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I   GENERAL INTRODUCTION 

 

Photodynamic therapy (PDT) has been developed as a treatment modality for a number of 

malignant and non-malignant disorders. PDT treatment is based on the presence of a drug with 

photosensitising and tumour localizing properties combined with visible light and oxygen. 

Separately, these three components are harmless, but in combination they may destroy tissue and 

inactivate cells. 

Meta-tetra(hydroxyphenyl)chlorin (mTHPC) or Foscan® is a second-generation 

photosensitiser and one of the most effective studied to date.  It is about two orders of magnitude 

more active compared to Photofrin.  Foscan® has been granted European approval for palliative 

treatment of patients with advanced head and neck cancers and also it has been successfully 

employed for treatment of early squamous cell carcinoma, basal cell carcinoma, prostate, 

pancreatitic cancer. Clinical application of mTHPC meets several difficulties due to high 

hydrophopicity of this photosensitiser. In aqueous media like blood plasma, mTHPC strongly 

aggregates and as such is ineffective in producing singlet oxygen, thus resulting in a drop of its 

photosensitizing efficiency. To avoid aggregation effects and to reach monomerization of 

hydrophobic drugs various delivery vehicles have been used, one of the most effective being lipid 

vesicles. Liposomal drug carriers posess some additional advantages. They are non-toxic, 

biodegradable and their membrane melts with the cell membranes, leading to intracellular 

delivery of the liposomal drugs. The correlation between liposomal size and the diameter of the 

pores in the tumour capillaries makes it possible to carry out passive drug delivery. 

There are several commercial liposomal mTHPC formulations, such as Foslip and Fospeg. 

Foslip is a recently designed third generation photosensitiser based on unilamellar 

dipalmitoylphosphatidylcholine/dipalmitoylphosphatidylglycerol (DPPC/DPPG) liposomal 

formulation of meta-tetra(hydroxyphenyl)chlorine provided by Biolitec AG (Jena, Germany). 

Fospeg is a sterically stabilized form of Foslip, which in addition contains small amount of PEG- 

phosphatidylethanolamine. 

Inclusion of a photosensitiser into a lipid membrane can significantly change its 

pharmacokinetic and photophysical properties. For successful application of liposomal 

photosensitiser formulations, the detailed knowledge about their interactions with biomembranes 

and proteins is required. Due to intensive energy transfer processes between photosensitiser 
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molecules under the conditions of a high local concentration inside the lipid bilayer, where the 

average distance between molecules is less than Förster radius, there could be significant changes 

in absorbance and fluorescence properties of the sensitiser as compared to free sensitiser. 

Intermolecular interactions could even cause a concentration fluorescence quenching. It is 

therefore necessary to take into account information about such processes while interpreting the 

results obtained through the application of different optical techniques to investigate liposomal 

behaviour in biological systems. 

The main objective of the present work was to study photosensitiser redistribution 

processes between liposomal mTHPC formulations and lipid membranes or plasma proteins. Due 

to the high local mTHPC concentration inside the membrane of the commercial liposomal 

mTHPC formulations, direct application of well-known spectroscopic techniques to estimate the 

pattern of photosensitiser redistribution meets several difficulties. We describe the phenomenon 

of photoinduced fluorescence quenching, which takes place at high local photosensitiser 

concentrations. In those conditions, small light doses can almost completely quench the 

fluorescence of the sample. This phenomenon was found to be of great importance while 

investigating distribution patterns of liposomal mTHPC formulations using optical techniques. 

We have also applied this phenomenon to analyze photosensitiser redistribution kinetics from 

liposomal mTHPC formulations to lipid membranes and plasma proteins. 
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II   ORIGINS AND CLINICAL APPLICATIONS OF PHOTODYNAMIC THERAPY 

 
Phototherapy has been known for over 3000 years by the Egyptians, the Indians and the 

Chinese (Spikes, 1985). The first “modern” scientist in the field of phototherapy was Niels 

Rydberg Finsen. From 1895 until 1903, he performed phototherapy on 800 patients and was 

awarded the Nobel Prizein 1903 for Physiology-Medicine for his work on the use of light from a 

carbon arc in the treatment of skin tuberculosis (Szeimies et al., 2001). The concept of cell death 

being induced by the interaction of light and chemicals has first been reported by a German 

medical student Oscar Raab. In the winter semester of 1897-1898 he started an investigation on 

the toxicity of acridine to paramecia. This work was carried out under the direction of Professor 

Dr. Hermann von Tappeiner. Initially, Raab found that the apparent toxicity of low 

concentrations of acridine varied significantly from day to day; however he soon noted that the 

toxicity depended on the sunlight intensity in the laboratory. He was then able to show that low 

concentration of acridine and some other dyes such as eosin, that had no effect in the dark, 

provoked the rapid killing of paramecia in the presence of light (Raab, 1900). In 1902, C. 

Ledoux-Lebards observed that eosin killed paramecia more efficiently in open flasks than in a 

closed bottles (Ledoux-Lebards, 1902) and he postulated that the presence of oxygen was 

essential for photoinactivation. It is in 1904 that von Tappeiner and Jodlbauer coined the term 

“Photodynamische Wirkung“ (von Tappeiner and Jodlbauer, 1904) which we translate as 

“photodynamic action” for oxygen-requiring photosensitized reactions in biological systems. 

Although the mechanism of action was still unknown, it did not take long for this new 

therapeutic approach to be tried out on patients. The first paper reporting a clinical trial was 

published in November 1903 by von Tappeiner and Jesionek (von Tappeiner and Jesionek, 1903). 

Several other trials were performed on patients, mainly by Dreyer and Neisser, that were 

unfortunately were rapidly terminated because of severe side effects or temporary therapeutic 

efficacy. The photosensitisers used were dyes like chinidine, acridine or eosin and further studies 

were devoted to the development of new clinically relevant photosensitisers. 

In 1911, Walter Hausmann injected 2 mg hematoporphyrin subcutaneously in mice, which 

were exposed to sunlight and he observed edema, erythema and skin necrosis (Haussman, 1911). 

The first report on the use of hematoporphyrin in humans was done by Meyer-Betz who injected 

himself with 200 mg hematoporphyrin and became extremely photosensitive for more than two 

months (Meyer-Betz, 1913). Accumulation and retention of hematoporphyrin in human 
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neoplastic tissue was evidenced by Auler and Banzer in 1942 (Auler and Banzer, 1942). 

Interrupted by the Second World War, clinical studies on photodynamic treatments were no 

longer performed until the middle 70’s, largely through the efforts of Dougherty. 

The improved understanding of the tissular and cellular factors that control PDT as well as 

an increased experience have led to much larger and better-controlled clinical trials, leading to 

the approval of PDT drugs.  Photofrin was the first approved in 1993 in Canada for bladder 

cancer PDT.  It is now approved in more than 40 countries (1995 approval in USA, Canada, 

Japan and Europe) for advanced and early stage lung cancer, superficial gastric cancer, 

oesophageal adenocarcinoma, cervical cancer and bladder cancer. Levulan received FDA 

approval in 1999 for treatment of actinic keratosis and blue light, followed in 2001 by Foscan, 

approved for advanced head and neck cancer, in Europe, Norway and Iceland. Metvix was 

approved for treating actinic keratosis, superficial and nodular basal-cell carcinoma in Europe. 

PDT is also indicated in non-oncological diseases such as wet age related macular degeneration 

(Visudyne, FDA and European approval in 2000). A number of other conditions have also been 

treated including psoriasis, rheumatoid arthritis, menorrhagia and benign prostatic hyperplasia. In 

addition, PDT-mediated immune-modulation, bone marrow purging and PDT of certain bacterial, 

fungal and viral infections are being evaluated. 
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III   PHOTOSENSITIZATION MECHANISMS 

 
III.1   Pathways of molecular excitation and deactivation 

The absorption of light by a chromophore is the initial step in all photophysical and 

photochemical reactions. The energy of the absorbed light promotes molecules from their ground 

state to higher energy states (exited states). At room temperature, almost all the molecules are in 

their ground state, which is the electronic state associated with the lowest energy and a 

configuration where all electrons are orbitally paired. During an electronic transition, one of the 

electrons is excited from an initially occupied orbital of low energy to a previously unoccupied 

orbital of higher energy. This process transforms the molecule from its ground state into an 

excited state. 

The excited state S1 has a different electronic distribution than the ground state S0 and is 

energetically less stable than S0. De-excitation must take place to permit the release of the surplus 

of energy. Several physical pathways leading to deactivation can be followed, represented in the 

Jablonski diagram (fig. 3.1). A molecule in a high vibrational level of the excited state Sn will 

quickly fall to the lowest vibrational level of this state (Vibrational Relaxation: VR). Also, a 

molecule in a higher excited state Sn will finally fall to the first excited singlet state S1 (Internal 

Conversion: IC). Then, the singlet state S1 can rapidly return to the ground state level S0 by two 

mechanisms, a radiative process which is fluorescence, or a non radiative process (IC). During 

this internal conversion, the excess of energy of the singlet state is released as heat, which 

dissipates into the tissue or the solvent. Concerning the radiative process, a photon is emitted with 

an energy equal to the energy gap between the ground state (S0) and the excited singlet state (S1) 

levels. This implies that the fluorescence does not depend on the excitation wavelength 

(Vavilov’s rule). Emitted photons have lower energy than absorbed photons, so fluorescence 

emission maximum is red-shifted as compared to the absorption maximum, this is known as the 

Stokes-Lommel’s law (hυemission > hυabsorption). 
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Figure 3.1: Jablonski diagram, where IC stands for internal conversion, ICS for intersystem 
crossing and VR, for vibrational relaxation. 
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In addition to radiationless and radiative processes, the singlet state can undergo a change 

to a triplet state T1 via a pathway called intersystem crossing (ISC). The lifetime of the triplet 

state is much longer (τ ~10 -7s) than the lifetime of the singlet state (τ ~10 -10s), thus increasing 

dramatically the probability of a reaction with a neighbouring molecule. There are several 

pathways for the triplet state T1 to return to the ground state S0. De-excitation can occur with the 

emission of a photon, calles phosphorescence, but at room temperature and due to Vavilov’s rule, 

phosphorescence is very weak and difficult to detect. The excited triplet state T1 can alternatively 

deactivate by undergoing intersystem crossing followed by vibrational relaxation. 

For most of the organic molecules, only the singlet state S1 and triplet state T1 of lowest 

energy can be considered as likely candidates for the initiation of photochemical and 

photophysical reactions. This is due to the fact that higher order electronic state (n≥2) undergoes 

very rapid internal conversion from Sn to S1 and from Tn to T1. This generalization (which was 

used here in the description of the Jablonski diagram fig. 3.1) is known as Kasha’s rule. 

III.2   Mechanism of photosensitized reactions 

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

chromophore induces chemical changes in another molecule than the chromophore itself. The 
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initial step of this reaction is the absorption of a photon by the photosensitiser, leading to the 

generation of an excited state (3P). In the presence of oxygen the reaction can follow two 

competing pathways called Type I and Type II reactions (Sharman et al., 2000). According to the 

definition established by Foote (Foote, 1991) and as shown in fig. 3.2, a Type I mechanism 

involves the direct interaction of 3P with a substrate (S), whereas in a type II process, 3P reacts 

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

further reactions. 

 

 

 

III.3   Type I photosensitization processes. 

In a type I photochemical reaction, the exited triplet state of the photosensitiser (3P*) 

interacts directly with the substrate molecule (S) and leads to the formation of pairs of neutral 

radicals or radical ions following an electron or hydrogen transfer as shown in the Eqs. 1 & 2. 

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

 

 

 

 

3P* + S            P·
-
 + S·+ (1)

 

3P* + S            P·+ + S·- (2)
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Figure 3.2: Diagram of photosensitizations mechanisms occurring after absorption 
of  photons by a photosensitiser. 
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Both the excited photosensitiser and the ground state substrate can act as a hydrogen donor 

(Eq. 3-4). 

 

The resulting radical species from these Type I primary processes can subsequently 

participate to different kinds of reactions. In the presence of oxygen, for example, oxidized forms 

of both sensitiser or substrate readily react with O2 to give peroxyl radicals, thus initiating a 

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

 

 

Semireduced forms of the photosensitiser or of the substrate also interact efficiently with 

oxygen and the electron transfer which takes place between the reactants, generates superoxide 

radical anion (Eqs. 7). 

