fluorescent photoproducts were detected. A stroageddence of oxygen concentration on
photodegradation on formation of photoproducts been reported (Hadjwet al. 1998). Hadjur
et al. determined the quantum yields of photobleacldggin 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 them&ion of photoproducts, have been
competitively inhibited by singlet oxygen quenche&s the basis of photobleaching experiments
Hadjur et. al. also determined the quantum yielgionglet oxygen productiond}) by mTHPC,
which appeared to be 0.3 in ethanol and 0.01 in RBB§gesting that mTHPC is highly
aggregated in aqueous media (Hadjural. 1998). Products of mTHPC oxidation irradiated in
methanol have been separated and identified by-peglormance liquid chromatography. The
major compound of oxygenation process has beenridedcasp-hydroxy-mTHPC with an
absorption band around 423 nm (Joeeal. 1996). mTHPC has been reported to be a moderately
photolabile compound. A comparative study of mTHP&@ mTHPC in methanol-water (3:2,
v/v) solution demonstrated a 90 fold greater mTHRB®Gtobleaching 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@apmately 20 times greater than that of
MmTHPC (Rovers, de Jode, Rezzatgal. 2000). Thedp, value for mTHPC in PBS with 10 %
FCS solution is an order of magnitude lower comgaceBPD-MA @pp, = 2.07 x 10) (Aveline
et al.1994).

MmTHPC has a strong absorbance in the red regiod 18 with high molar extinction
coefficient (Bonnett, Djelaét al. 1999). This offers promising therapeutic perspestifor PDT
of deep tumours and pigmented tissues. Pre-clisticalies have demonstrated a significant depth
of necrosis for mTHPC (Bonne¢t al. 1989; Roverst al, 2000). The absence of correlation
between PS concentration in tumor and PDT effigiamas observeth vivo (Veenhuizeret al.
1997; Riset al. 1998). It was also demonstrated that in the caseTtiPC-PDT, singlet oxygen
dose to the tumor volume does not track even quigily with tumor response, so in this case

any PDT dose metric that is proportional to singbeggen 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 celisvged that the photosensitizing efficiency
was 1.8 times greater at 3 h of incubation tha@4at. Also, intracellular photobleaching of
mTHPC slowed down and the profile changed from mdodbi-exponential upon incubation.

The loss of photosensitizing efficiency at higheFH#C concentrations was attributed to self-

guenching of the triplet states of the sensitifBesnousket al. 2007).
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IV PHOTOBLEACHING

IV.1 Photobleaching mechanisms

During photodynamic treatment, in addition to teaation with biological substrate, self-
photosensitization occurs and reactive oxygen nmeliates interact with the photosensitiser,
leading to its transformation and/or destructiohisTphenomenon is called photobleaching. The
first relevant observation of photobleaching in gie@todynamic therapy field was made in 1986
by Moan (Moan, 1986).

Oxidized products . Oxidized products
Photobleaching
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Figure 4.1: Diagram of photobleaching mechanisms occurritey absorption of
photons by a photosensitiser.

The main reactions leading to photobleaching aeseted iffig. 4.1 The photosensitiser
undergoes Type | and/or Type Il mechanisms updrnt lrgadiation, leading to the production of
oxygen radical species. These oxygen radical speeact with the neighbouring molecules,
including the photosensitisers, leading to thestdetion. Thus photobleaching can occurs via
two pathways, the Type | way involving reactive g&g species and Type Il way involving
singlet oxygen. Photobleaching quantum vyield ofedént photosensitisers varies significantly
and can be attributed to oxidation potential, lipdipity, presence of a metallic ion, kind of
reactions involved (Type | or Il).

Kinetic parameters of photobleaching are mainlyveer from spectroscopic measurements
assessed by UV-Vis or fluorescence spectroscopyer&eimportant mechanistic issues of
photobleaching were obtained from the detailed yaimlof spectroscopic modifications. In the

earlier studies on photobleaching of photosensimdecules, the kinetic decay of photosensitiser
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was considered as a mechanism depending only orighe dose delivered to the tissue,
materialized by the mono-exponential decy,avhereq stands for the photobleaching constant
and D stands for the fluence of irradiation (Jfmlt became clear later on that the
photobleaching is a complex phenomenon, which dabaodescribed by a single exponential
decrease (Moaet al, 2000; Sgrenseat al, 1998). For some photosensitisers the decay rates
have been shown to be practically independent ef ¢bncentration of the dye during
illumination (Manget al, 1987; Moan, 1986; Sgrensenhal, 1998) and thus exhibit a first order
decay. However, for the majority of dyes, the pbt#aching decay is highly dependent on the
initial photosensitiser concentration (Moainal, 1988), meaning that the photoproducts from the

chromophore can cause the decay of a neighbounirgrophore (Moaet al, 1997).

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 fllsmence were higher than those obtained by
matching absorbance (10 and 11 times for HpD arn¥ Rgspectively). The authors concluded
that this difference reflected the preferential tobteaching of photolabile monomeric forms
compared to aggregates. Another study confirmegteerential photobleaching of monomeric
species of m-THPC (Belitchenlat al, 1998).

Several studies of Rotomskis and co-workers dematest that photobleaching efficiency
of haematoporphyrin-like sensitisers seemed todosistent with their aggregation state and the
presence of covalently linked structures. Both dimoryhaematoporphyrin (DMHp) and Hp are
present in an equilibrium of monomeric and aggregidorms in aqueous solutions (Streckyte
and Rotomskis, 1993). Their absorption bleachitg canstants are two to four times higher than
that of HpD, a sensitiser containing mostly lineauctures of porphyrins linked by ether, ester
and/or carbon-carbon bonds (Dougheatyal, 1984). It is also 10 to 20 times higher than thfat
Photofrin® (PF), which contains covalently linkedahdwich” type structure (Streckyte and
Rotomskis, 1993b). In HpD, some of the side chanesinvolved in ether and ester linkages and
therefore this compound is more photostable tharHPpNnd Hp. In PF and Photosan-3 (PS)
(highly aggregated “sandwich” type structure (Stygée and Rotomskis, 1993)), almost all side

chains are involved in covalently linked structyrggobably accounting for the high
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photostability of these sensitisers. The preserice aertain amount of protoporphyrin in PS is
probably responsible for its lower photostabilipngpared to PF.

Lowering the pH value of a photosensitiser solutiesults in a shift of both the absorption
and the fluorescence spectra as well as in a dex@athe fluorescence intensity, indicating an
aggregation at low pH values (pH < 5) (Cunderlikeval, 1999). Reddet al. (Reddi and Jori,
1988) also demonstrated an aggregation of hemaibpon and Photofrin® when decreasing the
pH from 7.4 to 5.0 and they also demonstrated doeehse of the photobleaching quantum vyield
to 70 % for hematoporphyrin and 30 % for Photofrin®us suggesting a resistance toward
photobleaching of aggregated species.

Changing the ionic strength by varying the buffen@entration can affect the aggregation
state of a sensitiser. An increase of the bufferceatration of a TPRSolution increases the
aggregation of the sensitiser and reduces the pleaiching quantum yield by 50 % (Davila and
Harriman, 1990). Thus, it follows from all thesadies that the quantum yield of photobleaching
is inversely proportional to the aggregation stdtdhe photosensitisers.

Streckyteet al. (Streckyte and Rotomskis, 1993) showed that irelfaic media (Triton X-
100), which leads to the monomerisation of the pbensitisers, several dyes such as DMHp and
HP had a different photostability and different fproducts formation compared to aqueous
media. Spikes (Spikes, 1992) reported that addiRgBC(cetyltrimethylammonium bromide) to
PBS solution increases the quantum yield of PFgifleaching by 90%. The photobleaching of
uroporphyrin I and hematoporphyrin in the same @@rs was unchanged and the bleaching of
TPPS decreased by 25%. Spectroscopic studies dematstiidiat there was significant
monomerisation of hematoporphyrin, TRP&hd PF in CTAB, however the reasons for this
opposite effect between TPP&nd PF were not clear. The authors proposed th&STP
penetrates into the CTAB micelles (Reddi and J$88) and that it localizes in a low dielectric
constant region and that under these conditionsopleaching would probably be slower.

Spikes (Spikes, 1992) investigated the quantumdyiel photobleaching of several
porphyrins in phosphate buffer solution, and fodimat the bleaching was reduced by nitrogen
bubbling. Also, Streckyte and co-workers demonsttdhat the photobleaching process of ALA-
induced PplIX in cells was slowed down by bubblintgogen through the sample (Streckge
al., 1994). Konig et al. also made the same observation for endogenoustetb porphyrins in

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

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

In their further studies Foster and co-workers stigated 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 normakt skin (Finlayet al, 2001) it was
demonstrated that the photobleaching kinetics vdiferent with different irradiances. High
irradiance led to rapid oxygen consumption andba slown of the photobleaching. In addition,
the photoproducts of PplX also exhibited an irradedependant photobleaching. In a second
study, Finlayet al. (Finlay et al, 2002) showed that photobleaching kinetics of nFPTHon
normal rat skin exhibited two distinct phases. Thst phase was shown to be irradiance
independent, whereas the second phase revealadadiance dependency consistent with an

oxygen-dependant reaction process.
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V.3 Photoproducts formation

Presently, two mechanisms of photobleaching are@egledged (Bonnett and Martinez,
2001). The first one, true photobleaching, corresisato the photodegradation of the porphyrin
macrocycle with the formation of photoproducts, evhdo not absorb in the visible light region.
The second mechanism is called photomodificatiohere the chromophore is retained in a
modified form with the formation of new visible speal bands. For the majority of
photosensitisers the photoproducts arise from pbtitodegradation pathways.

Photomodification is featured by the loss of abaade or fluorescence at some wavelength
and the appearance of new spectral bands, thig leiagreement with the photoformation of
new compounds. For macrocyclic compounds, photofication appears when the rupture of the
macrocycle doesn’t occur. While true photobleach&agls to the destruction of the tetrapyrrolic
cycle and results in the formation of small produittat do not absorb visible light. It appears
that, where photomodification occurs, true photableng often occurs concomitantly and one
also should notice that photomodification can bstakien for photorelocalisation.

The photobleaching of tetraphenylchlorin seriessgmers have been extensively studied
because of the large clinical potential of the mPl0Hand also because of their important
absorption in the red region of the visible speutriBonnettet al. have made a comparative
study of the photobleaching of this sensitisereselly absorption measurements (Bonattil,
1999). The authors demonstrated that in methantd+wsolution m-THPC and m-THPBC
underwent only true photobleaching and photomadlifimn mainly occurs for m-THPP. The
products formed after the irradiation of m-THPP magiol-water were hydroxylated m-THPP
(mono-, di-, tri- and tetra-hydroxylated m-THPP)o(Bett and Martinez, 2002) with mono-
hydroxylated m-THPP being the major photoprodud%2 While in pure methanol small
photoproducts appeared such as maleimide and rigthytiroxybenzoate, the mono-
hydroxylated m-THPP was still photoproduced. A récstudy (Louretteet al., 2005) regarding
the photobleaching of m-THPP in ethanol-water (1489) solution revealed that using a pulsed
laser as light source, m-THPP undergoes phototmemstion to a hydroxylated product and

several covalent oligomeric structures as dimengr, 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 demoestratrapid true photobleaching of
m-THPC, accompanied by a photoproduct formatioh,gt= 320 nm when the photosensitiser
was in a PBS solution supplemented with 2% fetdlssaum (FCS) (Angottet al, 1999, 2001;
Belitchenkoet al, 1998). This result was confirmed by Hadgiral. (Hadjuret al, 1998) who
showed a large formation of a 320 nm absorbingyxboh a 10% FCS solution. In methanol or
methanol-water solution it appears that m-THPC wjales true photobleaching (Bonnettal,
1999), since no photoproduct at 320 nm was detedteese three observations let us propose
that the photoproduct formation correlates withF@&S concentration in the incubation solutions.
Mass spectrometry studies were carried out to ifyerthe spectroscopically invisible
photoproducts (Angottet al, 1999, 2001; Jonest al, 1996; Kasselouret al, 1999). The
photobleaching was performed orTHPC methanol solution or water-methanol solutoad the

products obtained are presented infige4.2and4.3.
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Figure 4.3: Photooxidation products af- THPC in methanol from (Bonnett and Martinez, 2001)

The major photoproducts observed were hydroxy- @irdydroxy-m-THPC, hydroxym-

THPP, still the position of the hydroxyl(s) group(s(are) not determined, these penta or

hexahydroxylated chlorin have almost the same ahtisor peak than m-THPC (Jones al,
1996; Kasselouret al, 1999). Bonnett (Bonnett and Martinez, 2002) idextt several products
like a chlorin and four minor products coming framie photobleaching. They are dipyrrin
derivative, succinimide, and the two afore menttbrngroducts maleimide and methyl-3-
hydroxybenzoate, which were also photoproducts fmeirHPP.
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V LIPOSOMES

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

V.1 Amphiphilic lipids

Amphiphilic lipids, used for liposome preparati@monsist of hydrophilic polar headgroup
and hydrophobic hydrocarbon chains. This means ghalar environment, such as water
solutions, promote the spontaneous aggregationadf solecules and the formation of a variety
of microstructures (Tanford, 1991).

Phosphatidylethanolamine {PE)

DPPC R;=R;=Cisu R—0 ?Hz
Ry—O—CH D
HQC—D—F_O_Ra PhUSDhatlﬂylch@u]]ne Py
O Ry —(CHy CHz N{CHz)

@
DMPC R1=R:=C14:u

Figure 5.1: structure of the typical lipids used for preema of
unilamellar vesicle

This selforganisation is usually accompanied byimereased entropy of the system.
Supposedly this increase is due to the water-hydbmn interactions that force the water
molecules to form an ordered structure around tydrdphobic part when the amphiphilic
molecules are freely suspended as monomers. Red¢dke ordered water can be achieved by
driving the hydrophobic parts out of the aqueoulitein and sequestering them within the
interior of the aggregate. Thus the increased pytgained by the water molecules may lead to
an overall gain in free energy so that aggregatimurs spontaneously.

Spontaneous aggregation is also related to thecolale parameters of the amphiphile
molecule. The so-called surfactant parameter (lschgili et al. 1977), which takes into account
the hydrophobic volume, chain length and head grara@, is a useful guide for predicting the
optimal aggregate structure. The surfactant parengtis defined by
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wherev stands for the volume of the hydrophobic portionhaf amphiphilel is the length of the
hydrocarbon chains and, is the effective area per head group. These paeamebntain
information about the geometrical shape of the mdk and the surfactant parameter can be
considered to use geometrical packing constramtsdtrict the number of forms available to the
aggregate. The value of the surfactant paramelatesethe properties of the molecule to the
mean curvature of the formed aggregates. By coroetite curvature of an aggregate is positive
if the aggregate is curved around the hydrophobit @nd negative if it is curved towards the
polar part. The former produces normal aggregatesphases, while the latter forms reversed
ones. For example, small valuesS®imply highly curved aggregates, micelles, while $+ 1
planar bilayers are formed.

V.2 Lipid bilayers

Phospholipid lamellar phases may exist in diffeneimysical states since the character of
the bilayer changes with, for instance, lipid cosipon or temperature. Low temperatures or a
high degree of saturation force the bilayer intgeh state, in which hydrocarbon chains exhibit
close packing and a more or less frozen conformaticcreasing the temperature or introducing
unsaturated acyl chains results in a bilayer ef@d crystalline (or fluid) state, where the chain
are disordered and have a high mobility. The teatpee where the gel-to-liquid crystalline
phase transition occurs is function of the chemicahposition of the bilayer, especially of the
acyl chains. This transition was at first suppotethe an isothermal first-order process (Albon
and Sturtevant, 1978), but proved later on to pobesh first-order and second-order characters
(Mitaku et al. 1983). Comparing an unsaturated phosphatidylcaaliith its saturated analogue,
the temperature for the unsaturated lipid will bgndicantly lower since the double bond
introduces kinks in the chain that do not allowdtwose packing.

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

penalty due to the induced curvature. To furthemimise the edge energy, a higher curvature is
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required and finally a closed sphere will be formetiere the edge energy is reduced to zero.
The bending energy, on the other hand, has novheeaits maximum. Thus, larger liposomes
are energetically favoured, while entropy woulddav many small ones. However, liposomes
are usually stable due to the relatively high valoé energy needed for pore formation. This
means that a very long time is required before ttu#yapse into a lamellar phase.

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

Liposomes can differ in size, ranging from the destl vesicle (diameter 20nm) to
liposomes that are visible under the light micrgsgonith a diameter of 1um or greater, equal to
the dimensions of living cells. They are classif&ducturally into multilamellar vesicles and
unilamellar vesicles (Perez-Solar, 1989). Unilaarellesicles have a single phospholipid bilayer
membrane and a diameter of 0.05-0.25 um. Sucholipes can be further classified into large
unilamellar vesicles with a diameter of 0.10-0.2% and small unilamellar vesicles with a
diameter of 0.05-0.10 pm.

V.3 Steric stabilisation

Polymer-coated liposomes are often used to cretdeacaly stabilized liposomes.
Stabilisation can be obtained by grafting or byoapgon 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 achielg 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 twgrel-covered surfaces approach each other
they experience a repulsive force as soon as ttex polymer segments start to overlap. This
repulsive force is due to the unfavourable entraggociated with compressing (the loss of
conformational freedom) the polymer chains betwdentwo surfaces (Israelachvili, 1992). In
addition, the difference in chemical potential bet¢w the water in the bulk and in the interaction

region induces an osmotic repulsive force (de Gent@87).
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To describe the repulsive interactions betweenrpetycoated surfaces, two limiting cases
have to be distinguished. At a low surface cover@ghe polymer, that is, without overlapping
of neighbouring chains, each chain can interach wie opposite surface independently of the
other chains. Going from low to high coverage, plaéymers come so close to each other that
they are forced to adopt extended configuratiortgerd@by the thickness of the polymer layer
increases and hence, within this extended regibe, dteric stabilisation is more efficient
(Israelachvili, 1992).
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VI LIPOSOMES FOR ANTI-CANCER DRUG DELIVERY

Tumor blood vessels have several abnormalities eoeapwith physiological vessels, such
as a relatively high proportion of proliferatingdeathelial cells, an increased tortuosity and an
aberrant basement membrane formation. The rapijhareding tumor vasculature often has a
discontinuous endothelium, with gaps between tlis tieat may be several hundred nanometers
large. Macromolecular transport pathways acrossotumessels occur via open gaps
(interendothelial junctions and transendothelialrotels), vesicular vacuolar organelles and
fenestrations.

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

VI.1 Liposomesfor drug delivery

Liposomes have been studied for many years asecaystems for drugs (Storm and
Crommelin, 1998), with advantages such as enhanteofegherapeutic efficacy at low dosage
and hence, reduction in toxicity of the encapsdlagent, improved pharmacokinetic profiles
and targeting to tumour tissues as well as incceasability of the drug, particularly against
enzymatic degradation (Fielding, 1991; Gregoriatig1; Xian-ronget al, 1995).