 

Any reaction that generates O2
·- will also produce hydroperoxide H2O2 by spontaneous 

dismutation (eq. 8) or one-electron reduction (eq. 9). 

 

3PH* + S              P· + SH· (3)
 

3P* + SH              PH· + S· (4)
 

S·+ O2               SOO· (5)
 

SOO·+ SH              S· + SOOH (6)
 

S·-+ O2              S + O2
·- 

(7)
 

P·-+ O2              P + O2
·- 
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Hydroperoxide is a moderate oxidant, but when it accumulates, it can react with superoxide 

radical anions (eq. 10) or undergo ferrous ion catalysed reduction to give rise to an extremely 

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

 

III.4   Type II photosensitization processes. 

This type of reaction requires the presence of molecular oxygen. In most cases, the reaction 

proceeds via energy transfer from the excited triplet state photosensitiser to the oxygen molecule 

in its triplet state. Singlet oxygen can only be generated by photosensitisers that possess an 

energy gap between the ground state and the excited triplet state which is higher than the energy 

E∆ needed to excite oxygen into its excited singlet state (fig. 3.3). E∆ being very low (94 kJ mol-1 

(van Lier and Spikes, 1989)), almost all tetrapyrrolic photosensitisers can mediate generation of 

singlet oxygen. Theoretically all molecules absorbing light at wavelengths  λ < 1260 nm can 

mediate generation of 1O2. 

Due to the higher lifetime of triplet state of porphyrin-like photosensitiser compared to the 

singlet state, photochemical reactions most likely occur from the triplet state. The oxygen is then 

excited from its ground state into excited single state: 

 

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

O2
·-+ O2

·-+ 2H+             O2 + H2O2 (8)
 

O2
·-+ 2H+ + e

-
               H2O2 (9)

 

O2
·-+ H2O2              O2 + OH

-
 + ·OH (10)

 

O2
·-+ Fe3+              O2 + Fe2+ (11)

 

H2O2 + Fe2+              OH
-
 + ·OH + Fe3+ (12)

 
Haber-Weiss 

reaction 

P             1P*            3P + O2           P + 1O2 (13)
 hυ 
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Singlet oxygen is a very reactive species, it is much more electrophilic than its ground state 

and can oxidize biomolecules very rapidly. It is a metastable species with a lifetime varying from 

about 4 µs in water to 25-100 µs in non polar organic solutions, which can be considered as a 

model for lipid regions of the cell (Kohen et al., 1995). The life time of singlet oxygen decreases 

in biological environment due to the presence of various quenchers, and is calculated to be about 

170-330 ns (Baker and Kanofsky, 1992). According to Moan and coworkers, this short lifetime 

allows the diffusion of singlet oxygen to a maximal distance of 50 nm at the sub-cellular level 

(Moan, 1990; Moan and Berg, 1991; Moan and Boye, 1981). Singlet oxygen can be either 

deactivated by returning to the ground state, or react with electron-rich regions of many 

biomolecules to give oxidized species.  

 

 

III.5   Photosensitisers 

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

used in clinical PDT. It belongs to the so called first generation photosensitisers. During the 80’s 
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Figure 3.3 : Simplified Jablonski diagram, showing the activation 
and deactivation pathways during a Type II reaction. 
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it has becomes evident that HpD was not a perfect photosensitiser.  It is a very complex mixture 

and the exact composition of a such mix is rather difficult to reproduce. The absorption band in 

the red is at 630 nm with a rather limited tissue penetration, at the beginning of the “therapeutic 

window” and the molar extinction coefficient is rather low (about 1170 M-1cm-1). Although HpD 

photodynamic activity is acceptable, it is still modest. Finally, the selectivity for the target 

(tumour) is low, therefore inducing side effect such as skin sensitisation for several weeks. 

Bonnett established several requirements for an ideal photosensitiser (Bonnett et al., 1989): 

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

• High quantum yield of triplet formation, with a triplet energy greater than 94 kJmol-1, the 

excitation energy for ∆g singlet oxygen  

• High singlet oxygen quantum yield 

• Lack of dark toxicity   

• Pharmacokinetic profile with rapid clearing from the body 

• High selectivity for the tumour tissue versus the healthy tissue 

• Uniform stable composition, and preferably a single substance 

 

Second generation photosensitisers have been developed so far in agreement with the above 

requirements of the ideal photosensitiser. They are constituted by pure molecular synthetic 

structures (Phthalocyanines, naphthalocyanines, benzoporphyrins, purpurins, chlorines and 
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Figure 3.4 : Molecular structure of m-THPP, m-THPC and  m-THPBC. 
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porphycenes) and natural porphyrinoids (pheophorbides, bacteriochlorins, bacterio-

pheophorbides). Most of the second generation photosensitisers are tetrapyrrolic compounds with 

side chains, added to stabilise and improve the absorption in the red. Phthalocyanines are 

tetrapyrrolic compounds, where pyrrole groups are condensed with a benzenic group and where a 

nitrogenous bridge replaces a methene one, thus enhancing the molar absorption coefficient of 

these molecules and with a λmax absorption around 700 nm. Texaphyrins are also synthetic 

relatives of porphyrins. Due to their side chains, these molecules are water soluble and rapidly 

cleared from the circulation and possess a wide absorption band centered at 732 nm. 

Unfortunately 2nd generation sensitisers generally do not manifest a large tumour localizing 

selectivity. Therefore research has been focused on developing third generation photosensitisers. 

With this aim 2nd generation photosensitiser are introduced into a vehicle (e.g. liposomes) which 

will drive the molecule towards the desired target. Another method is to graft amino-acids, 

proteins, polymers, carbohydrates or anti-bodyies on an existent photosensitiser (Moser, 1998).  

The photosensitisers of tetraphenilchlorin series are derived from the meso-

tetra(hydroxyphenyl)porphyrins, they are namely the meso-tetra(hydroxyphenyl)chlorin (m-

THPC) and the meso-tetra(hydroxyphenyl)-bacteriochlorin (m-THPBC) (fig. 3.4). The discovery 

and the chemical synthesis pathway of these compounds was performed by Bonnett et al. 

(Berenbaum et al., 1986; Bonnett et al., 1989). The ortho, meta and para isomers of porphyrin 

and chlorin have been tested (fig. 3.5) and the meta isomer m-THPP was found to be the most 

active isomer in the in vivo assays (Berenbaum et al., 1986). The same meta isomer of chlorin m-

THPC was also identified as the most active chlorin isomer (Bonnett et al., 1989).  

The attractive properties of this series are the strong absorption in the far red region. Where 

the molar extinction coefficient in ethanol is 1170 M-1cm-1 for Photofrin® at 630 nm, it is 3400 

M-1cm-1 at 644 nm for m-THPP, 29600 M-1cm-1 at 650 nm for m-THPC and 91000 M-1cm-1 at 

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

OH

OH

OH

ortho meta para 
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735 nm for m-THPBC. They have a high triplet state quantum yield formation ranging between 

0.69-0.89 and a good quantum yield in singlet oxygen formation (0.43-0.45).  

Because of these photophysical properties those photosensitisers were expected to be 

valuable compounds for PDT. Actually it has been shown that m-THPP was 25-30 times as 

potent as haematoporphyrin derivative in sensitising tumours (Berenbaum et al., 1986) and m-

THPC, considering global photodynamic doses (light doses x photosensitiser dose), was found to 

be 100 to 200 times as potent as haematoporphyrin derivative  (Savary et al., 1998; Savary et al., 

1997). 

 

III.6   5,10,15,20-meta-tetra(hydroxyphenyl)chlorin 

5,10,15,20-meta-tetra(hydroxyphenyl)chlorin (mTHPC) is a photosensitiser of the second-

generation (Bonnett et al. 1989). It mediates cell photodamage, principally through singlet 

oxygen formation (Melnikova, Bezdetnaya et al. 1999) and its efficacy is sensitive to 

oxygenation conditions (Coutier et al. 2002). In 2001, mTHPC has been granted European 

approval for palliative treatment of patients with advanced head and neck cancers and it has been 

successfully employed for treatment of early squamous cell carcinoma (Copper et al. 2003; 

Hopper et al. 2004), basal cell carcinoma (Baas et al., 2001), prostate (Moore et al., 2006), 

pancreatitic cancer (Bown et al., 2002). 

mTHPC is a highly hydrophobic compound and this defines its affinity to cell membranes 

and plasma proteins. Since interactions with plasma components and blood cells can play an 

important role in mTHPC-PDT efficacy, they are intensively studied (Michael-Titus et al. 1995; 

Hopkinson et al. 1999; Kessel 1999). Sasnouski et al. studied the kinetics of Foscan 

disaggregation in albumin-enriched solutions and found them to be very sensitive to the protein 

concentration and incubation temperature. Kinetic analysis demonstrated that two types of 

Foscan aggregated species with different rate constants could be involved in disaggregation: 

dimers and higher aggregates. Disaggregation considerably increases with temperature rise. 

Compared to albumin, Foscan disaggregation kinetics in the presence of lipoproteins displayed 

less dependency on lipoprotein concentrations and smaller variations in disaggregation rate 

constants (Sasnouski et al., 2005). The same group studied the processes of mTHPC 

redistribution from plasma proteins to model membranes and demonstrated very slow kinetics of 

mTHPC release from protein complexes. Thermodynamic considerations proposed that sensitizer 
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release from high-density lipoproteins into the aqueous medium is unfavourable and collision 

mechanism appeared to be the preferred mode of transfer in biological environments (Sasnouski 

et al., 2006). mTHPC displays some unusual properties in vitro and in vivo compared to many 

other sensitizers. Gradient-density ultracentrifugation demonstrated the presence of weakly 

fluorescing aggregated mTHPC species in the regions of albumin or HDL/albumin (Hopkinson et 

al. 1999; Kessel and Sykes 1999). mTHPC forms large-scale aggregates in aqueous media, that 

monomerize upon interaction with plasma proteins (Bonnett, 2001). This sensitizer is rigidly 

fixed in model membranes and is strongly retained in cells in vitro (Ball et al. 1999; Bombelli et 

al. 2005). mTHPC displays an unusual pharmacokinetic behaviour in human and rabbit plasma, 

with a secondary peak at about 10 and 6 h after in intravenous injection, respectively (Ronn et al. 

1997; Glanzmann et al. 1998). These phenomena were supposed to be explained by initial 

retention of PS in the liver or sensitizer aggregates in the vasculature. A similar pharmacokinetic 

profile was only reported for hexyl-ether derivative of pyropheophorbide-a in mice (Bellnier et 

al. 1993). mTHPC has small initial volume of distribution with high retention in the vasculature 

together with two peaks of PDT efficacy (2h and 24h) in mice (Jones et al. 2003). 

It has been demonstrated that the Golgi apparatus and endoplasmic reticulum (ER) are 

preferential sites of mTHPC accumulation in MCF-7 human adenocarcinoma cells after 3h of 

incubation (Teiten et al. 2003). Golgi apparatus and ER were also shown to be the primary PDT-

induced damage sites as measured by enzymes photoinactivation technique (Teiten et al. 2003; 

Teiten et al. 2003). Damage to Golgi apparatus was confirmed by fluence-dependent alterations 

of Golgi apparatus and mitochondrial morphology (Melnikova et al., 1999). Using fluorescence 

anisotropy imaging, Foster et al. demonstrated an unusual localization of mTHPC in the nuclear 

envelope, indicating that this structure is a target of photodynamic damage with this sensitizer 

(Foster et al. 2005). Both apoptotic and necrotic pathways are implicated in mTHPC-mediated 

HT29 cell photoinactivation that is governed by mitochondrial membrane photodamage 

manifested by cytochrome C release and dissipation of mitochondrial membrane potential 

(Marchal et al. 2005). Investigation of the relationship between the subcellular localisation of 

Foscan and intrinsic apoptotic pathway post Foscan-based photodynamic therapy demonstrated 

that Foscan localisation in endoplasmic reticulum improves the photoactivation of the caspase-7 

apoptotic pathway, which is poorly related to mitochondrial damage (Marchal et al. 2007). 
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During irradiation of mTHPC in organic, PBS and PBS containing 10% FCS at 650 nm in 

the absorption spectra the major absorption bands at 380-450 and 650 nm decreased (Hadjur et 

al. 1998). A new absorption band was observed at 320 nm, attributed to the formation of a 

photoproduct. The spectra of mTHPC fluorescence also decreased upon irradiation but no 

fluorescent photoproducts were detected. A strong dependence of oxygen concentration on 

photodegradation on formation of photoproducts has been reported (Hadjur et al. 1998). Hadjur 

et al. determined the quantum yields of photobleaching ΦPb in aqueous solution containing 10 % 

FCS to be 1.54 x 10-5 for air saturated conditions and 1.8 x 10-6 after N2 bubling. In aerobic 

conditions, the photodegradation as well as the formation of photoproducts, have been 

competitively inhibited by singlet oxygen quenchers. On the basis of photobleaching experiments 

Hadjur et. al. also determined the quantum yield of singlet oxygen production (Φ∆) by mTHPC, 

which appeared to be 0.3 in ethanol and 0.01 in PBS suggesting that mTHPC is highly 

aggregated in aqueous media (Hadjur et al. 1998). Products of mTHPC oxidation irradiated in 

methanol have been separated and identified by high-performance liquid chromatography. The 

major compound of oxygenation process has been described as β-hydroxy-mTHPC with an 

absorption band around 423 nm (Jones et al. 1996). mTHPC has been reported to be a moderately 

photolabile compound. A comparative study of mTHPBC and mTHPC in methanol–water (3:2, 

v/v) solution demonstrated a 90 fold greater mTHPBC photobleaching rate compared to mTHPC 

(Bonnett, Djelal et al. 1999). Rovers et al. in an in vivo study on Colo 26 tumour bearing mice 

showed that the rate of bleaching of mTHPBC was approximately 20 times greater than that of 

mTHPC (Rovers, de Jode, Rezzoug et al. 2000). The ΦPb value for mTHPC in PBS with 10 % 

FCS solution is an order of magnitude lower compared to BPD-MA (ΦPb = 2.07 x 10-4) (Aveline 

et al. 1994). 

mTHPC has a strong absorbance in the red region (650 nm) with high molar extinction 

coefficient (Bonnett, Djelal et al. 1999). This offers promising therapeutic perspectives for PDT 

of deep tumours and pigmented tissues. Pre-clinical studies have demonstrated a significant depth 

of necrosis for mTHPC (Bonnett et al. 1989; Rovers et al., 2000). The absence of correlation 

between PS concentration in tumor and PDT efficiency was observed in vivo (Veenhuizen et al. 

1997; Ris et al. 1998). It was also demonstrated that in the case of mTHPC-PDT, singlet oxygen 

dose to the tumor volume does not track even qualitatively with tumor response, so in this case 

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

states of mTHPC on the photoinactivation of cells showed that the photosensitizing efficiency 

was 1.8 times greater at 3 h of incubation than at 24 h. Also, intracellular photobleaching of 

mTHPC slowed down and the profile changed from mono- to bi-exponential upon incubation. 

The loss of photosensitizing efficiency at higher mTHPC concentrations was attributed to self-

quenching of the triplet states of the sensitizers (Sasnouski et al. 2007). 
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IV   PHOTOBLEACHING 

IV.1   Photobleaching mechanisms 

During photodynamic treatment, in addition to the reaction with biological substrate, self-

photosensitization occurs and reactive oxygen intermediates interact with the photosensitiser, 

leading to its transformation and/or destruction. This phenomenon is called photobleaching. The 

first relevant observation of photobleaching in the photodynamic therapy field was made in 1986 

by Moan (Moan, 1986).  

 

The main reactions leading to photobleaching are presented in fig. 4.1. The photosensitiser 

undergoes Type I and/or Type II mechanisms upon light irradiation, leading to the production of 

oxygen radical species. These oxygen radical species react with the neighbouring molecules, 

including the photosensitisers, leading to their destruction. Thus photobleaching can occurs via 

two pathways, the Type I way involving reactive oxygen species and Type II way involving 

singlet oxygen. Photobleaching quantum yield of different photosensitisers varies significantly 

and can be attributed to oxidation potential, lipophilicity, presence of a metallic ion, kind of 

reactions involved (Type I or II). 

Kinetic parameters of photobleaching are mainly derived from spectroscopic measurements 

assessed by UV-Vis or fluorescence spectroscopy. Several important mechanistic issues of 

photobleaching were obtained from the detailed analysis of spectroscopic modifications. In the 

earlier studies on photobleaching of photosensizer molecules, the kinetic decay of photosensitiser 
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Figure 4.1 : Diagram of photobleaching mechanisms occurring after absorption of  
photons by a photosensitiser. 
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was considered as a mechanism depending only on the light dose delivered to the tissue, 

materialized by the mono-exponential decay e-αD, where α stands for the photobleaching constant 

and D stands for the fluence of irradiation (J/cm-2). It became clear later on that the 

photobleaching is a complex phenomenon, which cannot be described by a single exponential 

decrease (Moan et al., 2000; Sørensen et al., 1998). For some photosensitisers the decay rates 

have been shown to be practically independent of the concentration of the dye during 

illumination (Mang et al., 1987; Moan, 1986; Sørensen et al., 1998) and thus exhibit a first order 

decay. However, for the majority of dyes, the photobleaching decay is highly dependent on the 

initial photosensitiser concentration (Moan et al., 1988), meaning that the photoproducts from the 

chromophore can cause the decay of a neighbouring chromophore (Moan et al., 1997).  

 

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

oxygen concentration 

Bezdetnaya et al. (Bezdetnaya et al., 1996) demonstrated that for HpD and PpIX, quantum 

yield of photobleaching obtained by matching fluorescence were higher than those obtained by 

matching absorbance (10 and 11 times for HpD and PpIX respectively). The authors concluded 

that this difference reflected the preferential photobleaching of photolabile monomeric forms 

compared to aggregates. Another study confirmed the preferential photobleaching of monomeric 

species of m-THPC (Belitchenko et al., 1998). 

Several studies of Rotomskis and co-workers demonstrated  that photobleaching efficiency 

of haematoporphyrin-like sensitisers seemed to be consistent with their aggregation state and the 

presence of covalently linked structures. Both dimethoxyhaematoporphyrin (DMHp) and Hp are 

present in an equilibrium of monomeric and aggregated forms in aqueous solutions (Streckyte 

and Rotomskis, 1993). Their absorption bleaching rate constants are two to four times higher than 

that of HpD, a sensitiser containing mostly linear structures of porphyrins linked by ether, ester 

and/or carbon-carbon bonds (Dougherty et al., 1984). It is also 10 to 20 times higher than that of 

Photofrin® (PF), which contains covalently linked ”sandwich” type structure (Streckyte and 

Rotomskis, 1993b). In HpD, some of the side chains are involved in ether and ester linkages and 

therefore this compound is more photostable than DMHp and Hp. In PF and Photosan-3 (PS) 

(highly aggregated “sandwich” type structure (Streckyte and Rotomskis, 1993)), almost all side 

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

probably responsible for its lower photostability compared to PF. 

Lowering the pH value of a photosensitiser solution results in a shift of both the absorption 

and the fluorescence spectra as well as in a decrease of the fluorescence intensity, indicating an 

aggregation at low pH values (pH < 5) (Cunderlikova et al., 1999). Reddi et al. (Reddi and Jori, 

1988) also demonstrated an aggregation of hematoporphyrin and Photofrin® when decreasing the 

pH from 7.4 to 5.0 and they also demonstrated the decrease of the photobleaching quantum yield 

to 70 % for hematoporphyrin and 30 % for Photofrin®, thus suggesting a resistance toward 

photobleaching of aggregated species. 

Changing the ionic strength by varying the buffer concentration can affect the aggregation 

state of a sensitiser. An increase of the buffer concentration of a TPPS4 solution increases the 

aggregation of the sensitiser and reduces the photobleaching quantum yield by 50 % (Davila and 

Harriman, 1990). Thus, it follows from all these studies that the quantum yield of photobleaching 

is inversely proportional to the aggregation state of the photosensitisers. 

Streckyte et al. (Streckyte and Rotomskis, 1993) showed that in micellar media (Triton X-

100), which leads to the monomerisation of the photosensitisers, several dyes such as DMHp and 

HP had a different photostability and different photoproducts formation compared to aqueous 

media. Spikes (Spikes, 1992) reported that adding CTAB (cetyltrimethylammonium bromide) to 

PBS solution increases the quantum yield of PF photobleaching by 90%. The photobleaching of 

uroporphyrin I and hematoporphyrin in the same conditions was unchanged and the bleaching of 

TPPS4 decreased by 25%. Spectroscopic studies demonstrated that there was significant 

monomerisation of hematoporphyrin, TPPS4 and PF in CTAB, however the reasons for this 

opposite effect between TPPS4 and PF were not clear. The authors proposed that TPPS4 

penetrates into the CTAB micelles (Reddi and Jori, 1988) and that it localizes in a low dielectric 

constant region and that under these conditions photobleaching would probably be slower. 

Spikes (Spikes, 1992) investigated the quantum yield of photobleaching of several 

porphyrins in phosphate buffer solution, and found that the bleaching was reduced by nitrogen 

bubbling. Also, Streckyte and co-workers demonstrated that the photobleaching process of ALA-

induced PpIX in cells was slowed down by bubbling nitrogen through the sample (Streckyte et 

al., 1994). König  et al. also made the same observation for endogenously formed porphyrins in 

bacteria during argon flushing (König et al., 1993). An observation of the involvement of oxygen 
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in vivo has been realised by Robinson and co-workers (Robinson et al., 1998). During a 

photobleaching experiment with ALA-induced PpIX, the mice died and they observed a 

slowdown of the photobleaching. They correlated this bleaching decrease to the oxygen decline 

in the skin, due to the death of the animal. 

Several studies from the laboratory of TH. Foster documented oxygen depletion during 

PDT. Oxygen consumption model was refined by Georgakoudi and co-workers (Georgakoudi 

and Foster, 1998; Georgakoudi et al., 1997) by taking into account the parameter of 

photobleaching of Photofrin in EMT6 spheroids. This improvement considerably changed the 

kinetic profile of the oxygen aspects of Photofrin-PDT. The authors observed a rapid decrease in  

oxygen concentration during irradiation followed by a progressive return to the values measured 

before the irradiation. The first phase is due to the photochemical oxygen consumption which is 

faster than the diffusion of the oxygen through the spheroid. The second phase, corresponding to 

the comeback of oxygen to the initial value, is due to a slowdown of the photochemical 

consumption of the oxygen explained by a decrease in photosensitiser concentration 

(photobleaching), together with the diffusion of oxygen. This was in total agreement with the 

data from the mathematical model that they had developed, assuming that the photobleaching 

was based on a reaction between singlet oxygen and photosensitiser at the ground state. The 

validity of the developed model was confirmed by applying it to the experimental results on 

photobleaching in NHIK 3025 cells loaded with Photofrin from the study of Moan (Moan, 1986).  

In their further studies Foster and co-workers investigated the impact of irradiance on 

photobleaching (Finlay et al., 2001; Finlay et al., 2002). In a study reporting the photobleaching 

of ALA-induced Protoporphyrin IX (Pp IX) in normal rat skin (Finlay et al., 2001) it was 

demonstrated that the photobleaching kinetics were different with different irradiances. High 

irradiance led to rapid oxygen consumption and a slow down of the photobleaching. In addition, 

the photoproducts of PpIX also exhibited an irradiance dependant photobleaching. In a second 

study, Finlay et al. (Finlay et al., 2002) showed that photobleaching kinetics of m-THPC on 

normal rat skin exhibited two distinct phases. The first phase was shown to be irradiance 

independent, whereas the second phase revealed an irradiance dependency consistent with an 

oxygen-dependant reaction process. 
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IV.3   Photoproducts formation 

Presently, two mechanisms of photobleaching are acknowledged (Bonnett and Martínez, 

2001). The first one, true photobleaching, corresponds to the photodegradation of the porphyrin 

macrocycle with the formation of photoproducts, which do not absorb in the visible light region. 

The second mechanism is called photomodification, where the chromophore is retained in a 

modified form with the formation of new visible spectral bands. For the majority of 

photosensitisers the photoproducts arise from both photodegradation pathways.  

Photomodification is featured by the loss of absorbance or fluorescence at some wavelength 

and the appearance of new spectral bands, this being in agreement with the photoformation of 

new compounds. For macrocyclic compounds, photomodification appears when the rupture of the 

macrocycle doesn’t occur. While true photobleaching leads to the destruction of the tetrapyrrolic 

cycle and results in the formation of small products that do not absorb visible light. It appears 

that, where photomodification occurs, true photobleaching often occurs concomitantly and one 

also should notice that photomodification can be mistaken for photorelocalisation. 