Liposomes are made from pure lipids or a combinatb lipids. The lipids commonly
employed in liposomal formulations are phosphoBpiiJhumwangho and Okor, 2005).
Liposomes have been prepared from a variety ohgyictand naturally occurring phospholipids,
generally containing cholesterol (Rogers and Aderd®98). The incorporation of cholesterol
into the lipid bilayer membrane enhances the stgbdf liposomes in serum, reduces the
permeability of the membranes to water soluble mdés 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 basipidi for the preparation of liposomes. The net
surface charge of liposome can be modified bytikeerporation of positively charged lipids such
as stearylamine, or negatively charged lipids sagHdiacetylphosphate, phosphatidyl glycerol or

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

The extents of drug entrapment and retention at agethe factors influencing them are
important considerations in the design of liposamediated drug delivery systems. Drugs may
be entrapped in the aqueous and/or lipid phadeedifosome (Uhumwangho and Okor, 2005).

Aqueous entrapment relates to the aqueous volurtieiiposome. The larger the aqueous
volume, the greater the amount of polar drugs ¢hatbe encapsulated (Fendler, 1980). Multiple
compartment liposomes encapsulate a higher pegentaf aqueous soluble drugs than single
compartment vesicles, because of the larger volinemcapsulated agueous space in the former.
Formulations that promote formation of multilameligesicles are thus associated with higher
aqueous entrapment. Cholesterol modifies the tiidf lipid membranes, thereby influencing
the degree of retention of drugs by vesicles as agktabilising the system against enzymatic
degradation (Weinegt al, 1989). Large molecules are better retained tinaadlsr ones, which
can diffuse slowly through the lipid layers (Uhumgao and Okor, 2005).

Lipid soluble drugs are entrapped in the lipid layef liposome. Here, the entrapment
efficiency can be as high as 100%, irrespectivigpotomal type and composition. The retention
of such hydrophobic drugs is very high when th@dgmes are placed in aqueous biological
environment because of their high lipid-water igmi coefficients.

Active targeting encompasses the strategy of cogpdi specific targeting entity to the
surface of liposomes, enhancing their selectiveradtion with cells or tissues through binding
with specific membrane-located markers (Deryck®420The targeting technique can be applied
to conventional liposomes, especiallyimvitro conditions, but is much more appealing in case
of long-circulating liposomes. Indeed, sufficiedgma stability is needed to assure satisfactory
extravasation, followed by an encounter of thedntgposome with its target. The objective of
active targeting is the enhancement of tumor-sekecccumulation by site-directed retention
through target binding and a possible increasehen ghotodynamic effect through cellular
internalisation of the liposome-bound photoseresitidn this way, active targeting aims at
minimizing undesired side-effects related to noee#iic photosensitiser accumulation (Allen,
1994).

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

site barrier’. This concept predicts that targetimgjecules bind to the first target they encounter,
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e.g. the tumor cells proximal to the blood vessehacase of topical administration the cells at
the tumor periphery, retarding or even preventimg penetration of targeted liposomes into the
tumor interior. Thus, when solid tumors are to teatied, non-targeted liposomes may have a
greater penetrability through the tumor tissue thawve targeted liposomes (Allehal, 1998).

VI.2 Pharmacokinetics and biodistribution of liposomes and liposomal drugs

There is a number of factors that influence phaokietic parameters of liposomal drug
formulations. The first being their size. The gehdrend for liposomes of similar compositions
is that increasing size translates into more rajpthke by the reticuloendothelial system (Abra
and Hunt, 1981; Hwang, 1987; Senior, 1987). Howeakhough the trend remains the same, the
clearance of liposomes is affected at differentetd by their composition. The dependency of
size on liposomeal clearance rates is relativelys Iéor stabilized formulations than for
conventional liposomes (Ahét al, 1997; Woodleet al, 1992). For neutral conventional
liposomes, the window for optimal behavior is narraneaning that for effective application,
liposomes should be small enough (preferably, <@ but still maintain reasonable drug
encapsulation efficiencies (Drummoatial,, 1999).

Early studies have shown that the presence of wegatcharged lipids in liposomes,
including phosphatidic acid, phosphatidylserine gisphatidylglycerol, results in a rapid
uptake by the reticuloendothelial system (Sergbral, 1985; Senior, 1987). However, this
relationship between the presence of charged ligidgd circulation lifetimes is extremely
complex and canot be readily explained with simptedels in which the presence of an anionic
lipid necessitates increased clearance from tloelaition. Indeed, it now appears that each lipid
must be analyzed separately and in the contextiroflas liposomes with respect to size,
membrane packing constraints and surface chargatdébrummoncdet al, 1999).

The effect of bilayer fluidity and the relative neg of the lipid components can have a
considerable impact on the clearance from the laticun of both the liposome and the associated
drug. These effects can either be direct effecish &s inhibition of penetration and thus binding
of serum proteins (Papahadjopoutdsal, 1973), or indirect effects, such as stabilizatdrihe
drug formulation to reduce the rate of drug leakddee presence of cholesterol probably has one
of the most important roles in the maintenance eimtorane bilayer stability and long circulation
timesin vivo (Gregoriadis and Davis, 1979; Senior and Greg®ja®82; Senior, 1987). In the

absence of cholesterol, conventional liposomesdastabilized by high density lipoproteins
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(Chobaniaret al, 1979; Dameret al, 1980) and upon release, their components caeduly
eliminated from the circulation. For liposomes wathd without cholesterol, clearance rates were
shown to negatively correlate with increased sitghih plasma (Senior and Gregoriadis, 1982).
The presence of steric stabilization makes the rfeeccholesterol less apparent for empty
liposomes, but for drug-loaded liposomes, cholesismecessary for maintenance of the drug in
the liposomal interior. The phospholipid componaidso plays a prominent role in the
maintenance of high plasma levels of liposomes ifPnondet al, 1999).

The rate of elimination of a liposomal drug frone ttirculation also dependens on the rate
of drug leakage from the carrier. Because drugsidened for liposomal encapsulation often
have circulation times significantly shorter th&ae tiposomal carrier, premature release can lead
to an apparent increase in elimination rate from c¢hculation. For conventional liposomes, a
membrane composed of cholesterol and high-phasesiticm phospholipids appears to be
imperative for maintaining long circulation timesdasubsequent delivery of high levels of
liposomes to solid tumors (Ballgt al, 1990). Sterically stabilizeljposomes are more pliable
and can be used with fluid-phase lipids to obtaimglcirculation times and high tumor levels of
liposomes (Gabizoret al, 1993). For both types of liposomes, the lipid position of the
liposomal membrane is essential for maintainingadle encapsulation of the drug while in the
circulation. For most amphipathic drugs that atheziweak acids or weak bases (the majority of
classic chemotherapeutic agents), this is of cenalide importance because these drugs will leak
more rapidly from the carrier while in the circudat, unless high-phase transition lipids are used.

Original attempts to mimic the surface of red blooglls by including the sterically
hindered monosialotetrahexosylganglioside or phasgylinositol in liposome preparations led
to the development of longcirculating liposomes I€Al and Chonn, 1987; Gabizon and
Papahadjopoulos, 1988; Gabizoret al, 1990). Later, N-(polyethylene glycol)
distearoylphosphatidylethanolamine was substitui@d monosialotetrahexosylganglioside or
phosphatidylinositol (Klibanoet al, 1990; Allenet al, 1991; Papahadjopoulat al, 1991).
The attachment of PEG to the surface of a liposdo®s not prevent liposome uptake by the
reticuloendothelial system but only reduces thekgtate (Drummondt al, 1999). One of the
most significant advantages of sterically stabdiigposomes is the nonsaturable, log-linear

pharmacokinetics. Sterically stabilizédosomes likely resist uptake by the high-affinitgw-
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capacity reticuloendothelial system macrophagesultiag in increased circulation lifetimes
(Allen et al, 1995).

The administered dose can also play a signifiaaletin the circulation lifetime of a carrier.
Conventional liposomes are removed from the citautan a dose-dependent manner, indicating
a saturation of the mechanisms responsible for tiake (Gregoriadis and Senior, 1980; Abra
and Hunt, 1981; Seniaat al, 1985; Hwang, 1987). Circulation lifetimes typigaincrease as a
function of increasing lipid dose. This effect iisely due to a decreased phagocytic capacity of
reticuloendothelial system macrophages after tigestion of high lipid doses or to a saturation
of plasma factors that bind to circulating liposenaad result in their opsonization. The fact that
liposomes composed of high-phase transition lipgggh as sphingomyelin / cholesterol or 1,2-
distearoyl-3-sn-phosphatidylcholine / cholestem@n more readily saturate reticuloendothelial
system uptake may indicate that these difficultaetabolize lipids saturate metabolic pathways
responsible for their destruction (Sengtral, 1985; Hwang, 1987). Alternatively, liposomes
have been shown to bind serum proteins in a mamversely proportional to their blood
clearance rates (Chomt al, 1992; Semple and Chonn, 1996; Sengtlal, 1996), giving rise to
the hypothesis that the depletion of plasma opsoairhigh lipid doses results in an increase in
blood circulation half-lives (Harashine al, 1993; Ojeet al, 1996). Steric stabilization with N-
(polyethylene glycol) distearoylphosphatidylethamine offers a unique advantage to liposome
delivery since clearance kinetics become dose mdgnt (Allen and Hansen, 1991; Huastg
al., 1992; Woodleet al, 1992).

VI.3 Accumulation of liposomal drugsin tumors

The accumulation of liposomes or large macromokcih tumors is a result of a “leaky”
microvasculature and impaired lymphatics supportimg tumor area (Matsumura and Maeda,
1986; Huanget al, 1992; Yuanet al, 1994). This effect is often referred to as théasted
permeability and retention effect (Matsumura andetiég 1986). The principal pathway for the
movement of liposomes into the tumor interstitimvia extravasation through the discontinuous
endothelium, while transcytosis is thought to belatively minor pathway. Once in the tumor,
nontargeted liposomes are localized in the int#usti surrounding the tumor cells (Huaagal,
1992; Yuanet al, 1994). Liposomes were not seen within tumor calthough they were
observed in resident tumor macrophages. The lindtstlibution of liposomes within the tumor

interstitium results from a high interstitial prass and a large interstitial space, compared to
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normal tissues (Jain, 1990). Large tumors are ndiffecult to treat than small ones, partly
because of the resulting increase in interstitralspure, which prevents access of drugs to the
necrotic core (Jain, 1990). The rate of accumutaéiod subsequent removal of liposomal drugs
are affected by a variety of factors. The abseri¢erxctioning lymphatics, in combination with a
high interstitial pressure, results in the trappafidiposomes within the tumor area (Yuanal,
1994). The result is a relatively slow rate of efiation from the tumor.

In addition to using liposomes as slow-releaseskjpoal carriers, they can be used as rapid-
release systems. The low-phase transition phogptiaiomponent phosphatidylcholine, derived
from egg yolk, of rapid-release liposomal carrialews for the drug to leak more quickly from
the liposome, at least partially while in the clation (Ballyet al, 1990; Gabizort al, 1993).

VI.4 Stability in plasma and storage

The stability of drug-loaded liposomes over timamsimportant concern in pharmaceutical
formulations. Stability can refer to several difet aspects of a liposomal drug formulation:
chemical stability of both drug and lipid comporgentolloidal stability and drug retention
(Drummondet al, 1999). For applications of liposomes where spedtlivery of liposome-
associated drug to solid tumors is desired, lipemmust substantially retain their contents
while in circulation (Senior, 1987). In other amgaliions, such as the delivery of photosensitisers
to tumors in photodynamic therapy, liposome-assediaphotosensitisers immediately
redistribute to other hydrophobic sites, such @siph lipoproteins in the circulation, which in
turn accumulate in tumors (Allisoet al, 1990; Reddi, 1997). Various factors can affee th
relative stabilities of such preparations in theesgnce of plasma. This plasma-induced
destabilization is extremely sensitive to the limdmposition of the liposome. To be more
attractive for pharmaceutical development, liposoohaig formulations also must be stable
during prolonged storage. Liposomes have eithen Is¢@red preloaded with, as in the case of
PEG-coated liposomes, or as “empty” liposomes #natloaded by a pH gradient immediately
before injection (Lasiet al, 1995; Culliset al, 1997). Compositions containing more fluid lipid
components, such as phosphatidylcholine deriveth fegg yolk, require remote-loading just
before injection, due to a high level of leakagemystorage.

For amphipathic drugs that can readily cross mendsathere are a variety of factors that

can influence the stability of a liposomal formigat The presence of cholesterol and saturated
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phospholipids appears to be the most importanbfador reducing membrane permeability of
these drugs (Gabizaet al, 1993).

An optimal drug / lipid ratio is known to be impant in the development of a stable
formulation (Drummoncdet al, 1999). The drug / lipid ratio should be as highpmssible to
maximize the payload of drug reaching the tumothaut compromising stability. The maximal
amount of drug loaded per liposome dependens om#tbod used for drug loading, liposome
size and the presence of trapping components sueltidic lipids to which the drug can bind.
Because the latter two factors are traditionallysoagted with negative effects on
pharmacokinetic parameters, the drug-loading methidkde most readily adjustable. Drug / lipid
ratios that are too high can also form less stibi@ulations, presumably due to the dissipation
of the pH gradient during drug loading (Maygral, 1993).

Although conventional liposomes leak drug very s$iowhey are difficult to work with due
to increased flocculation and aggregation over t{B&renholzet al, 1993). Early preparations
were often stabilized with small quantities of negdy charged lipids such as
phosphatidylglycerol to prevent aggregation ocogrriluring storage. The presence of PEG on
the surface provides a steric barrier that preveptsome aggregation. PEG-coated liposomes
are stable with respect to both size and drug-esutafion over the period of many months to
years when stored below the phase transition optiesphatidylcholine component (Drummond
et al, 1999).

VI.5 Bioavailability of encapsulated drug

Drugs which are considered to be membrane acteemphipathic in nature and able to
transverse the bilayer at a rate dependent onh&iqal properties of the membrane, as well as
any ionic or pH gradients across the membrane ¢letsal., 1995; Culliset al, 1997). Other
drugs are more water soluble and after a slow sel&@m the carrier can be taken up by specific
transporters located in the plasma membrane of tuocatls (Allen et al, 1992). The
bioavailability of such compounds dependens on headily they are able to escape their
liposomal carrier. Bioavailability in the case aopdsomal carriers is usually defined as the
amount of free drug that is able to escape theimesfof the carrier and is thus available for
redistribution to neighboring tissues and tumorfine balance is required to prevent premature
leakage in the circulation and thus nonspecifiddities, but still allows for drug release upon

reaching the tumor (Drummored al, 1999).
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The mechanisms responsible for liposomal breakdanehdrug release in tumors have not
been well elucidated. Several potential mechanibage been proposed, but all are highly
speculative and little direct evidence has beerwigeal, primarily due to technical difficulties
associated with monitoring drug releasesivo (Drummondet al, 1999). Some of the properties
of the tumor microenvironment believed to play &rm liposome destabilization include the
slightly acidic pH found in interstitial fluids swwunding tumors, lipases released from dying
tumor cells, inflammatory cells present in respomsetumor release factors, enzymes and
oxidizing agents (Martin, 1998). With stericallyabilized liposomes, a certain amount N
(polyethylene glycol) distearoylphosphatidylethamine can be released from the liposome
over time, allowing liposomes to undergo more iat#pns with neighboring cells and / or
plasma components.

One strategy for increasing drug bioavailability atistribution within the tumor has been
to target liposomes to internalizing receptors.e@eé of the drug within the tumor itself
presumably increases the bioavailability of thegdthe more-difficult-to-reach cells within the
solid tumor mass. Indeed, this property is mostljikkesponsible for the increased therapeutic
effect observed with these carriers, as there waswverall increase in liposome localization to
the tumor (Drummonet al, 1999). Active targeting of pharmaceuticals i®pfperceived as a
means of getting increased amounts of drug intalibeased site. However, the passive trapping
of liposomes due to a discontinuous tumor microwkare, the lack of a functioning lymphatics
and a high interstitial pressure result in a rateting accumulation of liposomal drug in solid
tumors. It is unlikely that active targeting to Icelirface proteins of solid tumors that are not
internalized, will offer a significant therapeubenefit.

Hyperthermia has also been used to increase tladlability of liposomal drugs in the
tumor area. In addition to simply increasing theoant of liposomes that enter the tumor area,
hyperthermia makes the distribution of liposomethinithe tumor more uniform, increasing the
bioavailability of the released drug to cells witlthe tumor. Hyperthermia can also be used to
increase drug bioavailability via another mechanikiposomes can be rendered thermosensitive
by adding some specific lipid components into elayesulting in an increased leakage of the
encapsulated material when heated.

Currently, it is difficult to resolve the complexlationships existing between various

liposomal properties (size, charge, permeabilitarahteristics) and pharmacological factors
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(dose, route of administration) regulating liposbmlivery in vivo. The ability to manipulate
these processes will undoubtedly provide a grematenue for increasing drug bioavailability
vivo for difficult-to-treat solid tumors.

VI.6 Partitioning of lipophilic and amphiphatic drugs into liposomes

Most lipophilic drugs do not have a structural $amty with phospholipids and do not
orientate in a bilayer configuration like cylindrity shaped phospholipids. However, the models
describing the spontaneous transfer from membran@mambrane of these natural membrane
components need to be considered to understandrtigemigration between liposomes. In the
case of compounds, which show structural simiksitivith natural membrane components, like
e.g. steroids and cholesterol, the proposed mesimanof transfer for cholesterol may apply. The
transfer process of natural membrane lipids in agsdiposomal dispersions (when passage
through the water phase between membranes is tlretraasfer route) can be divided into the
following sequential steps (Fakt al, 2005): flip-flop movement of the membrane compune
from the inner to the outer leaflet (monolayer)tbé donor membrane (spontaneous and/or
catalysed by proteins); departure of the membramaponent from the membrane into the
agueous phase; association of the membrane conipiontie aqueous phase with the acceptor
membrane and finally flip flop to the inner memledaaflet. Lipophilic drugs, that do not have
membrane lipid like structures, probably are ndbject to flip-flop. The transfer steps are
therefore (Fahet al, 2005): drug dissolved in the lipid domain of tmembrane; departure of
the drug from the membrane into the aqueous plesseciation of the drug component in the
aqueous phase with the acceptor membrane andwiggof the drug in the acceptor membrane.
These steps may differ at high phospholipid conmegions, at which it is believed that collision
between the lipid vesicles is the main transfermmgchanism. Given that the lipophilicity of a
drug is a measure of its ability to intrude inte thydrophobic region of the lipid membrane, one
consequently expects a highly lipophilic drug tokheied deeply into the hydrocarbon core of
the host membrane. At this fully membrane-insedeate, a drug is supposed to be highly
immobilized with respect to leaving the membrané exchange with the aqueous environment.