The photobleaching of tetraphenylchlorin series sensitisers have been extensively studied 

because of the large clinical potential of the m-THPC and also because of their important 

absorption in the red region of the visible spectrum. Bonnett et al. have made a comparative 

study of the photobleaching of this sensitiser series by absorption measurements (Bonnett et al., 

1999). The authors demonstrated that in methanol-water solution m-THPC and m-THPBC 

underwent only true photobleaching and photomodification mainly occurs for m-THPP. The 

products formed after the irradiation of m-THPP methanol-water were hydroxylated m-THPP 

(mono-, di-, tri- and tetra-hydroxylated m-THPP) (Bonnett and Martinez, 2002) with mono-

hydroxylated m-THPP being the major photoproduct (25%). While in pure methanol small 

photoproducts appeared such as maleimide and methyl-3-hydroxybenzoate, the mono-

hydroxylated m-THPP was still photoproduced. A recent study (Lourette et al., 2005) regarding 

the photobleaching of m-THPP in ethanol-water (1/99, v/v) solution revealed that using a pulsed 

laser as light source, m-THPP undergoes phototransformation to a hydroxylated product and 

several covalent oligomeric structures as dimer, trimer, tetramer and pentamer of m-THPP. 
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Several studies on m-THPC photobleaching demonstrated a rapid true photobleaching of 

m-THPC, accompanied by a photoproduct formation at λabs = 320 nm when the photosensitiser 

was in a PBS solution supplemented with 2% fetal calf serum (FCS) (Angotti et al., 1999, 2001; 

Belitchenko et al., 1998). This result was confirmed by Hadjur et al. (Hadjur et al., 1998) who 

showed a large formation of a 320 nm absorbing product in a 10% FCS solution. In methanol or 

methanol-water solution it appears that m-THPC undergoes true photobleaching (Bonnett et al., 

1999), since no photoproduct at 320 nm was detected. These three observations let us propose 

that the photoproduct formation correlates with the FCS concentration in the incubation solutions. 

Mass spectrometry studies were carried out to identify the spectroscopically invisible 

photoproducts (Angotti et al., 1999, 2001; Jones et al., 1996; Kasselouri et al., 1999). The 

photobleaching was performed on m-THPC methanol solution or water-methanol solution and the 

products obtained are presented in the fig. 4.2 and 4.3.  

Figure 4.2 : Photooxidation of m-THPC in methanol-water from (Bonnett and Martínez, 2001). 

 

Hydroxy-m-THPC Succinimide 
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The major photoproducts observed were hydroxy- and di-hydroxy-m-THPC, hydroxy-m-

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

hexahydroxylated chlorin have almost the same absorption peak than m-THPC (Jones et al., 

1996; Kasselouri et al., 1999). Bonnett (Bonnett and Martinez, 2002) identified several products 

like a chlorin and four minor products coming from true photobleaching. They are dipyrrin 

derivative, succinimide, and the two afore mentioned products maleimide and methyl-3-

hydroxybenzoate, which were also photoproducts from m-THPP. 

m-THPP 

hydroxy m-THPC 

hydroxy m-THPC 

hydroxy m-THPC 

hydroxy m-THPP 

hydroxy m-THPP 

Figure 4.3 : Photooxidation products of m-THPC in methanol from (Bonnett and Martínez, 2001) 
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V   LIPOSOMES 

 

Liposomes are spherical self-closed structures, composed of curved lipid bilayers, which 

enclose part of the surrounding solvent into their interior. The size of a liposome ranges from 

some 20 nm up to several micrometers and they may be composed of one or several concentric 

membranes, each with a thickness of about 4 nm. Liposomes possess unique properties owing to 

the amphiphilic character of the lipids, which make them suitable for drug delivery. 

V.1   Amphiphilic  lipids 

Amphiphilic lipids, used for liposome preparation, consist of hydrophilic polar headgroup 

and hydrophobic hydrocarbon chains. This means that a polar environment, such as water 

solutions, promote the spontaneous aggregation of such molecules and the formation of a variety 

of microstructures (Tanford, 1991). 

 

 

This selforganisation is usually accompanied by an increased entropy of the system. 

Supposedly this increase is due to the water-hydrocarbon interactions that force the water 

molecules to form an ordered structure around the hydrophobic part when the amphiphilic 

molecules are freely suspended as monomers. Release of the ordered water can be achieved by 

driving the hydrophobic parts out of the aqueous solution and sequestering them within the 

interior of the aggregate. Thus the increased entropy gained by the water molecules may lead to 

an overall gain in free energy so that aggregation occurs spontaneously. 

Spontaneous aggregation is also related to the molecular parameters of the amphiphile 

molecule. The so-called surfactant parameter (Israelachvili et al. 1977), which takes into account 

the hydrophobic volume, chain length and head group area, is a useful guide for predicting the 

optimal aggregate structure. The surfactant parameter, S, is defined by 

Figure 5.1 : structure of the typical lipids used for preparation of 
unilamellar vesicles. 
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where v stands for the volume of the hydrophobic portion of the amphiphile, l is the length of the 

hydrocarbon chains and a0 is the effective area per head group. These parameters contain 

information about the geometrical shape of the molecule and the surfactant parameter can be 

considered to use geometrical packing constraints to restrict the number of forms available to the 

aggregate. The value of the surfactant parameter relates the properties of the molecule to the 

mean curvature of the formed aggregates. By convention the curvature of an aggregate is positive 

if the aggregate is curved around the hydrophobic part and negative if it is curved towards the 

polar part. The former produces normal aggregates and phases, while the latter forms reversed 

ones. For example, small values of S imply highly curved aggregates, micelles, while for S ~ 1 

planar bilayers are formed. 

V.2   Lipid bilayers 

Phospholipid lamellar phases may exist in different physical states since the character of 

the bilayer changes with, for instance, lipid composition or temperature. Low temperatures or a 

high degree of saturation force the bilayer into a gel state, in which hydrocarbon chains exhibit 

close packing and a more or less frozen conformation. Increasing the temperature or introducing 

unsaturated acyl chains results in a bilayer of a liquid crystalline (or fluid) state, where the chains 

are disordered and have a high mobility. The temperature where the gel-to-liquid crystalline 

phase transition occurs is function of the chemical composition of the bilayer, especially of the 

acyl chains. This transition was at first supposed to be an isothermal first-order process (Albon 

and Sturtevant, 1978), but proved later on to posess both first-order and second-order characters 

(Mitaku et al. 1983). Comparing an unsaturated phosphatidylcholine with its saturated analogue, 

the temperature for the unsaturated lipid will be significantly lower since the double bond 

introduces kinks in the chain that do not allow for close packing. 

Many potential mechanisms have been suggested for the formation of liposomes (Lasic, 

1988). One approach is to consider the self-closing of a bilayer into a liposome as a competition 

between two effects, the bending or curvature energy and the edge energy of a bilayer. For a flat 

lamellar fragment, in a hydrophilic surrounding, there will be a high surface tension at the rim of 

the lamellar sheet. Bending can reduce this edge energy but bending also implies an energy 

penalty due to the induced curvature. To further minimise the edge energy, a higher curvature is 
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required and finally a closed sphere will be formed, where the edge energy is reduced to zero. 

The bending energy, on the other hand, has now reached its maximum. Thus, larger liposomes 

are energetically favoured, while entropy would favour many small ones. However, liposomes 

are usually stable due to the relatively high values of energy needed for pore formation. This 

means that a very long time is required before they collapse into a lamellar phase. 

Most of the in vivo experimental work using liposomal formulations has been performed 

with conventional liposomes that were used in particular as carriers for hydrophobic 

photosensitisers. Conventional or unmodified liposomes are multilamellar or unilamellar vesicles 

composed of phospholipids (e.g. phosphatidylcholines) but cholesterol is often included as a 

constituent. The latter improves the rigidity of the bilayer membrane and in doing so reduces the 

permeability for encapsulated molecules and enhances the stability of the bilayer in the presence 

of biological fluids (Vemuri and Rhodes, 1995). 

Liposomes can differ in size, ranging from the smallest vesicle (diameter 20nm) to 

liposomes that are visible under the light microscope, with a diameter of 1µm or greater, equal to 

the dimensions of living cells. They are classified structurally into multilamellar vesicles and 

unilamellar vesicles (Perez-Solar, 1989). Unilamellar vesicles have a single phospholipid bilayer 

membrane and a diameter of 0.05–0.25 µm. Such liposomes can be further classified into large 

unilamellar vesicles with a diameter of 0.10–0.25 µm and small unilamellar vesicles with a 

diameter of 0.05–0.10 µm. 

V.3   Steric stabilisation 

Polymer-coated liposomes are often used to create sterically stabilized liposomes. 

Stabilisation can be obtained by grafting or by adsorption of the polymer to the liposomal surface 

(Edwards et al., 1997; Jamshid et al. 1988; Woodle et al., 1992). The grafting method is the most 

commonly used and normally stabilisation is achieved by incorporation of so-called PEG-lipids, 

poly(ethylene glycol)-phospholipids (Edwards et al., 1997). The hydrophilic PEG chains are 

placed on the surface of the liposome. When two polymer-covered surfaces approach each other 

they experience a repulsive force as soon as the outer polymer segments start to overlap. This 

repulsive force is due to the unfavourable entropy associated with compressing (the loss of 

conformational freedom) the polymer chains between the two surfaces (Israelachvili, 1992). In 

addition, the difference in chemical potential between the water in the bulk and in the interaction 

region induces an osmotic repulsive force (de Gennes, 1987). 
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To describe the repulsive interactions between polymer-coated surfaces, two limiting cases 

have to be distinguished. At a low surface coverage of the polymer, that is, without overlapping 

of neighbouring chains, each chain can interact with the opposite surface independently of the 

other chains. Going from low to high coverage, the polymers come so close to each other that 

they are forced to adopt extended configurations. Thereby the thickness of the polymer layer 

increases and hence, within this extended region, the steric stabilisation is more efficient 

(Israelachvili, 1992). 
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VI   LIPOSOMES FOR ANTI-CANCER DRUG DELIVERY  

 

Tumor blood vessels have several abnormalities compared with physiological vessels, such 

as a relatively high proportion of proliferating endothelial cells, an increased tortuosity and an 

aberrant basement membrane formation. The rapidly expanding tumor vasculature often has a 

discontinuous endothelium, with gaps between the cells that may be several hundred nanometers 

large. Macromolecular transport pathways across tumor vessels occur via open gaps 

(interendothelial junctions and transendothelial channels), vesicular vacuolar organelles and 

fenestrations. 

Tumor interstitium is also characterized by a high interstitial pressure, leading to an 

outward convective interstitial fluid flow, as well as the absence of an anatomically well-defined 

functioning lymphatic network. Hence, the transport of an anticancer drug in the interstitium will 

be governed by the physiological and physicochemical properties of the interstitium and by the 

physicochemical properties of the molecule itself. 

VI.1   Liposomes for drug delivery 

Liposomes have been studied for many years as carrier systems for drugs (Storm and 

Crommelin, 1998), with advantages such as enhancement of therapeutic efficacy at low dosage 

and hence, reduction in toxicity of the encapsulated agent, improved pharmacokinetic profiles 

and targeting to tumour tissues as well as increased stability of the drug, particularly against 

enzymatic degradation (Fielding, 1991; Gregoriadis, 1991; Xian-rong et al., 1995). 

Liposomes are made from pure lipids or a combination of lipids. The lipids commonly 

employed in liposomal formulations are phospholipids (Uhumwangho and Okor, 2005). 

Liposomes have been prepared from a variety of synthetic and naturally occurring phospholipids, 

generally containing cholesterol (Rogers and Aderson, 1998). The incorporation of cholesterol 

into the lipid bilayer membrane enhances the stability of liposomes in serum, reduces the 

permeability of the membranes to water soluble molecules and increases the fluidity or 

microviscosity of the bilayer (Weiner et al., 1989; Senior and Gregoriadis, 1982). Usually, a 

zwitterionic or non-ionic lipid is used as basic lipid for the preparation of liposomes. The net 

surface charge of liposome can be modified by the incorporation of positively charged lipids such 

as stearylamine, or negatively charged lipids such as diacetylphosphate, phosphatidyl glycerol or 

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

after preparation of the liposomes (Goldbach et al., 1995).  

The extents of drug entrapment and retention as well as the factors influencing them are 

important considerations in the design of liposome-mediated drug delivery systems. Drugs may 

be entrapped in the aqueous and/or lipid phase of the liposome (Uhumwangho and Okor, 2005). 

Aqueous entrapment relates to the aqueous volume in the liposome. The larger the aqueous 

volume, the greater the amount of polar drugs that can be encapsulated (Fendler, 1980). Multiple 

compartment liposomes encapsulate a higher percentages of aqueous soluble drugs than single 

compartment vesicles, because of the larger volume of encapsulated aqueous space in the former. 

Formulations that promote formation of multilamellar vesicles are thus associated with higher 

aqueous entrapment. Cholesterol modifies the fluidity of lipid membranes, thereby influencing 

the degree of retention of drugs by vesicles as well as stabilising the system against enzymatic 

degradation (Weiner et al., 1989). Large molecules are better retained than smaller ones, which 

can diffuse slowly through the lipid layers (Uhumwangho and Okor, 2005). 

Lipid soluble drugs are entrapped in the lipid layers of liposome. Here, the entrapment 

efficiency can be as high as 100%, irrespective of liposomal type and composition. The retention 

of such hydrophobic drugs is very high when the liposomes are placed in aqueous biological 

environment because of their high lipid-water partition coefficients. 

Active targeting encompasses the strategy of coupling a specific targeting entity to the 

surface of liposomes, enhancing their selective interaction with cells or tissues through binding 

with specific membrane-located markers (Derycke, 2004). The targeting technique can be applied 

to conventional liposomes, especially in in vitro conditions, but is much more appealing in case 

of long-circulating liposomes. Indeed, sufficient plasma stability is needed to assure satisfactory 

extravasation, followed by an encounter of the intact liposome with its target. The objective of 

active targeting is the enhancement of tumor-selective accumulation by site-directed retention 

through target binding and a possible increase in the photodynamic effect through cellular 

internalisation of the liposome-bound photosensitiser. In this way, active targeting aims at 

minimizing undesired side-effects related to non-specific photosensitiser accumulation (Allen, 

1994). 

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

site barrier’. This concept predicts that targeting molecules bind to the first target they encounter, 
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e.g. the tumor cells proximal to the blood vessel or in case of topical administration the cells at 

the tumor periphery, retarding or even preventing the penetration of targeted liposomes into the 

tumor interior. Thus, when solid tumors are to be treated, non-targeted liposomes may have a 

greater penetrability through the tumor tissue than have targeted liposomes (Allen et al., 1998).  

VI.2   Pharmacokinetics and biodistribution of liposomes and liposomal drugs 

There is a number of factors that influence pharmacokinetic parameters of liposomal drug 

formulations. The first being their size. The general trend for liposomes of similar compositions 

is that increasing size translates into more rapid uptake by the reticuloendothelial system (Abra 

and Hunt, 1981; Hwang, 1987; Senior, 1987). However, although the trend remains the same, the 

clearance of liposomes is affected at different extents by their composition. The dependency of 

size on liposomeal clearance rates is relatively less for stabilized formulations than for 

conventional liposomes (Ahl et al., 1997; Woodle et al., 1992). For neutral conventional 

liposomes, the window for optimal behavior is narrow, meaning that for effective application, 

liposomes should be small enough (preferably, <100 nm) but still maintain reasonable drug 

encapsulation efficiencies (Drummond et al., 1999). 

Early studies have shown that the presence of negatively charged lipids in liposomes, 

including phosphatidic acid, phosphatidylserine and phosphatidylglycerol, results in a rapid 

uptake by the reticuloendothelial system (Senior et al., 1985; Senior, 1987). However, this 

relationship between the presence of charged lipids and circulation lifetimes is extremely 

complex and canot be readily explained with simple models in which the presence of an anionic 

lipid necessitates increased clearance from the circulation. Indeed, it now appears that each lipid 

must be analyzed separately and in the context of similar liposomes with respect to size, 

membrane packing constraints and surface charge density (Drummond et al., 1999). 

The effect of bilayer fluidity and the relative nature of the lipid components can have a 

considerable impact on the clearance from the circulation of both the liposome and the associated 

drug. These effects can either be direct effects, such as inhibition of penetration and thus binding 

of serum proteins (Papahadjopoulos et al., 1973), or indirect effects, such as stabilization of the 

drug formulation to reduce the rate of drug leakage. The presence of cholesterol probably has one 

of the most important roles in the maintenance of membrane bilayer stability and long circulation 

times in vivo (Gregoriadis and Davis, 1979; Senior and Gregoriadis, 1982; Senior, 1987). In the 

absence of cholesterol, conventional liposomes are destabilized by high density lipoproteins 
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(Chobanian et al., 1979; Damen et al., 1980) and upon release, their components can be readily 

eliminated from the circulation. For liposomes with and without cholesterol, clearance rates were 

shown to negatively correlate with increased stability in plasma (Senior and Gregoriadis, 1982). 

The presence of steric stabilization makes the need for cholesterol less apparent for empty 

liposomes, but for drug-loaded liposomes, cholesterol is necessary for maintenance of the drug in 

the liposomal interior. The phospholipid component also plays a prominent role in the 

maintenance of high plasma levels of liposomes (Drummond et al., 1999). 

The rate of elimination of a liposomal drug from the circulation also dependens on the rate 

of drug leakage from the carrier. Because drugs considered for liposomal encapsulation often 

have circulation times significantly shorter than the liposomal carrier, premature release can lead 

to an apparent increase in elimination rate from the circulation. For conventional liposomes, a 

membrane composed of cholesterol and high-phase transition phospholipids appears to be 

imperative for maintaining long circulation times and subsequent delivery of high levels of 

liposomes to solid tumors (Bally et al., 1990). Sterically stabilized liposomes are more pliable 

and can be used with fluid-phase lipids to obtain long circulation times and high tumor levels of 

liposomes (Gabizon et al., 1993). For both types of liposomes, the lipid composition of the 

liposomal membrane is essential for maintaining a stable encapsulation of the drug while in the 

circulation. For most amphipathic drugs that are either weak acids or weak bases (the majority of 

classic chemotherapeutic agents), this is of considerable importance because these drugs will leak 

more rapidly from the carrier while in the circulation, unless high-phase transition lipids are used. 

Original attempts to mimic the surface of red blood cells by including the sterically 

hindered monosialotetrahexosylganglioside or phosphatidylinositol in liposome preparations led 

to the development of longcirculating liposomes (Allen and Chonn, 1987; Gabizon and 

Papahadjopoulos, 1988; Gabizon et al., 1990). Later, N-(polyethylene glycol) 

distearoylphosphatidylethanolamine was substituted for monosialotetrahexosylganglioside or 

phosphatidylinositol (Klibanov et al., 1990; Allen et al., 1991; Papahadjopoulos et al., 1991). 

The attachment of PEG to the surface of a liposome does not prevent liposome uptake by the 

reticuloendothelial system but only reduces the uptake rate (Drummond et al., 1999). One of the 

most significant advantages of sterically stabilized liposomes is the nonsaturable, log-linear 

pharmacokinetics. Sterically stabilized liposomes likely resist uptake by the high-affinity, low-
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capacity reticuloendothelial system macrophages, resulting in increased circulation lifetimes 

(Allen et al., 1995).  

The administered dose can also play a significant role in the circulation lifetime of a carrier. 

Conventional liposomes are removed from the circulation in a dose-dependent manner, indicating 

a saturation of the mechanisms responsible for their uptake (Gregoriadis and Senior, 1980; Abra 

and Hunt, 1981; Senior et al., 1985; Hwang, 1987). Circulation lifetimes typically increase as a 

function of increasing lipid dose. This effect is likely due to a decreased phagocytic capacity of 

reticuloendothelial system macrophages after the ingestion of high lipid doses or to a saturation 

of plasma factors that bind to circulating liposomes and result in their opsonization. The fact that 

liposomes composed of high-phase transition lipids, such as sphingomyelin / cholesterol or 1,2-

distearoyl-3-sn-phosphatidylcholine / cholesterol, can more readily saturate reticuloendothelial 

system uptake may indicate that these difficult-to-metabolize lipids saturate metabolic pathways 

responsible for their destruction (Senior et al., 1985; Hwang, 1987). Alternatively, liposomes 

have been shown to bind serum proteins in a manner inversely proportional to their blood 

clearance rates (Chonn et al., 1992; Semple and Chonn, 1996; Semple et al., 1996), giving rise to 

the hypothesis that the depletion of plasma opsonins at high lipid doses results in an increase in 

blood circulation half-lives (Harashima et al., 1993; Oja et al., 1996). Steric stabilization with N-

(polyethylene glycol) distearoylphosphatidylethanolamine offers a unique advantage to liposome 

delivery since clearance kinetics become dose independent (Allen and Hansen, 1991; Huang et 

al., 1992; Woodle et al., 1992). 

VI.3   Accumulation of liposomal drugs in tumors 

The accumulation of liposomes or large macromolecules in tumors is a result of a “leaky” 

microvasculature and impaired lymphatics supporting the tumor area (Matsumura and Maeda, 

1986; Huang et al., 1992; Yuan et al., 1994). This effect is often referred to as the enhanced 

permeability and retention effect (Matsumura and Maeda, 1986). The principal pathway for the 

movement of liposomes into the tumor interstitium is via extravasation through the discontinuous 

endothelium, while transcytosis is thought to be a relatively minor pathway. Once in the tumor, 

nontargeted liposomes are localized in the interstitium surrounding the tumor cells (Huang et al., 

1992; Yuan et al., 1994). Liposomes were not seen within tumor cells, although they were 

observed in resident tumor macrophages. The limited distribution of liposomes within the tumor 

interstitium results from a high interstitial pressure and a large interstitial space, compared to 
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normal tissues (Jain, 1990). Large tumors are more difficult to treat than small ones, partly 

because of the resulting increase in interstitial pressure, which prevents access of drugs to the 

necrotic core (Jain, 1990). The rate of accumulation and subsequent removal of liposomal drugs 

are affected by a variety of factors. The absence of functioning lymphatics, in combination with a 

high interstitial pressure, results in the trapping of liposomes within the tumor area (Yuan et al., 

1994). The result is a relatively slow rate of elimination from the tumor. 

In addition to using liposomes as slow-release liposomal carriers, they can be used as rapid-

release systems. The low-phase transition phospholipid component phosphatidylcholine, derived 

from egg yolk, of rapid-release liposomal carriers allows for the drug to leak more quickly from 

the liposome, at least partially while in the circulation (Bally et al., 1990; Gabizon et al., 1993). 

VI.4   Stability in plasma and storage 

The stability of drug-loaded liposomes over time is an important concern in pharmaceutical 

formulations. Stability can refer to several different aspects of a liposomal drug formulation: 

chemical stability of both drug and lipid components, colloidal stability and drug retention 

(Drummond et al., 1999). For applications of liposomes where specific delivery of liposome-

associated drug to solid tumors is desired, liposomes must substantially retain their contents 

while in circulation (Senior, 1987). In other applications, such as the delivery of photosensitisers 

to tumors in photodynamic therapy, liposome-associated photosensitisers immediately 

redistribute to other hydrophobic sites, such as plasma lipoproteins in the circulation, which in 

turn accumulate in tumors (Allison et al., 1990; Reddi, 1997). Various factors can affect the 

relative stabilities of such preparations in the presence of plasma. This plasma-induced 

destabilization is extremely sensitive to the lipid composition of the liposome. To be more 

attractive for pharmaceutical development, liposomal drug formulations also must be stable 

during prolonged storage. Liposomes have either been stored preloaded with, as in the case of 

PEG-coated liposomes, or as “empty” liposomes that are loaded by a pH gradient immediately 

before injection (Lasic et al., 1995; Cullis et al., 1997). Compositions containing more fluid lipid 

components, such as phosphatidylcholine derived from egg yolk, require remote-loading just 

before injection, due to a high level of leakage during storage. 

For amphipathic drugs that can readily cross membranes, there are a variety of factors that 

can influence the stability of a liposomal formulation. The presence of cholesterol and saturated 
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phospholipids appears to be the most important factors for reducing membrane permeability of 

these drugs (Gabizon et al., 1993). 