The lipophilicity of a drug determines the partitiequilibrium between an aqueous and
oily phase. The more lipophilic the drug is, thettier partition equilibrium is shifted to the oily
phase. The oily phase can be an alkane phaseroordér to better represent the amphipathic

nature of a lipid bilayer — consist of an alcohotls as octanol. Regarding its lipophilicity, the
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lipid chain region of a lipid bilayer is comparalitean oily phase. There is however a significant
difference: the structural properties of the oiapé are uniform, isotropic and homogeneous. In
contrast, a lipid bilayer is a thin, self-assembli@dh with strongly inhomogeneous properties.
The lipid chains within a membrane — despite be@mthe fluid-like state — are orientated in an
ordered manner and thus render the bilayer anggotroThe packing properties of the
hydrocarbon chains in a lipid bilayer are signifittg different from those in an alkane phase.
The free energy of the transfer process relatedisadifference in packing properties is described
as (Fahet al, 2005):
AF = AR, +AF,

AF is the difference of the free energy of a drug wheransfers from the water phase into the
lipid bilayer or with the opposite sign fahF , when it transfers from lipid layer to the water
phase. The equation is composed of two major darttans. The first contribution is the

solvation free energyAF_,, which accounts for changes in electrostatic agdrdphobic

sol ?

interactions of membrane-drug associations andtitotes the classical hydrophobic effect. The

second contributionAF,_, is characteristic for a lipid bilayer and arigesm the drug-induced

lip ?

structural membrane perturbation. The presencheo€ontributionAF,  is a consequence of the

lip
anisotropic orientation of the lipid chains wittihre lipid bilayer.
Based on these theoretical thermodynamic considasand in spite of high solubility in
an oily phase, it may be speculated that drugs Ineayepelled / excluded from a lipid bilayer,
because of packing defects caused by the incorporaf the drug into the fatty acid chain
region (Fahret al, 2005). The magnitude of this tendency is goverbgdthe individual
properties of the drug molecule such as its sizaps, orientation and hydrophobic moment. As a
result, an equilibrium exists between the drugalissd in the membrane and drug dissolved in
the water phase. Upon addition of an acceptor manahra flux of the drug through the water
phase, from the donor to the acceptor membranéwilhitiated. Alternatively, when the transfer
occurs through collision of vesicles, the drug nwowdrectly along its concentration gradient

from the donor lipid domain to the acceptor lipmhthin at the moment of collision.
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VIl LIPOSOMES FOR PHOTODYNAMIC THERAPY

Two primary purposes are associated with the agpdic of drug delivery systems for
photosensitizing agents. One is to formulate th@mpieparations suitable for intravenous
administration and the other is to increase tunsmlectivity. Photosensitising agents usually
posess hydrophobic properties because this is segedor drug penetration through cell
membranes. But hydrophobicity of drugs usually eaudelivery problems. In photodynamic
therapy, there are several approaches used fdotimeilation of photosensitisers: encapsulation
in colloidal carriers, such as oil-based dispersianicelle systems, liposomes and biodegradable
nanoparticles and conjugation of the photosensitiséh hydrophilic polymers such as
polyethylene glycol and polysine.

VII.1 Liposomal photosensitizing agents

The photophysical properties of porphyrins strondgpend on their aggregation state
(Ricchelli, 1995; Abot al, 1997; Ricchelliet al, 1998). Porphyrin monomers exhibit a well-
known visible spectrum consisting in an intenseeSband {max = 390-415 nnz,= 1 x 16 to 2
x 10M~* cm™®) and four weaker bands (called Q-bands) in the-#60 nm range. Porphyrin
monomers show a significant fluorescence emissiath, two bands (620-640 and 660—-690 nm)
and fluorescence lifetimes)(in the 10-18 ns range (Ricchedi al, 1998). These properties
dramatically change upon aggregation; for largé-asdociated suprastructures, the porphyrin
absorption coefficient decreases drastically, tbeetSband is shifted and the fluorescence yields
and lifetimes become very low. Moreover, aggregatieduces the yield and the lifetime of the
porphyrin triplet state, thus reducing i@, formation yield (Boyle and Dolphin, 1996; Riccliell
et al, 1998). In this way, the literature describes twades of porphyrin aggregation: a face-to-
face aggregation (H-aggregates) (Hunter and Santlg®; Riboet al, 1994) and an edge-to-
edge interaction (J-aggregates) (Ritdal, 1994; Akinset al, 1996; Micaliet al, 2000), but
only monomeric species and possible planar aggesgabserved in liposomal and mitochondrial
membranes, are endowed with significant photossimgit ability (Ricchelli, 1995; Ricchellet
al., 1998).

To avoid aggregation and to reach monomerizationydfophobic drug, various delivery
vehicles have been used, one of the most effebgugg lipid vesicles. Postiget al. showed that

hydrophobic photosensitisers which tend to aggeegat watery media and hydrophobic
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porphyrin derived structures or other sensitistiat do not aggregate in a watery media and with
Q-bands shifted to highédrvalues than 5,10,15,20-tetrapheny23H-porphine zinc, will be
efficiently incorporated into liposomes and arestiugeful for clinical applications (Postigbal,
2004).

There are three main effects of liposomes on theisezers (Langet al, 2004):

Monomerization effecMonomerization of aggregated hydrophobic seraisinccurs as a
result of the localization of sensitizer molecuhathin hydrophobic bilayers (Angeét al, 2000;
Blum and Grossweiner, 1985; Gottfriedd al, 1988). For instance, Hoebele al. using
fluorescence and electron spin resonance measutestemved that incorporation into the lipid
phase of dimyristoyl-L-K-phosphatidylcholine lipaees induces dye monomerization (Hoebeke
et al, 1999). Also, monomerization was demonstrated dnaphthalocyanines loaded into
dioleoylphosphatidylcholine unilamellar vesiclesniZik et al, 2007).

Concentration effectThe local concentration of the sensitizer inaadeesicle is larger, by
several orders of magnitude, than in a solvent.hHmral concentrations can even lead to
structurally controlled aggregation process inspmal bilayers (Borovkoet al, 1996).

Viscosity effectAfter incorporation in a liposomal bilayer, thensitizer is located in a
structured microenvironment. Increased microvidggosiows down internal movements of the
embedded molecule and all collisional processesxoited states by restricting their diffusion
motion (Gottfriedet al, 1988).

The lipid bilayer is a complex structure formedémwphiphylic molecules and the binding
of the sensitizers originates from a combinationhgfirophobic and electronic interactions.
Photosensitiser binding is also influenced by hiydrophobic / hydrophilic character of the
surrounding medium and by the presence of eleetioatly charged interfaces. The sensitizers
can be incorporated into a lipid bilayer or encédgteal into a water pool. The balance between
the hydrophobicity / hydrophilicity of the senséizand lipid bilayers influences the distribution
of the sensitizer over different regions of theoipmal structure. Hydrophobic sensitizers
penetrate into a lipidic bilayer. Hydrophilic seimers are usually located on the surface of
liposomes or in an endoliposomal aqueous compattnesar the polar heads, weakly interacting
with the hydrophobic region of liposome (Angat al, 2000). The hydrophobic parts of

amphiphilic sensitizers are situated in a micrommmnent of low polarity (a lipidic bilayer)
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while the charged peripheral substituents are tetetowards the polar heads of lipid molecules
(Brault, 1990).

Bronshtein et al. used iodide fluorescence quenching and the parati@thod to
demonstrate that the vertical localization of a tpkensitiser in a lipid membrane can be
modulated by inserting spacer moieties into theewwhr structure, while anchoring one end of
the molecule at the lipid / water interface. Pomptg/ with a longer spacer generate singlet
oxygen, via photosensitization, at a deeper powich in turn results in greater photodamage
caused to a membrane-residing singlet oxygen tafdes depth of the porphyrin’s core in the
membrane is not affected by the temperature whemémbrane is in the liquid phase. However,
upon changing to the solid phase, lowering the satpre buoys up, or rather extrudes, the
hemato- and protoporphyrins toward the water iatef(Bronshteiet al, 2004).

Liposomes are suitable models mimicking speciftaations occurringn vivo and they
allow study of the influence of physicochemiealpfgbioiogical and biochemical factors on the
uptake of photosensitisers by tissues, their mashenof action and subsequent photoinduced
tumor necrosis. For example, in the work of Mojzset al. small unilamellar vesicles were
used as models to investigate the dynamics of aotens of chlorin e6 with membranes
(Mojzisova et al, 2007). Voszkaet al. using electron paramagnetic resonance spectroscopy
studied the depth of localisation of glycosilatedraphenyl-porphyrin derivative inside lipid
bilayer and its interaction with unsaturated lipftf®szkaet al, 2005).

VI1.2 Photophysical properties of liposomal photosensitizing agents

The photophysical properties and production ‘6% are sensitive to the interfacial
characteristics of specific microdomains that hts sensitizer. The assessment of these
photophysical and photochemical parameters candeel 1o probe the surroundings of the
sensitizer and its localization (Laegal, 2004).

After incorporation of the sensitizers into liposesn the corresponding absorption and
fluorescence emission bands are usually red shaftedfluorescence intensity and fluorescence
anisotropy are increased (Richelly, 1995; Ricchafid Jori, 1986; Sekher and Garbo, 1993;
Brault et al. 1986; Ricchelliet al, 1991; Ehrenbergt al, 1985). These spectroscopic changes
provide a tool for the investigation of the semrsiti uptake and distribution in liposomes.
Typically, hematoporphyrin and deuteroporphyrin ibitha red shift of the absorption and

emission maxima of about 10-20 nm after incorporatnto a liposomal matrix (Brauét al.
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1986). Such large red shifts in absorption speate often ascribed to monomerization of
aggregated sensitizers. In contrast, polar uropoiplis monomeric in aqueous media and shows
only minor spectroscopic changes following insertim a liposome. This indicates that
uroporphyrin is predominantly confined to the emgmdomal aqueous compartment because its
microenvironment is not changed after interactiothvDPPC liposomes (Ricchelli and Jori,
1986).

Incorporation of a porphyrin sensitizer into a dipbilayer affects the conformational
dynamics of the molecule in the ground)(@nd excited singlet (b states. These changes
influence the Stokes shift, i.e. the energy diffiesbetween absorption and emission bands from
lowest vibration levels of the,&nd S states (Langt al, 2004).

Furthermore, the position of a sensitizer in adipmal bilayer is indicated by fluorescence
anisotropy (Ricchelli and Jori, 1986). The anispyr@alues reveal the degree of a restriction of
rotational freedom of the imbedded molecules in #resotropic membrane environment
(Richelly, 1995; Angeliet al, 2000; Ricchelliet al, 1991). The anisotropy is sensitive to the
phase transition temperature of liposomes. Hermeetdmperature dependent anisotropy can be
used to probe the physical properties of variousalos of vesicles.

The major factors affecting quantum yields of tReited states and consequently of singlet
oxygen formation in organized liposomal media aéo#lows (Gottfriedet al, 1988):

* Viscosity Increased microviscosity causes an enhancemermheoffluorescence
intensity.

» Intersystem crossing he non-radiative relaxation channels are weakdyehigher
microviscosity.

« MonomerizationDimers or higher aggregates produce little of®p

» Concentration The local concentration of the sensitizer is edéght from the
concentration in solution.

» Competing reaction channels Oxidation of oleic acid side chains in egg
phosphatidylcholine consumiri@. is an example.

However, because the production '@, by liposome-bound sensitizer is controlled by
many factors, often acting against each otherotlegall effect of liposomes on quantum yield of
singlet oxygen formation can hardly be generaliz&dl.unusual increase of quantum yield of

singlet oxygen formation in the presence of lipossman be attributed to the monomerization

44



effect of the vesicles. Usually, a decrease of tpraryield of singlet oxygen formation can be
ascribed to aggregation occurring in liposomestdube concentration effect.

Liposome-bound sensitizers effectively proddi®e. After *O, formation, it diffuses freely
between the lipidic and agueous phases. In thenabsg# any quenching process the equilibrium
distribution of’O, between the lipid bilayer and aqueous phasesainatl befordO, decays.
Small unilamellar vesicles ensure th@ is mostly located in the aqueous phase. Althohigh t
lifetime is different in both phases since thedipblume represents only several percent of the
total volume, the lifetimes O, are practically independent of the localizatiorthe# sensitizer
and correspond to those in homogeneous aqueousosslifAngeliet al, 2000; Nonellet al,
1990).

Molnar et al. using the time- and spectrally-resolved phosploemse measurements of
protoporphyrin IX, haematoporphyrin and singlet gey in liposomal samples under different
oxygen concentrations, proposed a model where arease in oxygen concentration in the
aqueous medium was accompanied by only a slighéase in oxygen concentration inside the
lipid bilayer (Molnaret al, 2008).

Photobleaching processes inside the lipid bilagarehsome pecularities. The mechanisms
of sensitizer photodegradation are complex and aneédpendent. For example, the rate of
photobleaching of Chlorin e6 is almost three tirhagherin liposomes suspended in phosphate
buffer compared to dimethyl formamide. This difiece appears to be due to the change in the
polarity of the microenvironment around the semeitimolecules (Hongyingt al, 1999). In
contrast, Chlorin p6 due to its amphiphilic chaeadolubilizes readily in polar solvents but in
nonpolar solvents, its solubility is reduced andrf® aggregated species in lipid bilayers and
does not photobleach as efficiently (Basl, 2005).

VI1.3 Pharmacokinetics of liposomal photosensitizing agents

Inclusion of photosensitisers into lipid bilayeemnachange their pharmacological properties
and as a result improve PDT efficiency. For exampleorporation of bacteriochlorin-a in
dimyristoyl phosphatidylcholine liposomes increassggen consumption 9-fold in comparison
to the value in phosphate buffer, by promoting thenomerization of the photosensitiser
(Damoiseau et al, 2001). Also, polyethyleneglycol modified liposasnecontaining
coproporphyrin | were confirmed to show a bettsesue distribution, elevated photosensitiser

concentration in the tumor cells, to effectivelpguce singlet oxygen and enhance cytotoxicity
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by photodynamic therapy (Sadzuka al, 2008). Robyet al. demonstrated that the solubility
problem of meso-tetratphenylporphine could be sblg incorporating the drug into polymeric
micelles prepared of polyethylene glycol/phosphatethanolamine conjugate, which improved
cytotoxycity (Robyet al, 2006).

The fate and pharmacokinetics of liposomal photsisisers are dramatically affected by
the fact that liposomes show a short plasma Heaif-in the range of minutes (Lagt al, 1991).
Two different phenomena impair the circulation tiofeconventional liposomes (Derycke and de
Witte, 2004). First of all, a lipid exchange betwebe liposomes and lipoproteins, especially
high density lipoproteins, leads to an irreversiblisintegration of the liposome. The fast
disintegration process releases the photosensitisétre bloodstream and provokes subsequent
associating with lipoproteins and other plasma ginst On the other hand, conventional
liposomes easily become opsonized by plasma psosdter which they are quickly taken up by
cells of the mononuclear phagocyte system. As @tréhey become concentrated in organs and
tissues with a rich mononuclear phagocyte systaerlgminantly in mononuclear phagocytes
residing in the liver, spleen, bone marrow and 8lomculation (Schroiet al, 1986).

The final protein association pattern of the phetsstiser, gradually released from
disintegrating liposomes over a longer period ofeti might vary substantially from the pattern
seen after injection of the free photosensitisehe Tfact that a released hydrophobic
photosensitiser initially presents in the bloodtsnnon-aggregated form, while the non-liposomal
photosensitiser is administered in an aggregatat,stould explain this variable association
pattern Whatever principle contributes most, PDT outcomeaophotosensitiser might be
dramatically different upon association with diffat (lipo)proteins (Richtezt al, 1993).

Liposomal formulations can also be applied to aftes subcellular distribution or to
increase the uptake of a photosensitiser. For nosta in case of liposome-bound
haematoporphyrin  or haematoporphyrin dimethylestdr, was demonstrated that the
photosensitisers accumulated intracellularly in-f@l@ larger amount than the water-dissolved
haematoporphyrin, resulting in a more efficient foisensitization upon irradiation. Liposomal
porphyrins appeared to induce early and extenshap®toplasmic damage, leading to the
swelling of mitochondria and vesiculation, while temdissolved haematoporphyrin

predominantly photosensitized the plasma membrEme different patterns of cell photodamage
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reflect a different subcellular distribution of tipdotosensitizing compounds (Milanei al,
1989).

Long-circulating liposomes, with their hydrophikarface, do not interact effectively with
cells. This is critical since the cytotoxic singtetygen generated by the irradiated photosensitiser
shows an extremely short migration radius. Foramse, Gijsenset al. demonstrated that
sterically stabilized liposomes containing hydrdighphotosensitiser aluminium phthalocyanine
tetrasulphonate did not display amyvitro photocytotoxic activity on malignant cells, whtlee
free compound did (Gijsenst al. 2002). Ichikawaet al. noted thattumor accumulation of
benzoporphyrin derivative monoacid ring A at 3 teaits injection with PEG-liposomes in Meth
A-sarcoma bearing mice was significantly highemtkize one observed after injection with non-
modified liposomes. However, on the contrary, digant tumor growth suppression after PDT
was only observed for conventional but not for PE@g formulation (Ichikawat al, 2004).
Inversely, Sadzukaet al. showed thain vitro application of PEGylated liposomes containing
photofrin increased phototoxicity (Sadzuiaal. 2006).

These observations have stimulated new effortsctdide toward the development of
liposomes with active targeting characteristics @ameérgy-activated release mechanisms that
accelerate drug release rates and promote effi¢8bym et al, 2001). Active triggering
mechanisms developed to date have all been basetethods that cause destabilization of the
liposomal bilayer. Photoactivation is an attractoyggion for triggering liposomal contents release
since it provides a very broad range of adjustgideameters (e.g., wavelength, duration,
intensity) that can be optimized to suit a giveplegation. Spatial and temporal control of the
light source provides an additional element of canthat can be used to regulate drug release
rates.

VI1.4 Liposomal formulations of meta(tetrahydroxyphenyl)chlorin

Clinical applications of mTHPC mediated PDT meevesal difficulties due to high
hydrophopicity of this photosensitiser. To overcosueh problem and improve PDT efficacy,
many different delivery systems were designed. Agnibrem conjugates with folic acid (Gravier
et al, 2008), nanoemulsions (for skin cancer treatm@himoet al, 2008), PEGylated mTHPC
(Tran et al,. 2007), liposomes formed by DMPC / gsmsurfactant (Bombellet al, 2005),
cationic liposomes (Bombelket al, 2008), invasomes (liposomes, containing in additio

phospholipids a mixture of terpens) (Dragicevici€Cut al, 2008) and several commercial
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liposomal formulations, such as Foslip and Fospeglip is a recently designed third generation
photosensitiser based on unilamellar dipalmitoygtatidylcholine /
dipalmitoylphosphatidylglycerol (DPPC / DPPG) liposal formulations of meta-
tetra(hydroxyphenyl)chlorine provided by BiolitecGA(Jena, Germany). Fospeg is sterically
stabilized form of Foslip, which in addition comtai small amount of PEG-
phosphatidylethanolamine.