An optimal drug / lipid ratio is known to be important in the development of a stable 

formulation (Drummond et al., 1999). The drug / lipid ratio should be as high as possible to 

maximize the payload of drug reaching the tumor, without compromising stability. The maximal 

amount of drug loaded per liposome dependens on the method used for drug loading, liposome 

size and the presence of trapping components such as acidic lipids to which the drug can bind. 

Because the latter two factors are traditionally associated with negative effects on 

pharmacokinetic parameters, the drug-loading method is the most readily adjustable. Drug / lipid 

ratios that are too high can also form less stable formulations, presumably due to the dissipation 

of the pH gradient during drug loading (Mayer et al., 1993). 

Although conventional liposomes leak drug very slowly, they are difficult to work with due 

to increased flocculation and aggregation over time (Barenholz et al., 1993). Early preparations 

were often stabilized with small quantities of negatively charged lipids such as 

phosphatidylglycerol to prevent aggregation occurring during storage. The presence of PEG on 

the surface provides a steric barrier that prevents liposome aggregation. PEG-coated liposomes 

are stable with respect to both size and drug-encapsulation over the period of many months to 

years when stored below the phase transition of the phosphatidylcholine component (Drummond 

et al., 1999). 

VI.5   Bioavailability of encapsulated drug 

Drugs which are considered to be membrane active are amphipathic in nature and able to 

transverse the bilayer at a rate dependent on the physical properties of the membrane, as well as 

any ionic or pH gradients across the membrane (Lasic et al., 1995; Cullis et al., 1997). Other 

drugs are more water soluble and after a slow release from the carrier can be taken up by specific 

transporters located in the plasma membrane of tumor cells (Allen et al., 1992). The 

bioavailability of such compounds dependens on how readily they are able to escape their 

liposomal carrier. Bioavailability in the case of liposomal carriers is usually defined as the 

amount of free drug that is able to escape the confines of the carrier and is thus available for 

redistribution to neighboring tissues and tumor. A fine balance is required to prevent premature 

leakage in the circulation and thus nonspecific toxicities, but still allows for drug release upon 

reaching the tumor (Drummond et al., 1999). 
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The mechanisms responsible for liposomal breakdown and drug release in tumors have not 

been well elucidated. Several potential mechanisms have been proposed, but all are highly 

speculative and little direct evidence has been provided, primarily due to technical difficulties 

associated with monitoring drug release in vivo (Drummond et al., 1999). Some of the properties 

of the tumor microenvironment believed to play a role in liposome destabilization include the 

slightly acidic pH found in interstitial fluids surrounding tumors, lipases released from dying 

tumor cells, inflammatory cells present in response to tumor release factors, enzymes and 

oxidizing agents (Martin, 1998). With sterically stabilized liposomes, a certain amount of N-

(polyethylene glycol) distearoylphosphatidylethanolamine can be released from the liposome 

over time, allowing liposomes to undergo more interactions with neighboring cells and / or 

plasma components. 

One strategy for increasing drug bioavailability and distribution within the tumor has been 

to target liposomes to internalizing receptors. Release of the drug within the tumor itself 

presumably increases the bioavailability of the drug to the more-difficult-to-reach cells within the 

solid tumor mass. Indeed, this property is most likely responsible for the increased therapeutic 

effect observed with these carriers, as there was no overall increase in liposome localization to 

the tumor (Drummond et al., 1999). Active targeting of pharmaceuticals is often perceived as a 

means of getting increased amounts of drug into the diseased site. However, the passive trapping 

of liposomes due to a discontinuous tumor microvasculature, the lack of a functioning lymphatics 

and a high interstitial pressure result in a rate-limiting accumulation of liposomal drug in solid 

tumors. It is unlikely that active targeting to cell surface proteins of solid tumors that are not 

internalized, will offer a significant therapeutic benefit. 

Hyperthermia has also been used to increase the bioavailability of liposomal drugs in the 

tumor area. In addition to simply increasing the amount of liposomes that enter the tumor area, 

hyperthermia makes the distribution of liposomes within the tumor more uniform, increasing the 

bioavailability of the released drug to cells within the tumor. Hyperthermia can also be used to 

increase drug bioavailability via another mechanism. Liposomes can be rendered thermosensitive 

by adding some specific lipid components into bilayer, resulting in an increased leakage of the 

encapsulated material when heated.  

Currently, it is difficult to resolve the complex relationships existing between various 

liposomal properties (size, charge, permeability characteristics) and pharmacological factors 
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(dose, route of administration) regulating liposomal delivery in vivo. The ability to manipulate 

these processes will undoubtedly provide a greater avenue for increasing drug bioavailability in 

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 similarity with phospholipids and do not 

orientate in a bilayer configuration like cylindrically shaped phospholipids. However, the models 

describing the spontaneous transfer from membrane to membrane of these natural membrane 

components need to be considered to understand the drug migration between liposomes. In the 

case of compounds, which show structural similarities with natural membrane components, like 

e.g. steroids and cholesterol, the proposed mechanisms of transfer for cholesterol may apply. The 

transfer process of natural membrane lipids in aqueous liposomal dispersions (when passage 

through the water phase between membranes is the main transfer route) can be divided into the 

following sequential steps (Fahr et al., 2005): flip-flop movement of the membrane component 

from the inner to the outer leaflet (monolayer) of the donor membrane (spontaneous and/or 

catalysed by proteins); departure of the membrane component from the membrane into the 

aqueous phase; association of the membrane component in the aqueous phase with the acceptor 

membrane and finally flip flop to the inner membrane leaflet. Lipophilic drugs, that do not have 

membrane lipid like structures, probably are not subject to flip-flop. The transfer steps are 

therefore (Fahr et al., 2005): drug dissolved in the lipid domain of the membrane; departure of 

the drug from the membrane into the aqueous phase; association of the drug component in the 

aqueous phase with the acceptor membrane and dissolving of the drug in the acceptor membrane. 

These steps may differ at high phospholipid concentrations, at which it is believed that collision 

between the lipid vesicles is the main transferring mechanism. Given that the lipophilicity of a 

drug is a measure of its ability to intrude into the hydrophobic region of the lipid membrane, one 

consequently expects a highly lipophilic drug to be buried deeply into the hydrocarbon core of 

the host membrane. At this fully membrane-inserted state, a drug is supposed to be highly 

immobilized with respect to leaving the membrane and exchange with the aqueous environment. 

The lipophilicity of a drug determines the partition equilibrium between an aqueous and 

oily phase. The more lipophilic the drug is, the further partition equilibrium is shifted to the oily 

phase. The oily phase can be an alkane phase or – in order to better represent the amphipathic 

nature of a lipid bilayer – consist of an alcohol such as octanol. Regarding its lipophilicity, the 
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lipid chain region of a lipid bilayer is comparable to an oily phase. There is however a significant 

difference: the structural properties of the oil phase are uniform, isotropic and homogeneous. In 

contrast, a lipid bilayer is a thin, self-assembled, film with strongly inhomogeneous properties. 

The lipid chains within a membrane – despite being in the fluid-like state – are orientated in an 

ordered manner and thus render the bilayer anisotropic. The packing properties of the 

hydrocarbon chains in a lipid bilayer are significantly different from those in an alkane phase. 

The free energy of the transfer process related to this difference in packing properties is described 

as (Fahr et al., 2005): 

lipsol FFF ∆+∆=∆  

F∆  is the difference of the free energy of a drug when it transfers from the water phase into the 

lipid bilayer or with the opposite sign for F∆ , when it transfers from lipid layer to the water 

phase. The equation is composed of two major contributions. The first contribution is the 

solvation free energy, solF∆ , which accounts for changes in electrostatic and hydrophobic 

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

second contribution, lipF∆ , is characteristic for a lipid bilayer and arises from the drug-induced 

structural membrane perturbation. The presence of the contribution lipF∆  is a consequence of the 

anisotropic orientation of the lipid chains within the lipid bilayer. 

Based on these theoretical thermodynamic considerations and in spite of high solubility in 

an oily phase, it may be speculated that drugs may be repelled / excluded from a lipid bilayer, 

because of packing defects caused by the incorporation of the drug into the fatty acid chain 

region (Fahr et al., 2005). The magnitude of this tendency is governed by the individual 

properties of the drug molecule such as its size, shape, orientation and hydrophobic moment. As a 

result, an equilibrium exists between the drug dissolved in the membrane and drug dissolved in 

the water phase. Upon addition of an acceptor membrane, a flux of the drug through the water 

phase, from the donor to the acceptor membrane will be initiated. Alternatively, when the transfer 

occurs through collision of vesicles, the drug moves directly along its concentration gradient 

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

 

Two primary purposes are associated with the application of drug delivery systems for 

photosensitizing agents. One is to formulate them in preparations suitable for intravenous 

administration and the other is to increase tumour selectivity. Photosensitising agents usually 

posess hydrophobic properties because this is necessary for drug penetration through cell 

membranes. But hydrophobicity of drugs usually causes delivery problems. In photodynamic 

therapy, there are several approaches used for the formulation of photosensitisers: encapsulation 

in colloidal carriers, such as oil-based dispersions, micelle systems, liposomes and biodegradable 

nanoparticles and conjugation of the photosensitiser with hydrophilic polymers such as 

polyethylene glycol and polysine. 

VII.1   Liposomal photosensitizing agents 

The photophysical properties of porphyrins strongly depend on their aggregation state 

(Ricchelli, 1995; Abós et al., 1997; Ricchelli et al., 1998). Porphyrin monomers exhibit a well-

known visible spectrum consisting in an intense Soret band (λmax = 390–415 nm, ε = 1 × 105 to 2 

× 105M−1 cm−1) and four weaker bands (called Q-bands) in the 450–700 nm range. Porphyrin 

monomers show a significant fluorescence emission, with two bands (620–640 and 660–690 nm) 

and fluorescence lifetimes (τ) in the 10–18 ns range (Ricchelli et al., 1998). These properties 

dramatically change upon aggregation; for large self-associated suprastructures, the porphyrin 

absorption coefficient decreases drastically, the Soret band is shifted and the fluorescence yields 

and lifetimes become very low. Moreover, aggregation reduces the yield and the lifetime of the 

porphyrin triplet state, thus reducing the 1O2 formation yield (Boyle and Dolphin, 1996; Ricchelli 

et al., 1998). In this way, the literature describes two modes of porphyrin aggregation: a face-to-

face aggregation (H-aggregates) (Hunter and Sanders, 1990; Ribó et al., 1994) and an edge-to-

edge interaction (J-aggregates) (Ribó et al., 1994; Akins et al., 1996; Micali et al., 2000), but 

only monomeric species and possible planar aggregates, observed in liposomal and mitochondrial 

membranes, are endowed with significant photosensitising ability (Ricchelli, 1995; Ricchelli et 

al., 1998). 

To avoid aggregation and to reach monomerization of hydrophobic drug, various delivery 

vehicles have been used, one of the most effective being lipid vesicles. Postigo et al. showed that 

hydrophobic photosensitisers which tend to aggregate in watery media and hydrophobic 
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porphyrin derived structures or other sensitisers, that do not aggregate in a watery media and with 

Q-bands shifted to higher λ values than 5,10,15,20-tetraphenyl-21H,23H-porphine zinc, will be 

efficiently incorporated into liposomes and are thus useful for clinical applications (Postigo et al., 

2004). 

There are three main effects of liposomes on the sensitizers (Lang et al., 2004): 

Monomerization effect. Monomerization of aggregated hydrophobic sensitizers occurs as a 

result of the localization of sensitizer molecules within hydrophobic bilayers (Angeli et al., 2000;  

Blum and Grossweiner, 1985;  Gottfried et al., 1988). For instance, Hoebeke et al. using 

fluorescence and electron spin resonance measurements showed that incorporation into the lipid 

phase of dimyristoyl-L-K-phosphatidylcholine liposomes induces dye monomerization (Hoebeke 

et al., 1999). Also, monomerization was demonstrated for azaphthalocyanines loaded into 

dioleoylphosphatidylcholine unilamellar vesicles (Zimcik et al., 2007). 

Concentration effect. The local concentration of the sensitizer inside a vesicle is larger, by 

several orders of magnitude, than in a solvent. High local concentrations can even lead to 

structurally controlled aggregation process in liposomal bilayers (Borovkov et al., 1996). 

Viscosity effect. After incorporation in a liposomal bilayer, the sensitizer is located in a 

structured microenvironment. Increased microviscosity slows down internal movements of the 

embedded molecule and all collisional processes of excited states by restricting their diffusion 

motion (Gottfried et al., 1988). 