Several studies were dedicated to investigate ptiepeof liposomal mTHPC formulations.
Buchholz et al. (Buchholz et al, 2005) compared mTHPC and its pegylated liposomal
formulation (Fospeg) in feline squamous cell cavoma in terms of tumour, skin and plasma
pharmacokinetics. The authors demonstrated thateficence intensities and fluorescence ratio
(tumour / skin) were 2 to 4 times higher for thpoBomal formulation. Also, maximal
fluorescence intensity in the tumour was showndouo 5.5 times earlier with Fospeg. Another
recent report (Svenssat al, 2007), which addressed Foslip pharmacokinetesf2 h to 8 h
following sensitiser i.v. administration demonsthta rapid clearance from the plasma and an
average tumour / muscle ratio of 6.6 in a murimadur model. Pegaet al. studied the ability of
meso-tetra(hydroxyphenyl)chlorin (m-THPC) encap®aanto liposomal formulations (Fospeg)
to occlude neovascularization and showed that Fr@gpears to be less potent than Fospeg in
terms of photothrombic activitiy on the chick claailantoic membrane model. The light dose
necessary to induce the desired vascular damageFoglip was twice higher than with Fospeg.
It can be inferred that the formulation based oGiARted liposomes technology offers a suitable
delivery system for the treatment of choroidal resmularization associated with age-related
macular degeneration (Pegat al, 2006). Lassalleet al. investigated Foslip behaviour and
photodynamic efficiency in EMT6 xenografted nudeceniat different times following i.v.
administration. The highest tumour to muscle ratwesre observed at 6 and 15 h post-
administration. The best tumour response was addaior a drug-light interval of 6 h, interval

for which mTHPC was present in both endothelial pacenchyma celld_éssalleet al,, 2009.
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VIII OBJECTIVES

The first objective of the work was to study theofgphysical properties of liposomal
mTHPC formulations, especially to study the mTHR®tpdegradation inside the lipid bilayer.
We investigated several aspects such as

- absorption and fluorescence properties of mTHPdiffarent types of lipid vesicles.

- observations on the nature and properties of phdtwed fluorescence quenching

- analysis of applicability of photoinduced fluoresce quenching for studying the

redistribution from liposomes.

The second part of the work was dedicated to thesitgation of the interactions of
liposomal mTHPC formulations with biological suladésin vitro.
- kinetics of mTHPC redistribution from lipid vesisleto membranes and plasma
proteins.
- stability of lipid vesicles loaded with mTHPC inthan blood serum.
- determination of the pattern of distribution of MA@ molecules between human blood

plasma elements at different times of incubation

The third part of the work is related to timevivo observatiorof mMTHPC distribution after

intratumoral Foslip injection in an animal modelowéast cancer recurrence.
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IX RESULTS

IX.1 Unusual photoinduced response of mTHPC liposomal formulation (Foslip)

The main objective of this study was to evaluatetpphysical properties of mTHPC
encapsulated into dipalmitoylphosphatidylcholind®fL) liposomes or Foslip. Properties of the
microenvironment could influence the fluorescencel absorbance properties of liposome-
embedded mTHPC molecules, so application of anicapiechnique for analyzing pecularities
of liposomal drug behaviom vivo requires deep understanding of the main photopalysi
properties of the photosensitiser in such mediuar. Sudies demonstrate that spectral properties
of Foslip in DPBS are similar to those in mTHPCaetbl solution, thus indicating a monomeric
state of the sensitizer inside the bilayer. Werthtl observe significant concentration quenching
effects for Foslip formulations, but, surprisingbn irradiation of Foslip suspensions by small
light doses (<50 mJ/cthresulted in a substantial drop in fluorescendeictv however could be
restored after destruction of the liposomes. Weibatied this behavior to photoinduced
fluorescence quenching. This effect depended styamythe molar DPPC / mTHPC ratio and
was revealed only for high local mMTHPC concentraiol he results were interpreted supposing
an energy migration between closely located mTHRfeaules. For Foslip formulations the
estimated average distance between photosensiiskercules is approximately two times less
than Forster radius for them. This implies a higbability of energy migration between
neighboring mTHPC molecules. In such conditions naals amount of weakly-fluorescent
MmTHPC photoproducts could act as exitation energpst and effectively quench mTHPC
fluorescence of Foslip suspensiale further assessed the effect of photoinduced aieg in
plasma protein solutions to demonstrate that creimgenTHPC distribution pattern in biological
systems are consistent with changes in photoindguedching and could thus provide valuable

information on mTHPC interactions with a biologiealvironment.

This part of the work was published Rihotochemistry and Photobiologyd is presented

thereafter in its published form.
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ABSTRACT

Liposomal formulations of meso-tetra(hydroxyphenyl)chlorin
(mTHPC) have already been proposed with the aim to optimize
photodynamic therapy. Spectral modifications of these com-
pounds upon irradiation have not yet been investigated. The
objective of this study was to evaluate photobleaching properties
of mTHPC encapsulated into dipalmitoylphosphatidylcholine
(DPPC) liposomes, Foslip. Fluorescence measurements in
DPPC liposomes with different DPPC:mTHPC ratios
demonstrated a dramatic decrease in fluorescence anisotropy
with increasing local mTHPC concentration, thus suggesting
strong interactions between mTHPC molecules in lipid bulk
medium. Exposure of Foslip suspensions to small light doses
(<50 mJ/cm?) resulted in a substantial drop in fluorescence,
which, however, was restored after addition to the sample of a
non-ionic surfactant Triton X-100. We attributed this behavior
to photoinduced fluorescence quenching. This effect depended
strongly on the molar DPPC:mTHPC ratio and was revealed
only for high local mTHPC concentrations. The results were
interpreted supposing energy migration between closely located
mTHPC molecules with its subsequent dissipation by the
molecules of photoproduct acting as excitation energy traps.
We further assessed the effect of photoinduced quenching in
plasma protein solution. Relatively slow kinetics of photoinduced
Foslip response during incubation in the presence of proteins was
attributed to mTHPC redistribution from liposomal formula-
tions to proteins. Therefore, changes in mTHPC distribution
pattern in biological systems would be consistent with changes in
photoinduced quenching and would provide valuable information
on mTHPC interactions with a biological environment.

INTRODUCTION

Photodynamic therapy (PDT) is an emerging treatment
protocol for a variety of malignant and premalignant condi-
tions (1). The technique involves the systemic administration
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Ville de Paris, Paris, France.

*Corresponding author email: l.bolotine@nancy.fnclcc.fr (Lina Bezdetnaya)
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of a photosensitizer, followed by light irradiation after a
predefined time interval with successive formation of highly
toxic reactive oxygen species.

Meso-tetra(hydroxyphenyl)chlorin  (mTHPC) has been
reported as one of the most efficient sensitizers (2). Only
relatively small drug and light doses are required to achieve
treatment response. However, in aqueous media the hydro-
phobic mMTHPC molecules form aggregates, leading to limita-
tions in sensitizer transportation within biological media,
tumor selectivity and PDT efficacy (3.4).

During the continuous search for improving the efficacy
and safety of PDT, liposomes with a high loading capacity and
flexibility to accommodate photosensitizers with variable
physicochemical properties, came into focus as valuable
carriers and delivery systems (5,6). mTHPC formulations
embedded into conventional (Foslip) or pegylated (Fospeg)
liposomes are now intensively investigated (7-9). mTHPC
liposomal formulations have been considered as inter-
esting candidates for topical mTHPC-PDT, annihilating the
effect of extended skin photosensitivity associated with
systemic mTHPC administration (7). Their advantageous
pharmacokinetic properties, such as rapid biodistribution
and clearance from the bloodstream, have also been reported
(8,9).

Compared with conventional solutions, the lipid-based dye
formulations are subject to specific environmental factors like
low polarity, high viscosity and increased local oxygen
concentration (10). Importantly, in liposomal formulations a
lipophilic sensitizer is confined to the lipid phase at a high
concentration. Therefore, spectral modifications upon irradi-
ation of lipid-based dye formulations should be interpreted
with caution.

The absorption of visible light by a photosensitizer causes
different photophysical events, including its self-sensitized
oxidation, the process called photobleaching (photodegrada-
tion). Bonnett and Martinez (11) divided photobleaching into
two different types: true photobleaching and photomodifica-
tion. In the case of true photobleaching chemical changes are
deep-seated, and result in small fragments that no longer have
appreciable absorption in the visible region. When photo-
modification takes place, a loss of absorbance or fluorescence
occurs at some wavelengths, but the chromophore remains,
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albeit in a modified form. The understanding of photo-
sensitizer photobleaching is important not only for mechanis-
tic studies, but also because it is often coupled to the
photodynamic action and as such can improve control of
PDT dosimetry (12).

Numerous studies have addressed the mechanism of
mTHPC photobleaching in cells and cell-free systems (13—
19). This process is oxygen dependent and is inhibited by
singlet oxygen quenchers in serum-enriched solutions (13). The
monomer forms of mMTHPC are supposed to be particularly
receptive to irradiation in solution, demonstrating a much
higher photobleaching rate than aggregates (14). Kasselouri
et al. (15) detected mono-, di- and tri-hydroxy-mTHPC as
major photoproducts of mTHPC in ethanol-water medium.
mTHPC photobleaching kinetics in spheroids and monolayer
cultured cells were consistent with singlet oxygen-mediated
mechanism (16) and depended on the dye intracellular
concentration, fluence rate and oxygen partial pressure (17—
19). Except for a single study where photobleaching of a
liposomal mTHPC gel formulation was registered after its
topical application in patients with skin carcinomas (20), this
process has not been yet investigated for liposomal forms of
mTHPC.

The present study focuses on the photobleaching properties
of mTHPC encapsulated into conventional liposomes (Foslip)
based on dipalmitoylphosphatidylcholine (DPPC). We report
an unusual effect of photoinduced quenching of Foslip
fluorescence, likely related to energy migration between closely
located mTHPC molecules in lipid membrane bulk. This
phenomenon should be credited when studying the processes
of drug delivery, distribution and accumulation by different
fluorescence-based approaches.

MATERIALS AND METHODS

Chemicals. The photosensitizer Foscan® (mTHPC, temoporfin), and
its liposomal formulation Foslip were kindly provided by Biolitec AG
(Jena, Germany). Foslip is composed of DPPC, glucose, dipalmitoyl-
phosphatidylglycerol (DPPG) and water with lipid to dye ratio of
ca.10:1.

Dulbecco’s PBS (DPBS, without CaCl, and MgCly; pH 7.4) was
obtained from Invitrogen (Cergy-Pontoise, France). Fetal bovine
serum (FBS) was purchased from PAN-Biotech GmbH (Aidenbach,
Germany) and 7-octylphenoxypolyethoxyethanol (Triton X-100) from
Sigma (Saint Quentin Fallavier, France). DPPC was purchased from
Avanti (Alabaster, Alabama). Stock solution of mTHPC was made by
dissolving the powder in 100% ethanol.

Liposome-based mTHPC preparations. Foslip was reconstituted in
PBS. Lipid vesicles were prepared using the injection method (21). In
brief, 60 uL of DPPC/ethanol solution (2.2 x 1072 M) with or without
mTHPC ethanol solution was added to 4 mL of DPBS at a rate of
1 uL/s, thus resulting in a final concentration of DPPC of 3 x 107 m.
The final suspension was stored at 37°C. The liposomal hydrodynamic
radius, measured by photon correlation spectroscopy (Zetasizer 3000
HAS, Malvern, UK) was 58 nm. Concentration of mTHPC in stock
ethanol solution was estimated using mTHPC absorption spectra
considering molar extinction coefficient (¢) at 650 nm as
35000 v~ em™.

Spectroscopic studies. Approximately 2 mL of a liposomal disper-
sion, containing mTHPC-loaded liposomes, was placed in a 1 cm path
length cuvette. Temperature of the dispersion was 37°C. Fluorescence
was measured using Perkin-Elmer LS50B spectrofluorimeter. Absor-
bance spectra were registered using Perkin Elmer Lambda 35 spectro-
photometer. Fluorescence anisotropy was measured using SOLAR
spectrofluorimeter SFL 1211A (“SOLAR,” Minsk, Belarus) equipped

with polarizers. Samples were excited at the wavelength of 435 nm (/)
and fluorescence emission was registered at 650 nm (Ae,). Fluorescence
intensity in experimental samples was measured before (/) and after
addition of 0.1% Triton X-100 (/x.100)- The ratio (I/Ix.100) was
qualified as normalized fluorescence, which reflects the degree of
mTHPC fluorescence quenching in liposomes.

Irradiation. Irradiation (652 nm) of liposomal mTHPC suspension
was performed by coupling an optical fiber with frontal diffuser to a
dye laser (Spectra Physics 375 B, Les Ulis, France) pumped by an
Argon laser (Spectra Physics 2020). Fluence rate was set to 10
mW/cm?. Irradiation was made at room temperature under contin-
uous stirring.

RESULTS

Foslip spectral properties

Figure 1 represents a typical absorbance spectrum of mTHPC
in ethanol together with the absorbance spectra of Foslip
suspension in DPBS before and after addition of neutral
detergent Triton X-100. Spectral properties of mTHPC in
liposomes were almost equivalent to these in ethanol solution,
displaying a Soret band at 420 nm and four Q-bands with a
prominent long-wave spectral line at 650 nm. After destruction
of liposomes with Triton X-100, mTHPC spectral properties
were only slightly altered.

Similar to absorbance measurements, fluorescence proper-
ties of Foslip suspension in DPBS were close to those of
mTHPC in ethanol, whereas after addition of Triton X-100 to
Foslip suspension fluorescence intensity at 652 nm increased
by 15% (data not shown).

Fluorescence properties of mTHPC liposomal formulation

In Foslip formulations the lipid to mTHPC ratio is about 10,
thus suggesting a high local mMTHPC concentration in the lipid
bilayer. Based on this fact, we anticipated specific interactions
between mTHPC molecules included in the liposomes. We thus
conducted fluorescence measurements in DPPC liposomes with
different DPPC:mTHPC ratios, but maintaining an identical
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Figure 1. Absorption spectra of mTHPC in different media. Absorp-
tion spectrum of mTHPC in ethanol solution (O); absorption spectrum
of Foslip in DPBS before (x) and after injection of 0.1% Triton X-100
(A). The mTHPC concentration was 2 um.
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Figure 2. Relative mTHPC fluorescence quantum yield (curve 1, @)
and anisotropy (curve 2, M) at different Cpppc:Cptapc ratios.
mTHPC fluorescence intensities were measured at Je, = 650 nm
(Zex = 420 nm). Fluorescence anisotropy was measured at
Jem = 6050 nm (Ao, = 435 nm). The mTHPC concentration in lipo-
somal suspension was 0.5 pM.

total mTHPC concentration (5 x 1077 M) for all conditions.
Variations in DPPC:mTHPC ratios from 4 x 10 to 20 result in
minor decrease (by 10%) of normalized fluorescence along with
a substantial decrease in anisotropy (Fig.2). At high
DPPC:mTHPC ratio, the anisotropy of mTHPC fluorescence
is about 0.25, thus indicating a strong fixation of the sensitizer
molecules in the lipid bilayer. A progressive decrease in
anisotropy is observed from a DPPC:mTHPC ratio of 10° with
a complete depolarization at that of 60 (Fig. 2).

Photoinduced fluorescence quenching in Foslip suspension

Foslip suspension in DPBS was irradiated with red laser light
and spectroscopic measurements were performed after each
irradiation time. Absorbance measurements revealed a slow
decrease in Soret band with irradiation time, not exceeding 30%
at the highest dose of 1800 mJ/cm? (Fig. 3). In contrast, very
low irradiation doses (<50 mJ/cm?) almost completely
quenched the fluorescence to 10% of the initial value. Surpris-
ingly, n"THPC fluorescence was restored after addition of Triton
X-100 to pre-irradiated samples and the fluorescence intensity
values almost perfectly matched the absorbance kinetics.

We have attributed this pattern of liposomal mTHPC
fluorescence behavior, which consists in a loss of fluorescence
upon irradiation followed by its restoration in the presence of
surfactant, to photoinduced fluorescence quenching. The ratio
of fluorescence intensities without and with Triton (normalized
fluorescence, I/I,.1o9) could be taken as a relatively good
indicator of this phenomenon. Variations in normalized
fluorescence in function of the light dose are displayed in
Fig. 3. It should be noted that irradiated solutions were
characterized by very subtle spectral changes in the Soret band
region (data not shown).

Effects of intramembrane mTHPC concentration on
photoinduced fluorescence quenching

To estimate the influence of the local dye concentration on
photoinduced loss of fluorescence, DPPC liposomes with
different DPPC:mTHPC ratios were irradiated with light
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Figure 3. mTHPC absorbance in Soret band (curve 1, M) and
fluorescence (curve 2, @) in Foslip under laser red light irradiation.
Fluorescence intensity was measured before (/) and after addition of
0.1% Triton X-100 (Iy.100). mTHPC fluorescence intensities were
measured at Ao, 650 nm (e, = 420 nm). Absorbance in Soret band
(A = 420 nm) in samples was normalized to that in non-irradiated
ones. The mTHPC concentration in liposomal suspension was 0.5 uM.
DPPC:mTHPC molar ratio for Foslip suspension was 10.
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Figure 4. Photoinduced mTHPC fluorescence quenching in DPPC
liposomes with different DPPC:mTHPC ratios. DPPC:mTHPC ca.
1000 (curve 1, W), ca. 100 (curve 2, @), ca. 25 (curve 3, A). mTHPC
fluorescence intensities were measured at Ao, 650 nm (Aex = 420 nm).
Fluorescence intensity was measured before (/) and after addition of
0.1% Triton X-100 (I,.199). mTHPC fluorescence intensities were
measured at Ao, = 650 nm (Aex = 420 nm). The mTHPC concentra-
tion in liposomal suspension was 0.5 um.

fluences in the range 3-45 mJ/cm®. The dose—response plot of
normalized fluorescence strongly depended on the local dye
concentration in liposomes (Fig. 4). The most significant
quenching was observed at DPPC:mTHPC ratio of 25, in
contrast to higher DPPC:mTHPC values, where the decrease
in normalized fluorescence was very slow (Fig. 4) and was
consistent with the decrease in absorbance.

Photoinduced fluorescence quenching of Foslip in serum-enriched
solutions

Foslip solution in DPBS supplemented with 5% FBS was
irradiated with a single light dose of 100 mJ/cm? and further
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Figure 5. Foslip photoinduced response during incubation in DPBS.
Foslip solution in DPBS supplemented or not with 5% FBS was
irradiated with a single light dose of ca. 100 mJ/cm? and further
incubated at 37°C. Normalized fluorescence was measured at selected
time points for Foslip solution irradiated in the presence of 5% FBS
(curve 1, W) or in DPBS only (curve 2, A). Foslip stock solution was
incubated in DPBS supplemented with 5% FBS, at selected time points
aliquots were taken and subjected to irradiation (ca. 100 mJ/cm?) with
successive measurements of normalized fluorescence (curve 3, @).
mTHPC fluorescence intensities were measured at A., = 650 nm
(Zex = 420 nm). The mTHPC concentration in liposomal suspension
was 0.5 um. DPPC:mTHPC molar ratio for Foslip suspension was 10.

incubated at 37°C with successive measurements of normalized
fluorescence at selected time points (Fig. 5, curve 1). Normal-
ized fluorescence increased rapidly during the first 20 min of
incubation and did not change up to 2 h incubation (Fig. 5,
curve 1). Foslip suspension, irradiated in DPBS only, dis-
played a very low emission with a 20% increase in normalized
fluorescence after 1 h incubation (Fig. 5, curve 2).

Foslip stock solution was incubated in DPBS supplemented
with 5% FBS and at selected time points aliquots were taken
and subjected to irradiation (100 mJ/cm?) with successive
measurements of normalized fluorescence. For each point we
observed photoinduced fluorescence quenching but the
normalized fluorescence increased moderately with increasing
incubation time (Fig. 5, curve 3). A two-fold increase in
irradiation dose (200 mJ/cm?) had no significant effect
on measured values of normalized fluorescence (data not
shown).

DISCUSSION

Liposomal formulations of drugs have been advocated as
carriers for hydrophobic compounds (22) and are particularly
interesting when dealing with photosensitizers due to enhanced
monomerization (23) and decreased plasma half-life time (9).
Foslip is a liposomal formulation of mTHPC, composed of
DPPC, DPPG, mTHPC and glucose. Because of its intra-
membrane localization in liposomes, spectral properties of
Foslip in DPBS are similar to those in mTHPC ethanol
solution thus indicating a monomeric state of the sensitizer
(Fig. 1). In lipid-based formulations, the dye is mostly
restricted to the lipid phase (24,25) yielding a high local
concentration, and as such suggesting strong interactions

between sensitizer molecules in a limited intramembrane
spacing. These interactions can contribute to specific
photochemical and photophysical photosensitizer properties,
including concentration-dependent fluorescence quenching
previously reported for liposomes-embedded benzoporphyrin
derivative mono-acid ring A (BPDMA, vertoporfin) liposomes
(26). Based on the spectroscopic results of the present study,
we, however, did not observe significant concentration effects
for innate Foslip formulations. Indeed, destruction of lipid
vesicles by Triton X-100 only slightly modified mTHPC
absorbance (Fig. 1) and fluorescence spectra (data not shown).
Lack of concentration effect was supported by measurements
of normalized fluorescence at different DPPC:mTHPC ratios,
which correspond to different mTHPC local concentrations in
liposomes (Fig. 2). Even the highest local mMTHPC concentra-
tion (DPPC:mTHPC ratio of 20) induced only a 10% decrease
in normalized fluorescence (Fig. 2). The molar ratio of
DPPC:mTHPC in Foslip is about 10, the average radius of a
liposome is approximately 60 nm (present study) and the
reported average area per phospholipid molecule in a bilayer is
53A2 (27). We can thus assume that local mTHPC concentra-
tion in liposomes varies between 0.1 M (when dye is localized
inside the lipid bilayer) and 2.8 x 107> M (in the case of
uniform dye distribution in the whole volume of liposome).
Due to the hydrophobicity of mTHPC, the former situation is
more realistic (28) and if we consider the local mTHPC
concentration of 0.1 m, then the average distance between
mTHPC molecules (ca. 2.6 nm) is approximately two times
less than the calculated Forster radius (Ry = 5.4 nm). This
implies a high probability of energy migration between
neighboring mTHPC molecules, which are embedded in the
lipid bilayer. Our experiments on mTHPC concentration-
dependent anisotropy confirm this proposal. Anisotropy of
lipid-based mTHPC fluorescence strongly depends on the local
sensitizer concentration with a complete depolarization at the
highest mTHPC concentrations (Fig. 2). Direct Forster energy
transfer between monomeric species at high local dye concen-
trations was already established by fluorescence depolarization
studies with other dyes and appeared to be a major factor in
fluorescence quenching of the sensitizers at high concentra-
tions (29,30). Thus, a dramatic decrease in fluorescence
anisotropy with increasing local mTHPC concentrations is
most likely a consequence of an energy migration process and
presumes strong interactions between mTHPC molecules in
lipid bulk medium. The above-mentioned process can have a
variety of consequences especially when attempting to inter-
pret the light-induced spectral modifications in lipid-based dye
suspensions. This issue was further unfolded in our study of
Foslip behavior upon irradiation.

Exposure to small light doses (<50 mJ/cm?) leads to a
substantial reduction of mTHPC fluorescence intensity by
90% (Fig. 3). In irradiated samples we did not observe any
notable changes in fluorescence spectra while in the absorption
spectra only a small increase in short-wavelength shoulder of a
Soret band was registered (data not shown). Further irradia-
tion resulted in a slow decrease in absorbance without
significant changes in fluorescence (Fig. 3). This discrepancy
between fluorescence and absorbance decays has been
reported earlier for porphyrins and chlorins (14,31,32) and
was attributed to the preferential photodegradation of photo-
labile monomer forms of photosensitizers. In our case, this
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explanation should be discarded as mTHPC embedded in
liposomes exists only in monomeric form (Fig. 1).

Restoration of fluorescence to the level of pre-irradiated
samples after Triton-induced demolition of Foslip suggests
that the rapid drop of fluorescence at the onset of illumination
might be due to the location of mTHPC in lipid vesicles. This
effect of photoinduced fluorescence quenching is supposedly
related to the formation of mTHPC photoproducts, which in
the case of high local dye concentration effectively quench
mTHPC fluorescence, thus acting as excitation energy traps.
As was shown earlier, irradiation of 0.3 mm ethanol-water
solution of mTHPC resulted in the formation of one non-
fluorescent (relative fluorescence quantum yield 0.06) and two
weakly fluorescent photoproducts (relative fluorescence quan-
tum yields of 0.65 and 0.15) with the absorption spectra similar
to that of mTHPC (15). These photoproducts were isolated
and identified by MS technique as mono-, di- and tri-hydroxy-
mTHPC (15). Theoretical considerations (33,34) suggest that
accumulation of a few percentages of weakly fluorescent
products under the condition of high local mTHPC concen-
tration in lipid vesicle could lead to fluorescence quenching of
the whole population of intact mMTHPC molecules in a process
of excitation energy migration to the quenching centers.
HPLC and MS-based identification of photoproducts formed
upon our experimental conditions is the subject of ongoing
experiments.

The hypothesis of photoproducts acting as energy traps is
consistent with the fact that photoinduced fluorescence
quenching depends on the molar DPPC:mTHPC ratio
(Fig. 4). For liposomal samples with a low mTHPC content
(DPPC:mTHPC of 10%) at which according to polarization
studies (Fig. 2) the energy migration is negligible, we observed
only a slight decrease in normalized fluorescence (Fig. 4, curve
1). When mTHPC concentration in liposomes was sufficient
for excitation energy exchange, an exposure to low light doses
induced a considerable decrease in normalized fluorescence
(Fig. 4, curves 2 and 3). Furthermore, formation of photo-
products depends on the presence of oxygen in the medium
and when a Foslip suspension was subjected to 30 min
nitrogen bubbling before irradiation, we observed a significant
decrease in effectiveness of fluorescence quenching (data not
shown).

The last part of the present study addressed the effect of
photoinduced fluorescence quenching in plasma protein solu-
tions. In contrast to the DPBS solution only, a rapid increase
of mTHPC fluorescence was observed after introduction of
pre-irradiated Foslip into diluted serum (Fig. 5). The observed
abolition of fluorescence quenching could be a consequence of
several processes. One of the possible reasons is related to
mTHPC release from liposomes due to either dye transfer to
plasma proteins or to destruction of liposomes. Although
conventional liposomes are renowned for being rapidly
released in the bloodstream, Foslip shows a rather slower
release pattern (35). We also recently observed (36) very low
rate of mTHPC distribution from lipid vesicles, requiring at
least 6 h to attain a steady equilibrium. Considering a very
rapid (15 min) fluorescence restoration observed in the present
study (Fig. 5, curve 1), the possibility of mTHPC release in a
dye transfer processes must be ruled out. The destruction of
liposomes also seems unlikely in view of a very slow redistri-
bution rate observed in biological environment, either upon
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Foslip incubation with plasma proteins or after its direct
intratumoral injection (36). However, the contribution from
liposomal destruction to increased fluorescence at short time
points postirradiation can not be totally ruled out. The most
plausible explanation for the rapid fluorescence restoration
could be a redistribution of photoproducts, acting as quenchers.
Photoproducts more polar than the native mTHPC, as
observed by Kasselouri et al. (15), might possess higher rates
of distribution from Foslip.

Relatively slow kinetics of photoinduced Foslip response
during incubation (Fig. 5, curve 3) are in all probability related
to mTHPC redistribution from liposomal formulations to FBS
proteins. Therefore, changes in Foslip-induced mTHPC dis-
tribution pattern in biological systems would be consistent
with changes in photoinduced fluorescence quenching. As a
matter of fact, this latter parameter may provide us with
valuable information on the occurrence of mTHPC inter-
molecular interactions in the loci with high photosensitizer
concentrations. Monitoring variations in relative fluorescence
intensity immediately after irradiation could be exploited to
assess the redistribution of mTHPC from liposomes to a
biological substrate. Fluorescence assessed Foslip biodistribu-
tion studies must be cautiously interpreted, taking into account
the phenomenon of photoinduced fluorescence quenching.
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IX.2 Study of meso-tetra(hydroxyphenil)chlorin (mTHPC) redistribution from lipid
vesiclesto biological substrates

The aim of the second part of our work was to stimdymTHPC redistribution processes
from Foslip to biological substrates and to evadudle stability of liposomal mTHPC
formulations against membrane-protein and membna@erborane interactions. For this purposes
the technique of photoinduced fluorescence quegchmd gel-filtration chromatography were
used. Both of them indicated a low mTHPC redistidou rate from liposomal carriers to an
excess of pure DPPC liposomes or to the serumipsoté&he rate of mTHPC redistribution
strongly depends on incubation temperature and leakconcentration of acceptor structures.
Increase in the temperature of incubation from 5@8C dramatically changes the redistribution
rate wheras an increase in serum concentration §am50% leads to a smooth growth of the
guenching amplitude not exceeding 5 %. The almostptete redistribution takes about 6 hours
at 37°C. We suppose that at physiological condstiddoth aqueous phase and collision
mechanisms are involved however the distributionugh the aqueous phase is strongly favored.
The results of gel-chromatography studies demaestitsat at least after 30 min of Foslip
incubation with human blood serum the liposomesaianintact and the local photosensitiser
concentration inside their lipid bilayer is highoeigh to provide an intensive exitation energy
migration between mTHPC molecules. The redistrdutis not completed even after 3h of
incubation. Long term time (15h) results in lipogmmndestruction and mTHPC complete re-
distribution.

This part of the work is in preparation for the sudsion toBiochem Biophys Acta
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SUMMARY

We previously described the phenomenon of phot@eduluorescence quenching for meso-
tetra(hydroxyphenil)chlorine (mTHPC) incorporated n i conventional
dipalmitoylphosphatidylcholine (DPPC) liposomes gkw), which consists in a significant
decrease of fluorescence after photoirradiatiom vi&t successive restoration after destruction of
liposomes with the detergent. In the present stwdyused this phenomenon to evaluate the
transfer of mMTHPC from liposomes to plasma proteiRedistribution of photoactive molecules
is an essential element for the understandingiitbér delivery to target tissues.

It appears that migration occurs mainly through dlggieous phase rather than in a collision
process and mostly depends on the incubation textyser As evaluated by gel-chromatography,
the affinity pattern towards various proteins daes differ from that of liposome-free mTHPC.
However, as opposed to conventional liposomes avitbry rapid disruption of the lipid vesicles,
the redistribution of Foslip -induced mTHPC to phasproteins is a very slow process, which is
not completed even after 3 hours of Foslip incumatn serum. This Foslip behavior in serum
proteins should be considered for better comprabers in vivo pharamcokinetics and as such

for the designing of preclinical and clinical protds.
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1. Introduction

Photodynamic Therapy (PDT) was shown to be higlifecéve in the curative and
palliative treatment of malignant tumors and ottiseases [1, 2]. The principle of PDT is based
on the administration of a photosensitiser (PSp¥etd by illumination of the tumour area at the
appropriate wavelength. The effect of PDT on turmelts involves a complex combination of
events, where highly reactive singlet oxygen gaedray the photodynamic action plays a major
role in cell killing [3].

Porphyrins are most frequently used in PDT to achiderapeutic effect. The important
limitation on their use for clinical application tkeir low water solubility. To overcome these
problems, photosensitizer can be loaded into naemtdrug delivery systems, which enhance
drug solubility and bioavailability [4,5].

Lipid based micelles, liposomes, are popular phaautcal carriers for poorly soluble
drugs [6], since they can be solubilized through thicelle hydrophobic core. Because of their
characteristic small size (between 40 and 100 gogd solubilization efficiency and stability,
liposomes represent an ideal delivery system falaapPDT drugs. Incorporation into lipid
vesicles allows remaining in a monomeric statenfiany tetrapyrrolic sensitizers, providing a
high photosensitizing activity [7]. An additional\antage of such systems is the phenomenon of
passive targeting, which is based on enhanceddipak permeability through discontinuous
tumor microvasculature [8]. In this perspectiveclmically approved photosensitiser meta-
tetra(hydroxyphenyl)chlorin (mTHPC, Foscan®), has eer loaded into
dipalmitoylphosphatidylcholine /dipalmitoylphospiusiglycerol (DPPC/DPPG) liposomes. The
resulting compound, Foslip, was recently testedx@mografted tumors and demonstrated
favourable pharmacokinetic properties, consisting better tumor/healthy tissue selectivity and

a rapid plasma clearance [9,10,11].
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We have recently reported that Foslip revealed amswal behaviour upon irradiation
related to strong interactions between mTHPC mddscim a lipid bulk medium [12]. Exposure
of Foslip suspensions to feeble light doses (< Scm?) resulted in a substantial drop in
fluorescence with its successive restoration afigdition of a detergent. We attributed this
behaviour to photoinduced fluorescence quenching ¥so proposed that changes in
photoinduced fluorescence quenching could be usedttmate mTHPC distribution /repartition
pattern in plasma proteins.

The present study addresses the kinetics of raklisbn of mTHPC from Foslip to
biological substrates (lipids and plasma proteinsjng the technique of photoinduced
fluorescence quenching. We further studied the gésinn Foslip distribution pattern in blood
serum by gel-filtration chromatography.

2. Materials and methods

2.1. mTHPC and Foslip preparations

The photosensitizer mTHPC (meta-tetrahydroxyphdngtan, Foscan®) and its liposomal
formulation Foslip were provided by Biolitec AG (& Germany). Stock solution of mTHPC
was prepared by dissolving mTHPC powder in 99.6k@aml. mTHPC liposomal formulation
Foslip was reconstituted in PBS. Foslip is based -ordipalmitoylphosphatidylcholine (DPPC)
(Sigma-Aldrich), dipalmitoylphosphatidylglycerol HPG; Sigma-Aldrich), glucose and water,
lipid to a dye ratio of approximately 10:1.

2.2. Preparation of liposomes

Unilamellar lipid vesicles were prepared using tifteasonic method [13]. In brief, 40 mg
of DPPC was dissolved in 1 ml of ethanol, which \&#ierwards evaporated to form a lipid film
on the walls of a flask. Upon addition of 4 ml &%, the lipid film was hydrated, removed from

the flask walls by vortexing for 15 min and sonezhin a ultrasonic dispergator UZDN-2T for 3
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min [14]. The final suspension was stored at 37°C. Liposauetining mTHPC were prepared
using a similar protocol, mTHPC being added to DR#E@nol solution to obtain the required
lipid to dye ratio. Concentration of mTHPC in lipiduspension was estimated by
spectrophotometric method considering the simylaoit absorption spectra in ethanol and in
lipids and using the molar extinction coefficiefineTHPC at 650 nm as 35 000%m™.

2.3. Spectroscopic measurements

Electronic absorption spectra were measured onirfP&lmer Lambda 35 and Solar PV
1251A (Solar, Belarus) spectrophotometers using 1 cricagbath quartz cuvette. Fluorescence
spectra were recorded on Perkin Elmer LS50B andirSSFL 1211A spectrofluorimeters
equipped with thermostated cuvette compartmentsréscence polarization was measured on
Solar SFL 1211A equipped with polarizers. Samplesewexcited at 435 nm and fluorescence
was registered at 650 nm. Photosensitiser fluonescdifetime was measured on PRA-3000
pulse fluorometer operating in the single-photoartimg mode.

2.4. Photoinduced fluorescence quenching

Samples were subjected to irradiation by couplimgptical fiber with frontal diffuser to a
660 nm semiconductor laser ILM-660-0.5 (LEMT, Bek) Fluence rate was set at 50 mWicm
and irradiation was made under continuous stirahgpom temperature. Irradiation time was 10
s, corresponding to a light fluence of 0.5 J.chradiation at such doses is accompanied by
changes in photosensitiser concentration of less tA%, but induce a phenomenon of
fluorescence quenching. Normalized fluorescence,rétio (I/k-100) of MTHPC fluorescence
intensity measured immediately after irradiatioh t@ fluorescence intensity measured after
addition of 0.2% Triton® X-100 to the same samplgidg), was used as an indicator of

photoinduced quenching [12].
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2.5. Blood serum

Human blood was collected from healthy donors. Blooagulation operation was carried
out according to established protocols [15]. Venble®d was precipitated in a glass test-tube
without anticoagulants at room temperature (~136€B0 minutes until clot formation. The clot
was separated from the test-tube walls and the lsanwgs centrifugated for 10 minutes at 1000-
1200 g. The serum obtained was stored in pladtadu®es at -18°C until use. Immediately before
experiment serum was centrifuged at 400 G for Samith supernatant was collected.

2.6. Gel exclusion chromatography

Chromatographic separation was performed on Sigr@a4h cm column filled with
Sephacryl 400-HR gel (Amersham Biosciences) prélibcated with PBS. For protein
separation experimental conditions were as folldeading volume 0.5—0.9 ml, flow speed 0.5
ml/min, fraction sample volume 0.9-1.5 ml. Fracsamith elution volume from 30 to 90 ml were
collected and analyzed for protein and dye conteitdPC content in chromatographic fractions
was analyzed by spectrofluorimetric method aftelitewh of Triton® X-100.

Protein concentration was determined by Lowry metfi®]. Triglyceride and cholesterol
concentrations were determined by enzymatic assapraing to Tietzet al [17] due to
formation of 4-(p-benzoquinone-monoimino)-phenazaehjch effectively absorbs light at 500
nm (Analysis Plus, Minsk, Belarus). Absorptionsaimples was estimated and compared with
external linear calibration curves for proteinglyrcerides and cholesterol respectively.

2.7. Redistribution of mTHPC from Foslip

Foslip was added to a suspension of liposomes diuted human blood serum. Samples
were taken immediately after addition of Foslipafter incubation for 1, 2, 4, 6 and 24 hours.