The lipid bilayer is a complex structure formed by amphiphylic molecules and the binding 

of the sensitizers originates from a combination of hydrophobic and electronic interactions. 

Photosensitiser binding is also influenced  by the hydrophobic / hydrophilic character of the 

surrounding medium and by the presence of electrostatically charged interfaces. The sensitizers 

can be incorporated into a lipid bilayer or encapsulated into a water pool. The balance between 

the hydrophobicity / hydrophilicity of the sensitizer and lipid bilayers influences the distribution 

of the sensitizer over different regions of the liposomal structure. Hydrophobic sensitizers 

penetrate into a lipidic bilayer. Hydrophilic sensitizers are usually located on the surface of 

liposomes or in an endoliposomal aqueous compartment near the polar heads, weakly interacting 

with the hydrophobic region of liposome (Angeli et al., 2000). The hydrophobic parts of 

amphiphilic sensitizers are situated in a microenvironment of low polarity (a lipidic bilayer) 
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while the charged peripheral substituents are oriented towards the polar heads of lipid molecules 

(Brault, 1990). 

Bronshtein et al. used iodide fluorescence quenching and the parallax method to 

demonstrate that the vertical localization of a photosensitiser in a lipid membrane can be 

modulated by inserting spacer moieties into the molecular structure, while anchoring one end of 

the molecule at the lipid / water interface. Porphyrins with a longer spacer generate singlet 

oxygen, via photosensitization, at a deeper point, which in turn results in greater photodamage 

caused to a membrane-residing singlet oxygen target. The depth of the porphyrin’s core in the 

membrane is not affected by the temperature when the membrane is in the liquid phase. However, 

upon changing to the solid phase, lowering the temperature buoys up, or rather extrudes, the 

hemato- and protoporphyrins toward the water interface (Bronshtein et al., 2004). 

Liposomes are suitable models mimicking specific situations occurring in vivo and they 

allow study of the influence of physicochemieal, photobioiogical and biochemical factors on the 

uptake of photosensitisers by tissues, their mechanisms of action and subsequent photoinduced 

tumor necrosis. For example, in the work of Mojzisova et al. small unilamellar vesicles were 

used as models to investigate the dynamics of interactions of chlorin e6 with membranes 

(Mojzisova et al., 2007). Voszka et al. using electron paramagnetic resonance spectroscopy 

studied the depth of localisation of glycosilated tetraphenyl-porphyrin derivative inside lipid 

bilayer and its interaction with unsaturated lipids (Voszka et al., 2005). 

VII.2   Photophysical properties of liposomal photosensitizing agents 

The photophysical properties and production of 1O2 are sensitive to the interfacial 

characteristics of specific microdomains that host the sensitizer. The assessment of these 

photophysical and photochemical parameters can be used to probe the surroundings of the 

sensitizer and its localization (Lang et al., 2004). 

After incorporation of the sensitizers into liposomes, the corresponding absorption and 

fluorescence emission bands are usually red shifted and fluorescence intensity and fluorescence 

anisotropy are increased (Richelly, 1995; Ricchelli and Jori, 1986; Sekher and Garbo, 1993; 

Brault et al. 1986; Ricchelli et al., 1991; Ehrenberg et al., 1985). These spectroscopic changes 

provide a tool for the investigation of the sensitizer uptake and distribution in liposomes. 

Typically, hematoporphyrin and deuteroporphyrin exhibit a red shift of the absorption and 

emission maxima of about 10–20 nm after incorporation into a liposomal matrix (Brault et al. 
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1986). Such large red shifts in absorption spectra are often ascribed to monomerization of 

aggregated sensitizers. In contrast, polar uroporphyrin is monomeric in aqueous media and shows 

only minor spectroscopic changes following insertion in a liposome. This indicates that 

uroporphyrin is predominantly confined to the endoliposomal aqueous compartment because its 

microenvironment is not changed after interaction with DPPC liposomes (Ricchelli and Jori, 

1986). 

Incorporation of a porphyrin sensitizer into a lipid bilayer affects the conformational 

dynamics of the molecule in the ground (S0) and excited singlet (S1) states. These changes 

influence the Stokes shift, i.e. the energy difference between absorption and emission bands from 

lowest vibration levels of the S0 and S1 states (Lang et al., 2004). 

Furthermore, the position of a sensitizer in a liposomal bilayer is indicated by fluorescence 

anisotropy (Ricchelli and Jori, 1986). The anisotropy values reveal the degree of a restriction of 

rotational freedom of the imbedded molecules in the anisotropic membrane environment 

(Richelly, 1995; Angeli et al., 2000; Ricchelli et al., 1991). The anisotropy is sensitive to the 

phase transition temperature of liposomes. Hence, the temperature dependent anisotropy can be 

used to probe the physical properties of various domains of vesicles. 

The major factors affecting quantum yields of the excited states and consequently of singlet 

oxygen formation in organized liposomal media are as follows (Gottfried et al., 1988): 

• Viscosity. Increased microviscosity causes an enhancement of the fluorescence 

intensity. 

• Intersystem crossing. The non-radiative relaxation channels are weakened by higher 

microviscosity. 

• Monomerization. Dimers or higher aggregates produce little or no 1O2. 

• Concentration. The local concentration of the sensitizer is different from the 

concentration in solution. 

• Competing reaction channels. Oxidation of oleic acid side chains in egg 

phosphatidylcholine consuming 1O2 is an example. 

However, because the production of 1O2 by liposome-bound sensitizer is controlled by 

many factors, often acting against each other, the overall effect of liposomes on quantum yield of 

singlet oxygen formation can hardly be generalized. An unusual increase of quantum yield of 

singlet oxygen formation in the presence of liposomes can be attributed to the monomerization 
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effect of the vesicles. Usually, a decrease of quantum yield of singlet oxygen formation can be 

ascribed to aggregation occurring in liposomes due to the concentration effect. 

Liposome-bound sensitizers effectively produce 1O2. After 1O2 formation, it diffuses freely 

between the lipidic and aqueous phases. In the absence of any quenching process the equilibrium 

distribution of 1O2 between the lipid bilayer and aqueous phases is attained before 1O2 decays. 

Small unilamellar vesicles ensure that 1O2 is mostly located in the aqueous phase. Although the 

lifetime is different in both phases since the lipid volume represents only several percent of the 

total volume, the lifetimes of 1O2 are practically independent of the localization of the sensitizer 

and correspond to those in homogeneous aqueous solutions (Angeli et al., 2000; Nonell et al., 

1990). 

Molnar et al. using the time- and spectrally-resolved phosphorescence measurements of 

protoporphyrin IX, haematoporphyrin and singlet oxygen in liposomal samples under different 

oxygen concentrations, proposed a model where an increase in oxygen concentration in the 

aqueous medium was accompanied by only a slight increase in oxygen concentration inside the 

lipid bilayer (Molnar et al., 2008). 

Photobleaching processes inside the lipid bilayer have some pecularities. The mechanisms 

of sensitizer photodegradation are complex and media-dependent. For example, the rate of 

photobleaching of Chlorin e6 is almost three times higher in liposomes suspended in phosphate 

buffer compared to dimethyl formamide. This difference appears to be due to the change in the 

polarity of the microenvironment around the sensitizer molecules (Hongying et al., 1999). In 

contrast, Chlorin p6 due to its amphiphilic character solubilizes readily in polar solvents but in 

nonpolar solvents, its solubility is reduced and forms aggregated species in lipid bilayers and 

does not photobleach as efficiently (Das et al., 2005). 

VII.3   Pharmacokinetics of liposomal photosensitizing agents 

Inclusion of photosensitisers into lipid bilayers can change their pharmacological properties 

and as a result improve PDT efficiency. For example, incorporation of bacteriochlorin-a in 

dimyristoyl phosphatidylcholine liposomes increased oxygen consumption 9-fold in comparison 

to the value in phosphate buffer, by promoting the monomerization of the photosensitiser 

(Damoiseau et al., 2001). Also, polyethyleneglycol modified liposomes containing 

coproporphyrin I were confirmed to show a better tissue distribution, elevated photosensitiser 

concentration in the tumor cells, to effectively produce singlet oxygen and enhance cytotoxicity 
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by photodynamic therapy (Sadzuka et al., 2008). Roby et al. demonstrated that the solubility 

problem of meso-tetratphenylporphine could be solved by incorporating the drug into polymeric 

micelles prepared of polyethylene glycol/phosphatidyl ethanolamine conjugate, which improved 

cytotoxycity (Roby et al., 2006). 

The fate and pharmacokinetics of liposomal photosensitisers are dramatically affected by 

the fact that liposomes show a short plasma half-life, in the range of minutes (Lasic et al., 1991). 

Two different phenomena impair the circulation time of conventional liposomes (Derycke and de 

Witte, 2004). First of all, a lipid exchange between the liposomes and lipoproteins, especially 

high density lipoproteins, leads to an irreversible disintegration of the liposome. The fast 

disintegration process releases the photosensitiser in the bloodstream and provokes subsequent 

associating with lipoproteins and other plasma proteins. On the other hand, conventional 

liposomes easily become opsonized by plasma proteins after which they are quickly taken up by 

cells of the mononuclear phagocyte system. As a result, they become concentrated in organs and 

tissues with a rich mononuclear phagocyte system, predominantly in mononuclear phagocytes 

residing in the liver, spleen, bone marrow and blood circulation (Schroit et al., 1986).  

The final protein association pattern of the photosensitiser, gradually released from 

disintegrating liposomes over a longer period of time, might vary substantially from the pattern 

seen after injection of the free photosensitiser. The fact that a released hydrophobic 

photosensitiser initially presents in the blood in its non-aggregated form, while the non-liposomal 

photosensitiser is administered in an aggregated state, could explain this variable association 

pattern. Whatever principle contributes most, PDT outcome of a photosensitiser might be 

dramatically different upon association with different (lipo)proteins (Richter et al., 1993). 

Liposomal formulations can also be applied to alter the subcellular distribution or to 

increase the uptake of a photosensitiser. For instance, in case of liposome-bound 

haematoporphyrin or haematoporphyrin dimethylester, it was demonstrated that the 

photosensitisers accumulated intracellularly in a 2-fold larger amount than the water-dissolved 

haematoporphyrin, resulting in a more efficient photosensitization upon irradiation. Liposomal 

porphyrins appeared to induce early and extensive endocytoplasmic damage, leading to the 

swelling of mitochondria and vesiculation, while water-dissolved haematoporphyrin 

predominantly photosensitized the plasma membrane. The different patterns of cell photodamage 
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reflect a different subcellular distribution of the photosensitizing compounds (Milanesi et al., 

1989). 

Long-circulating liposomes, with their hydrophilic surface, do not interact effectively with 

cells. This is critical since the cytotoxic singlet oxygen generated by the irradiated photosensitiser 

shows an extremely short migration radius. For instance, Gijsens et al. demonstrated that 

sterically stabilized liposomes containing hydrophilic photosensitiser aluminium phthalocyanine 

tetrasulphonate did not display any in vitro photocytotoxic activity on malignant cells, while the 

free compound did (Gijsens et al. 2002). Ichikawa et al. noted that tumor accumulation of 

benzoporphyrin derivative monoacid ring A at 3 h after its injection with PEG-liposomes in Meth 

A-sarcoma bearing mice was significantly higher than the one observed after injection with non-

modified liposomes. However, on the contrary, significant tumor growth suppression after PDT 

was only observed for conventional but not for PEGylated formulation (Ichikawa et al., 2004). 

Inversely, Sadzuka et al. showed that in vitro application of PEGylated liposomes containing 

photofrin increased phototoxicity (Sadzuka et al. 2006). 

These observations have stimulated new efforts directed toward the development of 

liposomes with active targeting characteristics and energy-activated release mechanisms that 

accelerate drug release rates and promote efficacy (Shum et al., 2001). Active triggering 

mechanisms developed to date have all been based on methods that cause destabilization of the 

liposomal bilayer. Photoactivation is an attractive option for triggering liposomal contents release 

since it provides a very broad range of adjustable parameters (e.g., wavelength, duration, 

intensity) that can be optimized to suit a given application. Spatial and temporal control of the 

light source provides an additional element of control that can be used to regulate drug release 

rates. 