The local photosensitiser concentration of the dampas estimated by photoinduced
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fluorescence quenching. Changes in local mTHPC ewnation were attributed to the
redistribution of mMTHPC molecules from Foslip véssc

3. Results

3.1. Spectral properties of mMTHPC in lipid vesicles

The spectroscopic characteristics of mMTHPC in lgmoess at different mTHPC:DPPC ratios
are shown in Table 1. A slight batochromic shifthie maximum and shape alterations of Soret
band were observed for liposomal formulations asygared to mTHPC in ethanol, without
significant changes in the first Q-band (650 nnijloFescence lifetimes for mTHPC:DPPC from
1:1000 to 1:100 were around 9.7 ns and were closthé one in ethanol (9.41 ns). Only
liposomes with an mTHPC/lipid ratio superior to @:Showed a progressive decrease in
fluorescence lifetime from 9.0 ns to 5.5 ns (Fgslido significant changes were noticed in
relative fluorescence quantum vyield for differem¢dl mTHPC concentrations in lipid vesicles.
Increasing mTHPC content up to 1:50 results in al3% decrease of fluorescence vyield,
whereas this decline reaches 30-35 % for mTHP@@ilifp-(1:10) (data not shown).

The parameters that were strongly related to thal ImnTHPC concentration in liposomes
appeared to be fluorescence polarization and nareshfluorescence. Changes in dye/lipid ratio
from 1:400 to 1:50 provokes a drastic drop in fagmence polarization. As displays Table 1, the
fluorescence of liposome samples with mTHPC condédatve 1:100 is completely depolarized.
Increase in local mMTHPC concentration was also rapemied by a significant decrease in
normalized fluorescence, with a higher value ofnrmalized fluorescence at low local mTHPC

concentrations.
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3.2. Kinetics of Foslip-induced mTHPC distributionan excess of liposomes or human
serum

Foslip incubation in PBS for over 24 hours did podbvoke any changes in normalized
fluorescence or polarization (Fig. 1, curves 1 ahdVhen Foslip was incubated at 37°C with an
excess of sensitizer-free DPPC liposomes, we obdem® slow increase in normalized
fluorescence (Fig. 1, curve 3) along with an insesim polarization (curve 4). During the first 6h
of incubation, polarization increased from 4% t&d@ithout significant further changes up to
24h (curve 4). In parallel, normalized fluorescenugreased from 0.12 to 0.7 (curve 3). Since
polarization and relative fluorescence showed antidal behavior, we further assessed mTHPC
redistribution kinetics by measuring only normatizkiorescence to study mTHPC redistribution
from Foslip to serum proteins. Figure 2 displays kinetics of normalized Foslip fluorescence
incubated in PBS (Fig. 2A, curve 1) and 5% humasotblserum (Fig. 2A, curve 2) at 37°C.
Presence of serum proteins induced an increasermatized fluorescence till 6h. From figure 2
B, it appears that serum concentration only shighffects redistribution rate since normalized
fluorescence is only slightly influenced by an gase in protein content from 0.5% to 50%.

However, Foslip-induced mTHPC redistribution ratesgly depends on the incubation
temperature. Figure 2C represents photoinducedefiegence quenching measured in terms of
normalized fluorescence, in function of temperatafter 2h incubation in blood serum. Foslip
incubation at 30°C and higher is characterized bgresiderable acceleration of the redistribution
processes monitored using normalized fluorescence.

3.3. Redistribution of mTHPC from Foslip to serummotpins assessed by gel-
chromatography

In order to perform a more precise analysis ofpifeeess of Foslip-induced photosensitizer

distribution to serum proteins we used a gel filtra technique based on the separation of main
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serum carrier proteins in accordance to their moércsize. We first investigated the affinity of
free mTHPC towards different serum constituentg.(8). mTHPC was incubated in 1 mL of 5%
blood serum for 6h, introduced into the chromatpgyacolumn Sephacryle S-400 and elution
profile was analyzed by measuring the fluorescemigmsity after injection of Triton® X-100 in
the different fractions (Fig. 3, curve 1). Also @al protein content in eluted fractions was
determined (curve 2). Total cholesterol, triglides and human serum albumin (HSA) elution
profiles were registered separately and used asarefe chromatograms.

A typical chromatogram of mTHPC-loaded serum digplavo bands, the first weak band
with a peak around 47 mL and a second major babh (8f total chromophore) with a peak at
54-56 ml and poorly resolved shoulder at 62 ml(Bigcurve 1). The total protein profile (curve
2) is significantly shifted to larger elution voles as compared to mTHPC. Maximum serum
protein content is detected in fractions elutingptiyh the column simultaneously with isolated
albumin (62 mL) (curve 4). The maximal elution pifof mTHPC is found in the serum
proteins fractions containing cholesterol (45-58, aurve 3) and triglicerides (45-53 mL; data
not shown).

We then evaluated redistribution of mTHPC from Kodio serum proteins by gel
chromatography (Fig. 4). We first investigated ¢hation band of an aqueous solution of Foslip,
without any pre-incubation (curves 1, panels A-89condly, Foslip solutions were studied after
incubation with human serum at 37°C for time in&ésvof 0.5, 3 and 15 H (curves 2, panels A-
C). Fluorescence intensity after photo irradiateas determined for every fraction in order to
observe the impact of local liposomal mTHPC conegidn through the measurements of
photoinduced fluorescence quenching (curves 3, |lpakeC). All fractions were assessed for

protein content (curves 4).
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The major part of mMTHPC injected into the columragueous Foslip solution was eluted
much faster (32-33 mL) (Fig. 4, curves 1) than @rebound mTHPC (55-57 mL) (Fig. 3).

Foslip incubation with serum proteins resulted imH®PC elution in two bands (Fig. 4,
curves 2). The first band corresponds to liposom@HPC, as shown through photoinduced
fluorescence quenching observed upon irradiatiamvgs 3) and through comparison with
elution peak of serum-free sample (curves 1). Téeosd band apparently corresponds to
(lipo)protein bound mTHPC. Compared to serum-freslip, broadening and shift to a greater
elution volume of the first band after thirty miestof incubation evidenced the significant
changes in the size of lipid vesicles. Increasingubation time resulted in a progressive
reduction of weight of the first band attributed nrofHPC embedded into lipid vesicles and
concomitant increase of protein-based band (Fig. @Bcurves 2). After long incubation time
distribution pattern was similar to elution profdéserum containing free mTHPC (Fig. 4 C).

There was no significant photoinduced fluorescenesnching effect for mTHPC bound to
serum proteins (Fig.4 curves 2-3). However, aiBg@nt quenching was observed in the first
elution band (liposomal mTHPC). This effect was trm®minent for the short incubation times
(normalized fluorescence varies from 2.5 to 4 far $amples obtained after 0.5 H of incubation)
and progressively decreased with a following insesia incubation time.

4. Discussion

Liposomal delivery of drugs is highly favored inder to enhance tissue distribution and
plasma clearance. In case of photosensitiser dgliven additional advantage relies in the
monomerization of the drug [18]. While mTHPC rensanggregated even in the presence of
serum albumin [19], the embedding of the dye impallvesicles prevents its aggregation. As a
result its absorption and fluorescence spectra@msistent with monomeric mTHPC [12]. In the

present study, we have extended the spectroscbpi@aeristics of mTHPC in liposomes at
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different mTHPC:DPPC ratios (Table 1). Absorptiowd dluorescence spectral properties weakly
depend on the dye:lipid ratio indicating the absewd mMTHPC aggregation even at high
liposomal loading. Consistent with this observatiquantum yields of singlet oxygen generation
for mTHPC in ethanol solution and embedded in Vesiare equal [20]. The high values of
fluorescence anisotropy at low local mTHPC conamdns, together with relatively long
fluorescence lifetimes certify a rigid fixation itfe mTHPC molecules in the lipid vesicles. On
the other hand, the enhanced local concentratiomTéiPC molecules in lipid vesicles suggests a
high probability of resonance excitation energynsfar resulting in concentration dependent
fluorescence depolarization in liposomes. We pnesly observed this for Foslip where the high
local MTHPC concentration in lipid vesicles is msgible for photoinduced fluorescence
qguenching [12] With regard to the strong dependeoicyhe local mMTHPC concentration in
liposomes on normalized fluorescence, we investyathether fluorescence quenching might be
utilized for the analysis of photosensitiser disition / repartition in biological systems.

Liposomal mTHPC in PBS does not induce any flueasachanges over time, thus
indicating the absence of liposomal alterationg).(E). However, when drug-free liposomes are
added, both polarization and normalized fluoreseemcrease. This is due to migration of
mTHPC from Foslip to unloaded liposomes, thus redutocal mMTHPC content. The two curves
are almost perfectly overlapping, indicating thathbparameters can be used to observe energy
transfer between mTHPC molecules.

From Figure 1, it appears that redistribution ofHPIC from Foslip to lipid membranes is a
very slow process and final distribution is onlyhiewed after 6-8 hours of incubation. Similar
results were obtained for mTHPC redistribution frBaslip to human blood serum. Conventional
liposomes have been shown to have extremely sladfrtives in blood, in the order of minutes

[21]. This is due to phagocytosis by the reticidadothelial system (RES). Another reason for
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liposomal elimination could be their interactionsithw plasma proteins with successive
redistribution of the drug [22-26]. As a result, uman blood serum a relatively rapid
distribution of liposomal drugs between plasma grt, preferentially lipoproteins, is reached.
From the present study it appears that Foslip dwoasshow a similar behavior. Indeed,
distribution of mMTHPC from Foslip to plasma proteis only achieved after 1 to 2 hours (Fig. 2),
which significantly exceeds the values for DPPGdlipesicles[27,28]. Our chromatographic
data confirm this observation (Fig. 4). After 0/8da3 hours of Foslip incubation in serum, a
significant part of the sensitizer molecules datializes in liposomal structures and elutes from
the column before serum proteins. Only after 3 fafrincubation do we notice a reduction of
fluorescence quenching in all elution fractionsistindicating that redistribution has taken place,
without complete destruction of the liposomes. sTlposomal disruption is completed by 15
hours of incubation.

Prolonged lifetime of Foslip in serum may refle¢typico-chemical peculiarities of the
lipid vesicles under investigation. Indeed, notydiposomal formulation affects drug properties,
but also the drug itself can change liposomal attarstics. Inclusion of a great amount of
photosensitiser molecules into lipid vesicles coulluence their interactions with plasma
proteins. A significant decrease of liposomal dedton in blood serum has been observed for
other drugs such as doxorubicin and was attribtedltered interaction patterns with RES
macrophages [29]. Investigation of liposomes loadégith ibuprofen using scanning electron
microscopy, demonstrated the existence of a detfett of the drug inclusion on the structural
stability of the lipid bilayer [30].

It is of great interest to consider thermodynamechanisms of mTHPC release from lipid
vesicles and redistribution to human blood serummot&sensitiser redistribution from lipid

vesicles may proceed through water phase or dueotdact interactions of drug-loaded
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liposomes with plasma proteins [31]. In the firase the rate of sensitizer exit is determined by
the kinetic constant of the molecules desorptiamfrthe lipid bilayer and usually weakly
depends on the concentration of acceptor structutesthe second case, the redistribution of
photosensitiser molecules takes place mainly dueditision between Foslip and plasma
proteins. This process can occur simultaneousigdependently from the destruction of the lipid
vesicles [31]. Its rate is determined by the freguyeof collisions and as a consequence of serum
concentration. Measurements of photoinduced fluemse quenching amplitude for samples
incubated with different serum concentration shorelatively high exit rate of photosensitiser,
even with the minimal concentration of human blosstum (Fig. 2B). Increase in serum
concentration from 5 to 50% leads to a very slgotwth of the quenching amplitude of less than
5 %. It thus appears that the relative contribiioh contact-dependent or contact-independent
mechanisms of mTHPC redistribution from Foslip ¢ousn proteins are essentially unequal and
distribution through the agueous phase is favangghiysiological conditions.

The release rate of liposomal drugs strongly depemdthe temperature due to its influence
on the structure of the lipid bilayer [32]. At lot@mperatures DPPC vesicles are in a gel state
with close packing and frozen conformation of thgdrecarbon chains. Increasing the
temperature will result in a transition to a liqudystalline state where the acyl chains are
disordered and have a high mobility. Such a phasesition facilitates the process of sensitizer
exit from the lipid bilayer to the water bulk. THipid bilayer from pure DPPC liposomes
undergoes such a phase transition at 41e43], but is also very sensitive to incorporatiain
various additives into the vesicles [34]. The Ros$tirmulation contains besides DPPC about 10
% DPPG and 10 % (W/W) mTHPC. The presence of tloeseponents may significantly
influence the phase transition properties of tpellbilayer, which most probably lies somewhere

between 30°C and 45°C (Fig.2 C).
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Despite the fact that sensitizer binding to plagmeteins has been shown to have an
impact on their distribution and PDT effect [35-38}is issue has not yet been assessed for
Foslip. Binding to albumin favors localization inet vascular stroma, whereas photosensitisers
are mostly internalized into tumor cells followibgnding to lipoproteins [35-39]. Only a small
part of mMTHPC molecules (10-15%) is found in trecfion of albumins and other heavy proteins
[40]. This conclusion is in good agreement with eliromatography results (Fig. 3, 4). The
affinity of Foscan® and Foslip induced mTHPC toveadifferent plasma proteins is almost
similar. The major part of photosensitiser locaiae the fractions with high cholesterol content,
which is one of the main components of lipoprote{Rgy. 3, 4). This results are in good
agreement with conclusions made by Jdrial. about protein binding pattern of hydrophobic
photosensitizers [41]. A minor sensitizer fractjmasses through the column with the proteins of
big size, probably low-density lipoproteins, whibhve significantly higher molecular weight
than high-density lipoproteins.

As opposed to conventional liposomes with a vepydrdisruption of the lipid vesicles and
fast clearance rates, mTHPC loaded DPPC/DPPG lipesshow a very slow release of the
active component. This will have to be taken intocaint when designing preclinical and clinical
protocols. Furthermore, due to the phenomenon daijtgamduced fluorescence quenching,
fluorescence can no longer be used as a measuestitbate photosensitiser accumulation.
Photoinduced quenching however could be very usé&ulestimate local photosensitiser
concentration and thus redistribution to biologmabstrates.
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Table 1 Spectroscopic characteristics of mMTHPC in liposeme

mTHPC | 1:10 1:20| 1:50| 1:100| 1:400| 1:800| 1:2000| mTHPC
/ lipid (Foslip) in ethanol
ratio

A3 nm 421 420| 419| 419 | 419| 419 419 416
Ay, nm | 650 650| 650/ 650 | 650| 650 650 652

p 0.05 0.04 0.06|0.08 | 0.17 | 0.24| 0.26 nd

e, Ns | 5.48 6.7 | 9.039.66 | 9.75 | 9.74| 975 | 9.41
Any 0.12 0.2210.31{0.48 | 0.81 | 0.98| 0.99 nd

A3 - absorbance maximum of Soret band

Ap - absorbance maximum of most prominent Q-band

p - polarization

7 - fluorescence lifetime

Any - normalized fluorescence, f/lx.100, €xposure dose 2040 mJfcm

nd - not done

77



Fig. 1. Comparison of mTHPC redistribution kinetics estiataby two different spectroscopic
techniques. 1, 2 — reference curves for Foslipbated in PBS determined by polarization (1)
and photoinduced fluorescence quenching (2). 3, #distribution of mTHPC from Foslip
incubated with an excess of dye-free DPPC liposoasemeasured by fluorescence quenching

(3) and polarization (4).

Fig. 2. Redistribution of mTHPC from Foslip to human blosegrum. A: (1)- reference curve
(Foslip in PBS at 37 °C), (2)- Foslip in 5 % seran87 °C. B: mTHPC distribution after two-
hour of Foslip incubation with human blood serunfunction of serum concentration. C: Foslip-
induced redistribution of mMTHPC after two-hour ibation with 5 % human blood serum in

function of a temperature.

Fig. 3. Gel chromatograms of mMTHPC loaded serum obtainéd Sephacryle S-400 column (1
ml 5% serum incubated 6 h with 516° M mTHPC ). 1 - elution profile of mTHPC, estimated
by fluorescence of the samples; 2 - total protentent determined by Lowry method; 3,4 —

elution profiles of cholesterol (3) and HSA (4).

Fig. 4. Gel chromatograms of human serum incubated witkliFFaat 37C obtained with
Sephacryle S-400 column after 30 min, 3 and 15d$ofipreincubation. 1 — elution peak of free
Foslip (Iml Foslip solution in PBS, 1@/ml) determined as a reference in order to charaet
elution volume of liposomal structures. 2 — Fostiguced mTHPC distribution in serum proteins
estimated by fluorescence intensity after additdriton X-100. 3 — mTHPC fluorescence in
the eluted samples registered after 10 sec of lasatiation. 4 — total protein content in the

samples determined by Lowry method.
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IX.3 Photodynamic Therapy with I ntratumoral Administration of Lipid-Based mTHPC in a

Model of Breast Cancer Recurrence

The third part of our work investigatad vivo intratumoral Foslip injection in a mouse
model of breast cancer recurrence. The initial waykypothesis for this study was that direct
intratumoral injection of liposomal, thus monomedzmTHPC, would make possible to reduce
the drug light interval. However, highest tumor décation was obtained after 24 hours, time
point coinciding with maximal fluorescence integsif the tumor. In this study the weak
intratumoral fluorescence at early time points raftgratumoral Foslip injection could be
explained by the strong fixation of mMTHPC moleculesde the injected liposomes, slow kinetic
of photosensitiser redistribution, and, as such pienomenon of photoinduced mTHPC
fluorescence quenching in the liposome would afteetresults of macrofluorescence imaging.
Restoration of fluorescence occurred after severats and is probably due to the transfer of the
drug from the liposomal membranes to the tumouésshus lowering the average local mTHPC
concentration in liposomes. Thesevivo results are coherent with our previdosvitro studies

of mTHPC redistribution processes.

This part of the work was published limsers in Surgery and Medicirend is presented

thereafter in its published form.
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Background and Objectives: Generalized skin sensiti-
zation is a main drawback of photodynamic therapy with
systemic administration of photosensitizers. We have
evaluated the potential use of an intratumoral injection of
a liposomal formulation of mTHPC (Foslip) in a mouse
model of local recurrence of breast cancer.

Materials and Methods: Mice were directly injected into
the tumor (IT) with 25 pl of a Foslip suspension (0.15 mg/ml)
and illumination (652 nm, 20 J/cm?) was performed at
different time points with pathological assessment after
48 hours. In a parallel mice series plasma samples were
obtained at different endpoints after I'T Foslip injection for
HPLC analysis and the tumors were subjected in toto to
macrofluorescence imaging. Fluorescence polarization
measurements were conducted in vitro to estimate the rate
of sensitizer redistribution from liposomes.

Results: Optimal, albeit partial, cure rates were obtained
at 24 hours post-sensitizer and uninistration. Inhomoge-
neous and weak fluorescence was observed at early time
points and became maximal at 24 hours. Plasma levels of
mTHPC increased until 15 hours. Fluorescence polar-
ization measurements showed a slow sensitizer transfer
from liposomes to model membranes.

Discussion and Conclusion: The weak intratumoral
fluorescence at early time points could be explained
by concentration quenching within the liposomes as
evidenced from fluorescence polarization studies. Progres-
sive mTHPC redistribution from liposomes and its further
incorporation into tumor tissue resulted in fluorescence
build-up over time with a maximum at 24 hours post-
injection. This correlates perfectly with the best thera-
peutic effect at this time point. The absence of total cure can
be attributed to inhomogeneous photosensitizer distri-
bution. mMTHPC is reabsorbed into the blood stream but
the total administered amount is much reduced as opposed
to systemic administration so that repeated PDT sessions
might be favorable in terms of side effects and tumor
response. Lasers Surg. Med. 40:543-549, 2008.

© 2008 Wiley-Liss, Inc.

© 2008 Wiley-Liss, Inc.

Key words: photodynamic therapy; mTHPC; Foslip®;
intratumoral; fluorescence quenching; breast cancer

INTRODUCTION

Breast cancer represents 10% of the global cancer burden
and mortality rates have been steadily growing for nearly a
century [1]. Stereotactic- or ultrasound-guided biopsies
have greatly improved diagnosis but these procedures have
been shown to induce tumor displacement, either as cell
clusters or small tumor fragments, in + 30% of the patients
[2]. This seeding is not clinically relevant since the host
immune system will eliminate most surviving tumor cells,
as will subsequent surgery, radio or chemotherapy [2]. Skin
sparing mastectomy however offers a different scenario
with +5% observed local recurrences within the biopsy
tract [3]. Treatment options are frequently limited with
regard to previous surgery and adjuvant therapies. Photo-
dynamic therapy (PDT) could be considered a valuable
alternative cure [4]. PDT is based on the action of light on a
tissue that has previously been sensitized with a photo-
active substance called photosensitizer, to create reactive
oxygen species that will lead to the destruction of the host
tissue [5].

One of the main drawbacks of PDT, due to systemic
administration of the drug, is skin sensitization and com-
pulsory light restriction of the patient for several weeks. Two
photosensitizers have recently gained European approval
for topical use: Hexvix"™ (hexylaminolevulinate) for dia-
gnostic purposes in bladder cancer and Metvix® (methy-
laminolevulinate) for PDT of actinic keratosis and non-
melanoma skin cancer. Penetration of those drugs following
topical application is shallow and PDT must be limited to
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superficial disease [6]. Intratumoral (IT) injection of first
generation photosensitizers has been proposed earlier for
cerebral or bladder tumors in order to maximize intra-
tumoral photosensitizer load, minimize damage to adjacent
healthy organs and reduce skin sensitisation due to the
reduced total amount of administered photosensitizer [7—9].

Meso-tetra(hydroxyphenyl)chlorin (mTHPC—Foscan™)
has been reported to be one of the most active photo-
sensitizers, since relatively small drug as well as light doses
are required to obtain significant and deep destruction
of the irradiated tissue [10]. Liposomal formulations of
drugs have been advocated as carriers for hydrophobic
compounds and are particularly interesting when dealing
with photosensitizers, due to enhanced monomerization
and decreased plasma half-life [11]. Recently, a liposomal
formulation of mMTHPC (Fospeg) was investigated in feline
patients affected with cutaneous squamous cell carcinoma
[12,13]. Intravenous administration resulted in a faster
and more selective tumor accumulation, as opposed to
Foscan®™, together with a shorter distribution half-life.
Response rates were very promising with 100% immediate
complete response and 75% of the animals tumor free at
1 year.

The aim of the present study was to investigate photo-
sensitizer distribution and PDT effect after IT injection of a
new liposomal mTHPC formulation (Foslip) in a mice model
of subcutaneous breast cancer recurrence.

MATERIALS AND METHODS

Photosensitizer Preparation

A novel liposomal formulation of mTHPC, Foslip®, was
used (Biolitec AG, Jena, Germany). It is based on dipalmi-
toylphosophatidylcholine (DPPC), dipalmitoylphosphati-
dylglycerol (DPPG), glucose and water. The liposomes
were reconstituted in 3 ml sterile water to obtain a sensitizer
concentration of 1.5 mg/ml, which was used for HPLC and
microscopy studies. Further dilution in 5% aqueous glucose
solution resulted in a sensitizer concentration of 0.15 mg/ml
Foslip, used for PDT experiments.

Animal Model and PDT

All animal procedures were performed according to
institutional and national guidelines. Mouse mammary
EMT6 tumors were initiated by subcutaneous injection
of 0.5x10* cells in both hind legs of female 6—8 weeks
old Balb/c mice. The animals were subjected to an
intratumoral injection of 25 pl Foslip solution at a
concentration of 0.15 mg/ml when tumors reached a
diameter of 4—5 mm. PDT was carried out under general
anesthesia (IP ketamine-xylazine, 90—10 mg/kg body
weight). Irradiation at 652 nm (20 J/cm?, 100 mW/cm?)
was carried out with an optical fiber with frontal diffuser
and an argon-pumped dye laser (Spectra Physics 375 B,
Spectra Physics 2020, Les Ulis, France). Three mice were
used for each time point (30 minutes, 3, 6, 15 and 24 hours),
equivalent to six tumors. Animals were sacrificed at
2448 hours, and the tumors processed for pathological
assessment. The area of necrosis was measured in function
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of the total tumor volume using Image J software. Five
different pathology slides were investigated per tumor
(30 per time point). Data were analyzed with Origin 7.5®
(OriginLab, Coporation) software to create a box plot
diagram. For fluorescence microscopy studies, a concen-
tration of 1.5 mg/ml Foslip® was used. Two animals were
used for each time point corresponding to four tumors. The
animals were euthanized after 30 minutes, 1, 3, 6, 15 and
24 hours.

HPLC Analysis

Four mice were used for each time point: 1, 3, 6, 15 and
24 hours. Plasma samples were weighed and freeze
dried (freeze drying system Alpha 1-4 LSC, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany).
This powdered sample (10—20 mg) was transferred to a
2.0 ml reaction tube and 1.5 ml of methanol:DMSO (3:5, v:v)
was added. The samples were incubated at 60°C under
continuous shaking for at least 12 hours. All samples were
spun at 16,000 g in a centrifuge for 5 minutes. One ml of the
supernatant was used for HPLC analysis with the following
specifications; pump: “System Gold, 126 Solvent Module”
(Beckman Coulter Inc., Fullerton, CA, USA), Autosampler:
“Triathlon”, diode Array Detector: “System Gold, Module
168” (Beckman Coulter Inc., Fullerton, CA, USA) and a
fluorescence detector: “RF-10A XL.” with interface SS420x
(Shimadzu Europa GmbH, Duisburg, Germany). Fluores-
cence was excited at 410 nm and detected at 653 nm. The
separation was carried out on a “LiChroCART 250-4”
column (Merck KGaA, Darmstadt, Germany) with Puros-
pher STAR RP-18 endcapped; 5 um Guard column:
“LiChroCART 4-4” with Purospher STAR RP-18e; 5 pm
(Merck KGaA, Darmstadt, Germany) Temperature: 30°C.
The mobile phase consisted of acetonitrile: HyO+0.1%
trifluoroacetic acid (TFA) =57.5%: 42.5% with a flow rate
of 1 ml/min. The tissue concentration of mTHPC, given
in ng/mg wet weight, was calculated from a calibration
curve constructed by plotting the peak height values of
mTHPC standard solutions versus their concentrations.

Macrofluorescence Imaging System

The imaging system was composed of a macroscope
(MacroFluo™ Z6 APO A, Leica Microsystems Manheim,
Germany) combined to a fluorescence excitation source
(Hg) and a CCD camera. The emitted fluorescence was
collected in the way of incident light. A dichroic filter
at 595 nm and two band-pass filters (BP560/40 and BP
645/75 nm) were used to select the excitation and emission
spectral range specific for Foslip™. An objective 1x enabled
to image samples in their integrity (1392x1040 pixels?)
with a zoom factor of 0.57 and an exposure time of 630 ms.
Tumors were excised in toto with the skin and placed on the
objective in order to illuminate the tumor side.

Liposomal Preparation and Polarization Studies

Lipid vesicles were prepared using the injection method.
Sixty microliters of a DPPC/ethanol solution (2,2x 102 M)
was added to4 mlof PBS at arate of 1 pl/s. To obtain vesicles
with different mTHPC concentrations, the dye/ethanol
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solution was added to a DPPC solution before adding PBS
and the liposomes were stored at 37°C. Liposomal size, as
measured by photon correlation spectroscopy (Zetasizer
3000 HAS, Malvern, UK) was 116 nm. Approximately 2 ml
of the mTHPC-loaded liposomal solution was placed in a
1 cm path length cuvette at 37°C. Fluorescence polarization
was measured using SOLAR spectrofluorimeter SFL
1211A (“SOLAR”, Minsk, Belarus) equipped with polar-
izers. Because of the presence of two different spectral lines
in the main maximum of the Soret band in both excitation
and fluorescence spectra, samples were excited at 435 nm.
Fluorescence was measured at 650 nm.

Statistical Analysis

StatView 5.0.1 software was used for statistical analysis.
Mann—Whitney U-test was applied for statistics P < 0.05
was considered significant.

RESULTS

Tumor Necrosis

Figure 1 represents typical pathology slides obtained at
24—-48 hours post-PDT at different drug light intervals.
Response pattern is very similar at all time points and
shows an inhomogeneous distribution of necrotic areas.
Necrotic features are most prominent in the center of the
tumor and are frequently associated with hemorrhage.
With larger magnification, even apparently necrotic tumor
zones, contain small amounts of undamaged cells (+8%)
(data not shown). Damage to the overlying skin is minimal.

The percentage of necrosis within the tumor is repre-
sented graphically by box plot investigation in Figure 2.
There is no statistical difference between the first four time
points (P =0.27) whereas a significant better amount of

Fig. 1. Typical pathological observation of a tumor 24-48 H
after PDT. (HES 1.25x and 10x) Light drug interval
30 minutes (A), 3 hours (B), 15 hours (C), 24 hours (D). An
inhomogeneous necrosis pattern can be observed throughout
the tumor, with minimal damage to the skin (A and C). Necrotic
islets surrounded by viable tumor cells with intact skin (B).
Central necrosis with tumor rim (D).

545

100
80 T

60 1

% Necrosis
e
o
n 1 "
Hc
—

20 H

! [

T T T T T
05 3 B 15 24

Time

Fig. 2. Box plot diagram representing percentage of post-PDT
necrosis in function of light drug interval.

necrosis was observed when illumination was performed
24 hours after IT injection (P =0.031).

mTHPC Measurements in Plasma

mTHPC was detected in the plasma at all time points,
with a maximum at 15 hours (1.5 ng/mg wet weight), where
after plasma levels decrease (Fig. 3). In comparison,
we tested the plasma levels in a limited number of mice
(4) after IV injection of 0.15 mg/kg Foslip®. The mean
maximal plasma level reached was 1.21 ng/mg wet weight,
although the total amount of mTHPC was ten times less
(0.00375 mg) as compared to IT (0.0375 mg).

Fluorescence Microscopy

mTHPC fluorescence in excised tumors, assessed by
macrofluorescence, is inhomogeneous at all time points,
and extremely weak at short intervals (Fig. 4). Fluorescence

26—
24
22
2.0
18
16
14

\

1.2

1,0
0.8

0} p—

04

concentration, ng/mg wet weight

0,2

0,0 T . T . : . : ; .
0 5 10 15 20 25

time, hours

Fig. 3. Plasma profiles of mTHPC assessed by HPLC in
function of time after IT injection of 25 pl Foslip®™ (0.15 mg/ml).
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Fig. 4. Fluorescence following IT administration of 25 il Foslip® (1.5 mg/ml) at (A) 30 minutes,
(B)1H,(C)3H, (D) 6H, (E)15H and (F) 24 H. Exposure time 630 ms, gain 10 x, objective 1x,
zoom 0,57.

gradually increases and is maximal, although still inhomo-
geneous at 24 hours post-IT injection of Foslip.

Polarization Studies

In order to explain changes in the intratumoral
mTHPC fluorescence pattern, we performed model studies
of mTHPC redistribution, using a fluorescence polarization
technique. Fluorescence of a fluorophore bound to biological
structures is polarized due to mobility restrictions. Fluo-
rescence polarization of mMTHPC in lipid vesicles is strongly
dependent on the lipid to dye ratio (M;/My4) as shown in
Figure 5A. Maximal polarization is obtained at Mj/My
of 1000 with a value of >0.28, thus indicating a strong
fixation of the sensitizer molecules in lipid bilayer. M/M4
ratios below this value lead to progressive depolarisation of
fluorescence by a factor 2 for M;/M4 of 200 whereas this
value does not exceed 0.05 for Foslip with an M}/M4 ratio of
10. This interrelationship can be used to obtain information
related to sensitizer redistribution. With this purpose, the
Foslip suspension was incubated during 24 hours at 37°C
with an excess of DPPC liposomes and fluorescence polar-
ization was registered at the selected times (Fig. 5B).
Polarization increased slowly with incubation time, thus
pointing out to a slow transfer of lipid-based mTHPC to
non-loaded liposomes.

DISCUSSION

One of the first photodynamic treatments dates from a
century ago when Jesionek and von Tappeiner treated
patients suffering from various skin diseases with intra-

lesional or topical eosin and light [14]. PDT, following direct
intralesional injection, failed however to produce total
cures, independent of the photosensitizer used. Direct
delivery of aluminium phthalocyanines or meso-tetra(4-N-
methylpyridinium)porphine only resulted in delaying
tumor growth by 1 month, even when repeated PDT
sessions were applied [15,16]. In a comparative study
between IP and IT delivery of HpD, Lin et al. noticed
identical killing effect, although the concentration of HpD
was four to five times higher following IT injection [17].
They attributed this PDT resistance to the absence of
vascular events. Identical absence of vascular involvement
was observed in orthotopic brain tumors in rats as well
as in patients [18,19]. In the present study, necrosis is
most prominent in the center of the tumor (Fig. 1) and is
associated with hemorrhage, indicating a certain amount
of vascular effects. This is clearly due to progressive
reabsorption into the bloodstream rather than direct
accidental intravenous injection, since plasma pharma-
cokinetics indicate increasing mTHPC amounts up to
15 hours (Fig. 3). The absence of total cures in our study
is thus probably rather related to the inhomogeneous
drug distribution and consecutive inhomogeneous necrosis
pattern.

Very little is known about photosensitizer distribution
following intratumor injection. In the present study, fluo-
rescence is very inhomogeneous, and most prominent at the
periphery of the tumor, although injection has been
aimed at the center of the nodule. Gupta et al. have
investigated the distribution of antibody conjugated and
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radiolabeled HpD in a subcutaneous murine tumor model
[20]. Following injection close to the tumor implantation
site, scintigraphic images show that radioactivity is limited
to the tumor for the first two hours, with the highest signal
in the central zone, where after it progressively diffuses to
neighboring healthy tissue. HpD fluorescence was also
investigated in an orthotopic gliosarcoma model [21].
The percentage of fluorescence observed within the tumor
increased with increasing injection volume (at identical
drug concentrations), and time after injection (from 1 hour
to 5 days) but never reached complete sensitisation (<60%).
From their study it also appeared that the injection site is
very important since a central positioning of the needle tip
resulted in a larger fluorescence volume than an injection
within a 1 mm distance from the tumor rim. Although the
topography of the fluorescence was not investigated,
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coronal sections of the brain 48 hours post-PDT, revealed
a very inhomogeneous necrosis pattern, comparable to the
one observed in our study [18].

The formulation of a photosensitizer is of utmost
importance with regard to its biodistribution. Incorpora-
tion of various photosensitizers into liposomes has been
shown to increase drug uptake as well as tumor eradication
[22]. Recently, a new liposomal formulation of mTHPC
(Fospeg) was tested in cats with spontaneous occurring
cutaneous squamous cell carcinoma [12]. Upon IV adminis-
tration, a reduced distribution half-life was noted, together
with increased fluorescence in the tumor as well as
increased tumor to normal ratios, occurring at the time of
maximal tumor fluorescence. Another interesting aspect
of liposomal drug delivery resides in the fact that photo-
sensitizers are monomerized, which has been shown to lead
to enhanced oxygen consumption and reduced cell survival
[23]. The initial working hypothesis for the current study
was that direct intratumoral injection of liposomal, thus
monomerized mTHPC, would make it possible to reduce
the drug light interval. As shown in Figure 2 however,
highest tumor eradication is obtained after 24 hours, time
point where maximal fluorescence intensities are observed
(Fig. 4).

A possible explanation could be that within liposomes,
a phenomenon of concentration quenching occurs, which
reduces fluorescence emission. The molar lipid/ mTHPC
ratio in Foslip is about 10 and considering an average
phospholipid molecules surface of 60 A%, we can anticipate a
high local mTHPC concentration in a lipid bilayer (about
0.11 M) and consecutive fluorescence quenching [24]. A
strong concentration-induced fluorescence quenching was
reported earlier for liposomal formulations of benzopor-
phyrin derivative (BPD-MA, verteporfin) in vitro [25].
Restoration of fluorescence occurred after several minutes
due to the rapid transfer of the drug to serum proteins [25].
The rate transfer of the lipid-based mTHPC formulation
used in the present study was evaluated with fluorescence
polarization, which can be applied to investigate transfer
of a dye to liposomes, acting as a model for cellular
membranes. Maximal mTHPC fluorescence polarization
was obtained at 24 hours incubation in an excess of DPPC
liposomes (Fig. 5B), thus suggesting that at this time point
mTHPC has migrated from its lipid-based formulation to
non-loaded liposomes. This relatively low rate of redistri-
bution of mTHPC to lipids has been shown previously [26].
We also conducted polarization studies of Foslip in fetal calf
serum in function of incubation time, which demonstrated a
similar kinetic behavior (data not shown). This slow rate
of mTHPC transfer is consistent with the progressive
increase in fluorescence intensity observed in Figure 4. It
also correlates with the best efficacy observed at the
24 hours time point (Fig. 2). Indeed, due to the short
lifetime of singlet oxygen (170—330 ns) and consecutive
limited distance of diffusion (50 nm), mTHPC has to
be incorporated into the cell to produce a cytotoxic
effect [27].

Phase I-II PDT trials for chest wall recurrence of breast
cancer have been described previously for systemically
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administered photosensitizers such as Photofrin or mono-
L-aspartyl chlorin e6 [4,28—30]. Since series are small and
different light and drug doses have been applied, only
general trends can be highlighted. The best results are
obtained with small nodular disease. The quality of the
post-necrosis skin healing is very important with regard
to the patients having previously been irradiated after
surgery. The balance between limited damage to non-
cancerous tissue and tumor cure is very delicate and one
has to reduce drug dose as much as possible and
concomitantly increase a light maximally to induce photo-
bleaching of surrounding skin, while effectively inducing
necrosis of the recurrence. In a vast majority, the patients
showed only partly cures and complete response, when
observed, were rather short lived (2.5—12 months). From
the present study, it appears that complete response is not
tobe expected after a single IT sensitization in humans. The
advantage of IT over IV PDT however is that generalized
skin sensitization will be minimal. We have observed
comparable maximal mTHPC plasma levels (+1 ng/mg
tissue weight) following IV or IT administration of
Foslip, although the total amount of drug was one order of
magnitude higher in case of IT administration in mice.
Furthermore, the dilution factor in humans will be at least
three orders of magnitudes higher than in mice, which will
results in an extreme low final total amount of circulating
mTHPC. Local skin toxicity, in patients with already
compromised skin conditions, can thus be expected to be
extremely reduced, as was observed in our mice series.
Repeated PDT with intratumoral injections could thus be
envisaged with minimal inconvenience for patients suffer-
ing from subcutaneous breast cancer metastases.
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X GENERAL DISCUSSION

Liposomes have been studied for many years asecaystems for drugs (Storm and
Crommelin, 1998) with advantages such as enhandeofig¢herapeutic efficacy at low dosage,
reduction in toxicity of the encapsulated agenprioved pharmacokinetic profiles and targeting
to tumour tissues. Also an increased stabilityhefdrug has been mentioned, particularly against
enzymatic degradation (Fielding, 1991; Gregoriatig1; Xian-ronget al, 1995).

Because of their characteristic small size (betwé@rand 100 nm), good solubilization
efficiency and stability, liposomes may represenideal delivery system for apolar PDT drugs.
Incorporation into lipid vesicles allows to maimtaa monomeric state for many tetrapyrrolic
sensitizers, providing a high photosensitizing\aisti An additional advantage of such systems is
the phenomenon of passive targeting, which is basedenhanced liposomal permeability
through  discontinuous tumor  microvasculature. Inhist perspective, meta-
tetra(hydroxyphenyl)chlorine (mTHPC) has been loadeto lipid vesicles. The resulting
compounds, like Foslip, were recently tested ifed#nt xenografted tumors and demonstrated
favourable pharmacokinetic properties, which cdedisin a better tumor/healthy tissue
selectivity and a rapid plasma clearance (Svenssah 2007; Lassallet al, 2009; Buchholzt
al. 2005).

Lipid-based photosensitisers have several pedidigyirelated to specific environmental
factors like low polarity, high viscosity and inased local oxygen concentration (Fischkoff and
Vanderkooi, 1975). In lipid-based formulations, tingdrophobic dye is mostly restricted to the
lipid phase (Lavet al, 2002; Bronshteiet al, 2004), yielding a high local concentration and as
such suggesting strong interactions between seesitholecules in a limited intramembrane
space. Despite a considerable amount of paperstiatiethe physical mechanisms of
photosensitiser action in lipid bilayers, there ardy few observations on the contribution of
these interactions to specific photochemical armtqdfiological properties of the photosensitiser.
A concentration-dependent fluorescence quenching pr@viously reported for liposomes-
embedded benzoporphyrin derivative mono-acid rin@RDMA, vertoporfin) (Chowdhary and
Dolphin, 2003). Therefore, any observable speat@difications of lipid-based dye formulations
should be interpreted with caution.

The first part of the study focuses on the photspia}l properties of mMTHPC encapsulated

into conventional liposomes (Foslip). Because ef ititramembraneous mTHPC localization in
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liposomes, spectral properties of Foslip in DPB&Ssamilar to those in mTHPC ethanol solution,
thus indicating a monomeric state of the sensitjgachatkouet al. 2009). We did not observe
significant concentration quenching effects for aten Foslip formulations since estimated
fluorescence loss due to concentration effects Vess than 30%. The molar ratio of
DPPC:mTHPC in Foslip is about 10, the average gdiua liposome is approximately 60 nm
and the reported average area per phospholipidcoielen a bilayer is 582 (MacDonald and
Simon, 1987). We can thus calculate that the legn@HPC concentration in liposomes is
approximately 0.1 M since due to the hydrophobitureaof mTHPC, the sensitizer localizes
inside the hydrophobic area of the bilayergkzyski et al, 2002). Therefore the average
distance between mTHPC molecules.(2.6 nm) is approximately two times less than the
calculated Forster radius (R 5.4 nm). This implies a high probability of eggrmigration
between neighboring mTHPC molecules, which are eld@ in the lipid bilayer. Our
experiments on mTHPC concentration-dependent aoptconfirm this proposal. Anisotropy
of lipid-based mTHPC fluorescence strongly depesrd¢he local sensitizer concentration with a
complete depolarization at the highest mTHPC camaBons (Kachatkoet al. 2009). The high
values of fluorescence anisotropy together withatredly long fluorescence lifetimes when
dealing with vesicles with a low local mMTHPC contration, certify a rigid fixation of the
MTHPC molecules in the lipid bilayer. A dramaticcoase in fluorescence anisotropy with
increasing local mMTHPC concentrations is a consegpi®f an energy migration process and
presumes strong interactions between mTHPC molecDieect Forster energy transfer between
monomeric species at high local dye concentratiwas already established by fluorescence
depolarization studies with other dyes and appedoede a major factor in fluorescence
guenching of fluorophores at high concentrationsolfv and Zenkevich, 1990; Chen and
Knutson, 1988).

The absorption of visible light by photosensitisauses different photophysical events,
including self-sensitized oxidation and the process photobleaching (photodegradation).
Bonnett and Martinez (Bonnett and Martinez, 200i¥)déd photobleaching into two different
types: true photobleaching and photomodificationtHe case of true photobleaching chemical
changes are deep-seated and result in destrudtitie photosensitzer into small fragments that
no longer have appreciable absorption in the \@sibgion. When photomodification takes place,

a loss of absorbance or fluorescence occurs at s@welengths, but the chromophore remains,
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albeit in a modified form. Photobleaching with difént photosensitisers is usually described as
the main source of light-induced fluorescence |oBsese spectral modifications could be a
consequence of photoinduced aggregation (Belitaheek al, 1998) or photoinduced
intracellular PS re-localisation (Moast al, 1997). Another pathway for light-induced
fluorescence changes could be offered if we consdeintensive energy migration processes
between closely-located photosensitiser moleclHeslip exposure to small light doses (<50
mJ/cnf) leads to a substantial reduction of mTHPC fluoeese intensity by 90% (Kachatketi

al. 2009). Restoration of fluorescence to the level poé-irradiated samples after Foslip
destruction with neutral detergents, suggeststti@trapid drop of fluorescence at the onset of
illumination is only due to mTHPC localised insililgid vesicles. This effect of photoinduced
fluorescence quenching is supposedly related tdaimeation of mMTHPC photoproducts, which
in the case of high local dye concentration effetyi quench mTHPC fluorescence, thus acting
as excitation energy traps. Indeed, theoreticatidenations (Goet al, 1996; Linet al, 2008)
suggest that accumulation of a small percentagevedkly fluorescent products under the
condition of a high local mTHPC concentration ir tipid vesicle, could lead to fluorescence
guenching of the whole population of intact mTHP®Ileoules in a process of migration of
excitation energy to the quenching centefe nature of the photoproducts needs to be @drifi
and HPLC seems to be the most appropriate foptimigose.

Based on the observed unusual behavior of Foslipnupradiation, referred as
photoinduced quenching, we can reasonably assumeg gathway of photodegradation related
to specific interactions between photosensitiseleoudes in the lipid bilayer. It remains to be
determined whether this behavior pattern is comtoasther sensitizers embedded in liposomes.

The second part of this work addresses the kineticge-distribution of mTHPC from
Foslip to plasma proteins using the techniqueshotgnduced fluorescence quenching and gel-
filtration chromatography.

The information on the time necessary to estal#ighilibrium dye distribution between
donor-acceptor structures is extremely importamtesit provides valuable indications to optimal
pharamcokinetic parameters. In the blood circutatithe situation with liposomal embedded
photosensitisers is more complex because of theti@ual factors influencing liposomal
lifetimes. In fact, conventional liposomes haverbsbown to have extremely short lifetimes in
blood, in the order of minutes (Laset al, 1991). This is probably due to phagocytosis k& th
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reticular endothelial system and/or their opsomratby plasma proteins with successive
redistribution of the drug (Senior, 1987; Patel929Devineet al, 1994; Chonret al, 1995;
Devine and Marjan, 1997). As a result, in humarotlgerum, a relatively rapid distribution of
liposomal drugs between plasma proteins, prefeiyntipoproteins, is reached. The nature of
photosensitiser incorporated into conventional dgpoes may also play a role in liposomal
stability in plasma. Different studies demonstratiedt the drug lipophilicity, its location and
charge affect stabilitpf theliposomes (Kharet al, 2008; Nounotet al, 2006; Lostrittoet al,
1987; Silvestriet al, 1992).Therefore we further studied the rate of mTHPCgteiiution from
Foslip to plasma components for the characteriaatib the redistribution processes and for
evaluation of the stability of liposomal mTHPC farlations against membrane-protein and
membrane-membrane interactions.

As indicated by our results, Foslip-induced mTHR&istribution in human plasma
measured at 37°C by photoinduced quenching, reachkgeau at 6h after Foslip administration.
The rate of distribution is very close to the ofesearved with an excess of dye-free liposomes.
Based on this fact, we assume that processes distréution of Foslip-induced mTHPC in
plasma solution canot be only due to liposomalrdesbn. We suppose that a delay of at least 6
h is required for mTHPC re-distribution on plasmatgins, leading to a considerable decrease in
local photosensitiser concentration within the dipnembrane. This long time span was
anticipated considering the unusual aptitude of THo be sequestered in biological substrates
(Hopkinsonet al, 1999; Mitra and Foster 2005). The redistribugiwacess strongly correlated to
the temperature of incubation with a dramatic iaseein redistribution rate in the temperature
interval from 5 to 50°C. On the opposite we regesiea weak dependence of distribution rate on
serum concentrations. A serum concentration inerdas one order (from 5 to 50%) was
accompanied by less than 5% increase in distributite. Data obtained from the studies of the
influence of temperature and serum concentratiofra@slip-induced mTHPC distribution rates
allow to draw some conclusions on the thermodynapaiameters of the studied system. In
general, photosensitiser redistribution from lipesicles may proceed from water phase or due to
contact interactions of drug-loaded liposomes \igsma proteins (Jones and Thompson, 1989;
Stecket al. 1988; McLean and Philips, 1981; Langeal, 1983; Schulthesst al, 1994). In the
first case, the rate of sensitizer release is deterd by the kinetic constant of the molecules

desorption from the lipid bilayer and as a mattefact weakly depends on the concentration of
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acceptor structures. In the second case, the nedisdn of photosensitiser molecules takes place
mainly due to collision between Foslip and plasmtgns. This process can occur
simultaneously or independently from the destructb the lipid vesicles (Hunta, 1982). In our
case it appears that for Foslip-induced mTHPaiperatures above 30°C, the aqueous phase
distribution is favored.

It should be noted that the results of aurvitro study of mTHPC redistribution can be
compared tan vivo studies. Indeed, recently Lassadteal. (Lassalleet al, 2009) investigated
Foslip behavior and photodynamic efficiency in EMX@nografted nude mice at different time
intervals following i.v. administration of Foslipnd demonstrated that the highest tumor to
muscle ratios were observed at 6h and 15h postragtnation with the best tumor response at
identical drug-light intervals. From our study,appears that long intervals (3 to 15 hours) are
needed, in order to obtain migration from the actomponent to plasma proteins and
destruction of the liposomal structure. During fingt hours following IV administration, we can
assume that passive targeting occurs due to leakage the liposomes to the tumor tissue,
followed by progressive release of mTHPC from lgogs to the lipoprotein components of the
cellular membranes.

The third part of our work was attributed to th@lagation and comparison of our vitro
data to thein vivo study of intratumoral Foslip injection in a mous®del of breast cancer
recurrence. The initial working hypothesis for tetady was that direct intratumoral injection of
liposomal, thus monomerized mTHPC, would make ggide to reduce the drug light interval.
However, highest tumor eradication was obtainedra®4 hours, time point coinciding with
maximal fluorescence intensity of the tumor.

A possible explanation of the very weak tumorabfescence observed the first hours after
intratumoral Foslip injection could be that at ttime points, mMTHPC molecules are still strongly
fixed in the lipid membranes of the liposomes. &wlhg illumination in order to obtain
fluorescence imaging, fluorescence quenching ogaungch significantly reduces fluorescence
emission. Restoration of fluorescence occurred a#teeral hours due to the transfer of the drug
from the liposomal membranes to the tumor tisshas tlowering the average local mTHPC
concentration. The rate transfer of the lipid-basetHPC formulation in this part of the work
was evaluated using fluorescence polarization, lwkvas applied to investigate transfer of the

dye to liposomes, acting as a model for cellulamimenes. Maximal mTHPC fluorescence
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polarization was obtained at 24 hours incubatioanrexcess of DPPC liposomes thus suggesting

that at this time point mTHPC has migrated from liggd-based formulation to non-loaded
liposomes. Thesén vivo results are coherent with our previous vitro studies. They are

compatible with the highest PDT efficacy since Bhgxygen, with a very short life times (170—
330 ns) (Moan and Berg, 1991) and thus limiteduditin possibility (50 nm) (Moan and Berg,
1991) must be produce in the close vicinity of okl whose destruction will induce cellular

death, in our case cellular membranes.
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Xl CONCLUSIONS AND PERSPECTIVES

Foslip solution upon irradiation revealed unususdpgrties consisting in a substantial
reduction of mTHPC fluorescence intensity with acassive restoration of fluorescence to the
level of non irradiated samples after liposomakmdesion with detergents. This phenomenon was
referred to as Photoinduced Fluorescence QuencRR@). The PFQ is supposedly related to
the formation of mMTHPC photoproducts, which in ttese of high local dye concentration
effectively quench mTHPC fluorescence, thus aciisigxcitation energy traps.

Perspectives:

- ldentification of mTHPC photoproducts in irradiatdébslip solutions by HPLC
technique along with the nature of photoproduc#sponsible for PFQ.

- Study the phenomenon of PFQ for other types oslyaml| photosensitisers

- Development of a theoretical model for predictihig effect.

- Development of light-sensible nanoparticles foratanhnological applications.

Photoinduced fluorescence quenching together wilarjzation techniques and liquid
chromatography was successfully applied for estimgathe redistribution rate of mTHPC
molecules from liposomes to plasma proteins andl lipembranes. The time required for
mTHPC re-distribution on plasma proteins was edt@chato be approximately 6 hours.
Thermodynamic considerations supposed a predongnahthe aqueous phase distribution for
Foslip-induced mTHPC at physiological temperatures

Perspectives:

- Comparison of the kinetic parameters of Foslip-cetbumTHPC distribution with those
of Fospeg (mMTHPC in pegylated liposomes) to estnthe influence of PEGylation on the
mTHPC redistribution rate. Sterical stabilizatidnliposomes should increase their stability, but
it can significantly change the pattern of mTHP&kksge from lipid vesicles.

- Exact location of Foslip and Fospeg induced mTHR@Hospholipid bilayer could be
determined, for instance, by studying UV-Vis linedichroism or by parallax fluorescence

guenching method.
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Foslip liposomes were shown to be stable in hunaoadbserum for at least 3 hours. Such
unusually increased stability could be attributedhigh sequestering of mTHPC into lipid
bilayer. Inclusion of high quantities of highly hhpghhobic molecules into lipid bilayer may affect
its structure and whole stability.

Perspectives

- Studies of the effect of photosensitiser inclusioto lipid bilayer on the liposomal
stability will allow to verify this hypothesis. Itcould be achieved, for instance, by
chromatography of suspensions of liposomes witfewift lipid/dye ratios after incubation in

human blood serum.

mTHPC distribution after intratumoral Foslip injeet in a model of breast cancer
recurrence revealed a progressive increase inefgence with increasing post-injection time.
The Foslip-induced mTHPC distribution from liposante tissue structures results in a decrease
in local mTHPC concentration and as such could ampthe fluorescence increase. This
increased fluorescence corresponded to the maxihwbdynamic activity, related to the better
availability of mTHPC for target tissues.

Perspectives:

- Studying the interactions between Foslip vesictestamor cells in order to characterize
the processes taking plaicevivo after i.t. injection of Foslip or after accumutagiof i.v. injected
liposomes in tumor tissue due to “enhanced pernigai®@tention” phenomena. This will make
possible to predict the fate of liposomes in turtiesue and to optimize methods of Foslip

delivery in photodynamic therapy.
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APPENDICES

List of abbreviations

ALA — aminolevulinic acid

BPD-MA — benzoporphyrin derivative mono-acid ring\ertoporfin)

CTAB - cetyltrimethylammonium bromide
DMHp — dimethoxyhaematoporphyrin

DMPC - dimiristoylphosphatidylcholine

DPBS — Dulbecco's phosphate-buffered salines
DPPC - dipalmitoylphosphatidylcholine

DPPG - dipalmitoylphosphatidylglycerol

ER — endoplasmic reticulum

FBS - fetal bovine serum

FCS - fetal calf serum

HDL — high-density lipoproteins

Hp — haematoporphyrin

HpD - haematoporphyrin derivative

HSA - human serum albumin

IC - internal conversion

IP - intraperitoneal

ISC - intersystem crossing

IT - intratumoral

IV - intravenous

Mi/My - lipid to dye ratio

mMmTHPBC - meso-tetra(hydroxyphenyl)-bacteriochlorin
MTHPC - meta-tetra(hydroxyphenyl)chlorin (Foscan®)
MTHPP - meso-tetra(hydroxyphenyl)porphyrins
PBS — phosphate-buffered salines

PDT - photodynamic therapy

PEG - poly(ethylene glycol)

PF - Photofrin®

PFQ — photoinduced fluorescence quenching
PplIX - protoporphyrin IX

PS - photosensitizer

RES - reticular endothelial system

TFA - trifluoroacetic acid

TPPS - meso-tetra (4-sulfonatophenyl) porphine
UV - ultraviolet

Vis - visible

VR - vibrational relaxation
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Definitions

Fluorescence anisotropy- a parameter measured by the exitation of theksahny the polarized
light and registering two components of the fluesrge polarized in the same direction as an

incident light (), and in the perpendicular directioh,(. After that the polarization could be
calculated as=( | |- 1)/(1+2 1 ).

Fluorescence polarization- a parameter measured by the exitation of thekaby the
polarized light and registering two componentshef fluorescence polarized in the same

direction as an incident lighk)(, and in the perpendicular directioh,(. After that the
polarization could be calculated@s( I|-1,)/( 1|+ ;).

Forster resonance energy transferis a mechanism describing energy transfer between
chromophores. A donor chromophore, initially inetsctronic excited state, may transfer energy
to an acceptor chromophore through nonradiativele#ulipole coupling.

Forster radius — the distance at which the Forster energy tramdficiency is 50%. The Foérster
distance depends on the overlap integral of th@demission spectrum with the acceptor
absorption spectrum and their mutual moleculamdaigon.

PEG-liposomes (sterically stabilized, Stealth lipasmes)— polyethyleneglycol-coated
liposomes. The PEG stabilizing effect results flooal surface concentration of highly hydrated
groups that sterically inhibit both hydrophobic aldctrostatic interactions of a variety of blood
components at the liposome surface.

Rate of photobleaching- is a parameter which could characterize thed#gydetion under light

irradiation. In the case, when photobleaching kineduld be approximated by a single-
exponential decay=A+Be™ this parameter could be attributed to khelue in this formula.
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