VII.4   Liposomal formulations of meta(tetrahydroxyphenyl)chlorin 

Clinical applications of mTHPC mediated PDT meet several difficulties due to high 

hydrophopicity of this photosensitiser. To overcome such problem and improve PDT efficacy, 

many different delivery systems were designed. Among them conjugates with folic acid (Gravier 

et al., 2008), nanoemulsions (for skin cancer treatment) (Primo et al., 2008), PEGylated mTHPC 

(Tran et al,. 2007), liposomes formed by DMPC / geminy surfactant (Bombelli et al., 2005), 

cationic liposomes (Bombelli et al., 2008), invasomes (liposomes, containing in addition to 

phospholipids a mixture of terpens) (Dragicevic-Curic et al., 2008) and several commercial 
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liposomal formulations, such as Foslip and Fospeg. Foslip is a recently designed third generation 

photosensitiser based on unilamellar dipalmitoylphosphatidylcholine / 

dipalmitoylphosphatidylglycerol (DPPC / DPPG) liposomal formulations of meta-

tetra(hydroxyphenyl)chlorine provided by Biolitec AG (Jena, Germany). Fospeg is sterically 

stabilized form of Foslip, which in addition contains small amount of PEG- 

phosphatidylethanolamine. 

Several studies were dedicated to investigate properties of liposomal mTHPC formulations. 

Buchholz et al. (Buchholz et al., 2005) compared mTHPC and its pegylated liposomal 

formulation (Fospeg) in feline squamous cell carcinoma in terms of tumour, skin and plasma 

pharmacokinetics. The authors demonstrated that fluorescence intensities and fluorescence ratio 

(tumour / skin) were 2 to 4 times higher for the liposomal formulation. Also, maximal 

fluorescence intensity in the tumour was shown to occur 5.5 times earlier with Fospeg. Another 

recent report (Svensson et al., 2007), which addressed Foslip pharmacokinetics from 2 h to 8 h 

following sensitiser i.v. administration demonstrated a rapid clearance from the plasma and an 

average tumour / muscle ratio of 6.6 in a murine tumour model. Pegaz et al. studied the ability of 

meso-tetra(hydroxyphenyl)chlorin (m-THPC) encapsulated into liposomal formulations (Fospeg) 

to occlude neovascularization and showed that Foslip appears to be less potent than Fospeg in 

terms of photothrombic activitiy on the chick chorioallantoic membrane model. The light dose 

necessary to induce the desired vascular damage with Foslip was twice higher than with Fospeg. 

It can be inferred that the formulation based on PEGylated liposomes technology offers a suitable 

delivery system for the treatment of choroidal neovascularization associated with age-related 

macular degeneration (Pegaz et al., 2006). Lassalle et al. investigated Foslip behaviour and 

photodynamic efficiency in EMT6 xenografted nude mice at different times following i.v. 

administration. The highest tumour to muscle ratios were observed at 6 and 15 h post-

administration. The best tumour response was obtained for a drug-light interval of 6 h, interval 

for which mTHPC was present in both endothelial and parenchyma cells (Lassalle et al., 2008). 
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VIII   OBJECTIVES 

 

The first objective of the work was to study the photophysical properties of liposomal 

mTHPC formulations, especially to study the mTHPC photodegradation inside the lipid bilayer.  

We investigated several aspects such as  

- absorption and fluorescence properties of mTHPC in different types of lipid vesicles. 

- observations on the nature and properties of photoinduced fluorescence quenching  

- analysis of applicability of photoinduced fluorescence quenching for studying the 

redistribution from liposomes. 

 

The second part of the work was dedicated to the investigation of the interactions of 

liposomal mTHPC formulations with biological substrates in vitro. 

- kinetics of mTHPC redistribution from lipid vesicles to membranes and plasma 

proteins. 

- stability of lipid vesicles loaded with mTHPC in human blood serum. 

- determination of the pattern of distribution of mTHPC molecules between human blood 

plasma elements at different times of incubation  

 

The third part of the work is related to the in vivo observation of mTHPC distribution after 

intratumoral Foslip injection in an animal model of breast 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 evaluate photophysical properties of mTHPC 

encapsulated into dipalmitoylphosphatidylcholine (DPPC) liposomes or Foslip. Properties of the 

microenvironment could influence the fluorescence and absorbance properties of liposome-

embedded mTHPC molecules, so application of any optical technique for analyzing pecularities 

of liposomal drug behavior in vivo requires deep understanding of the main photophysical 

properties of the photosensitiser in such medium. Our studies demonstrate that spectral properties 

of Foslip in DPBS are similar to those in mTHPC ethanol solution, thus indicating a monomeric 

state of the sensitizer inside the bilayer. We did not observe significant concentration quenching 

effects for Foslip formulations, but, surprisingly, an irradiation of Foslip suspensions by small 

light doses (<50 mJ/cm2) resulted in a substantial drop in fluorescence, which however could be 

restored after destruction of the liposomes. 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 

an energy migration between closely located mTHPC molecules. For Foslip formulations the 

estimated average distance between photosensitiser molecules is approximately two times less 

than Förster radius for them. This implies a high probability of energy migration between 

neighboring mTHPC molecules. In such conditions a small amount of weakly-fluorescent 

mTHPC photoproducts could act as exitation energy traps and effectively quench mTHPC 

fluorescence of Foslip suspension. We further assessed the effect of photoinduced quenching in 

plasma protein solutions to demonstrate that changes in mTHPC distribution pattern in biological 

systems are consistent with changes in photoinduced quenching and could thus provide valuable 

information on mTHPC interactions with a biological environment. 

 

 

This part of the work was published in Photochemistry and Photobiology and 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/cm2) 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

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 mTHPC 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 Martı́nez (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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Ville de Paris, Paris, France.
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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 mTHPC 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 CaCl2 and MgCl2; pH 7.4) was
obtained from Invitrogen (Cergy-Pontoise, France). Fetal bovine
serum (FBS) was purchased from PAN-Biotech GmbH (Aidenbach,
Germany) and t-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 lL of DPPC ⁄ ethanol solution (2.2 · 10)2 MM) with or without
mTHPC ethanol solution was added to 4 mL of DPBS at a rate of
1 lL ⁄ s, thus resulting in a final concentration of DPPC of 3 · 10)4 MM.
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 (e) at 650 nm as
35 000 MM

)1 cm)1.
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 (kex)
and fluorescence emission was registered at 650 nm (kem). Fluorescence
intensity in experimental samples was measured before (I) and after
addition of 0.1% Triton X-100 (IX-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 ⁄ cm2. 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 mTHPC 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

Figure 1. Absorption spectra of mTHPC in different media. Absorp-
tion spectrum of mTHPC in ethanol solution (s); absorption spectrum
of Foslip in DPBS before (·) and after injection of 0.1% Triton X-100
(4). The mTHPC concentration was 2 lMM.
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total mTHPC concentration (5 · 10)7 MM) for all conditions.

Variations in DPPC:mTHPC ratios from 4 · 103 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 103 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 ⁄ cm2 (Fig. 3). In contrast, very

low irradiation doses (<50 mJ ⁄ cm2) almost completely

quenched the fluorescence to 10% of the initial value. Surpris-

ingly,mTHPCfluorescencewas restored after additionofTriton

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 ⁄ Ix-100) 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

fluences in the range 3–45 mJ ⁄ cm2. 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 ⁄ cm2 and further

Figure 2. Relative mTHPC fluorescence quantum yield (curve 1, d)
and anisotropy (curve 2, ) at different CDPPC:CmTHPC ratios.
mTHPC fluorescence intensities were measured at kem = 650 nm
(kex = 420 nm). Fluorescence anisotropy was measured at
kem = 650 nm (kex = 435 nm). The mTHPC concentration in lipo-
somal suspension was 0.5 lMM.

Figure 3. mTHPC absorbance in Soret band (curve 1, ) and
fluorescence (curve 2, d) in Foslip under laser red light irradiation.
Fluorescence intensity was measured before (I) and after addition of
0.1% Triton X-100 (Ix-100). mTHPC fluorescence intensities were
measured at kem 650 nm (kex = 420 nm). Absorbance in Soret band
(k = 420 nm) in samples was normalized to that in non-irradiated
ones. The mTHPC concentration in liposomal suspension was 0.5 lMM.
DPPC:mTHPC molar ratio for Foslip suspension was 10.

Figure 4. Photoinduced mTHPC fluorescence quenching in DPPC
liposomes with different DPPC:mTHPC ratios. DPPC:mTHPC ca.
1000 (curve 1, ), ca. 100 (curve 2, d), ca. 25 (curve 3, ). mTHPC
fluorescence intensities were measured at kem 650 nm (kex = 420 nm).
Fluorescence intensity was measured before (I) and after addition of
0.1% Triton X-100 (Ix-100). mTHPC fluorescence intensities were
measured at kem = 650 nm (kex = 420 nm). The mTHPC concentra-
tion in liposomal suspension was 0.5 lMM.
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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 ⁄ cm2) 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 ⁄ cm2) 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 mTHPC 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

53Å2 (27). We can thus assume that local mTHPC concentra-

tion in liposomes varies between 0.1 MM (when dye is localized

inside the lipid bilayer) and 2.8 · 10)2 MM (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 MM, then the average distance between

mTHPC molecules (ca. 2.6 nm) is approximately two times

less than the calculated Förster radius (R0 = 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 Förster 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 ⁄ cm2) 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

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 ⁄ cm2 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, ) or in DPBS only (curve 2, ). 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 ⁄ cm2) with
successive measurements of normalized fluorescence (curve 3, d).
mTHPC fluorescence intensities were measured at kem = 650 nm
(kex = 420 nm). The mTHPC concentration in liposomal suspension
was 0.5 lMM. DPPC:mTHPC molar ratio for Foslip suspension was 10.
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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 mMM 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 mTHPC 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 103) 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

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 

vesicles to biological substrates 

 

The aim of the second part of our work was to study the mTHPC redistribution processes 

from Foslip to biological substrates and to evaluate the stability of liposomal mTHPC 

formulations against membrane-protein and membrane-membrane interactions. For this purposes 

the technique of photoinduced fluorescence quenching and gel-filtration chromatography were 

used. Both of them indicated a low mTHPC redistribution rate from liposomal carriers to an 

excess of pure DPPC liposomes or to the serum proteins. The rate of mTHPC redistribution 

strongly depends on incubation temperature and weakly on concentration of acceptor structures. 

Increase in the temperature of incubation from 5 to 50°C dramatically changes the redistribution 

rate wheras an increase in serum concentration from 5 to 50% leads to a smooth growth of the 

quenching amplitude not exceeding 5 %. The almost complete redistribution takes about 6 hours 

at 37°C. We suppose that at physiological conditions both aqueous phase and collision 

mechanisms are involved however the distribution through the aqueous phase is strongly favored. 

The results of gel-chromatography studies demonstrate that at least after 30 min of Foslip 

incubation with human blood serum the liposomes remain intact and the local photosensitiser 

concentration inside their lipid bilayer is high enough to provide an intensive exitation energy 

migration between mTHPC molecules. The redistribution is not completed even after 3h of 

incubation. Long term time (15h) results in liposomes destruction and mTHPC complete re-

distribution.  

 

 

This part of the work is in preparation for the submission to Biochem Biophys Acta   
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SUMMARY   

We previously described the phenomenon of photoinduced fluorescence quenching for meso-

tetra(hydroxyphenil)chlorine (mTHPC) incorporated in conventional 

dipalmitoylphosphatidylcholine (DPPC) liposomes (Foslip), which consists in a significant 

decrease of fluorescence after photoirradiation with its successive restoration after destruction of 

liposomes with the detergent. In the present study we used this phenomenon to evaluate the 

transfer of mTHPC from liposomes to plasma proteins.  Redistribution of photoactive molecules 

is an essential element for the understanding its further delivery to target tissues. 

It appears that migration occurs mainly through the aqueous phase rather than in a collision 

process and mostly depends on the incubation temperature. As evaluated by gel-chromatography, 

the affinity pattern towards various proteins does not differ from that of liposome-free mTHPC. 

However, as opposed to conventional liposomes with a very rapid disruption of the lipid vesicles, 

the redistribution of Foslip -induced mTHPC to plasma proteins is a very slow process, which is 

not completed even after 3 hours of Foslip incubation in serum. This Foslip behavior in serum 

proteins should be considered for better comprehension of in vivo pharamcokinetics and as such 

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

Photodynamic Therapy (PDT) was shown to be highly effective in the curative and 

palliative treatment of malignant tumors and other diseases [1, 2]. The principle of PDT is based 

on the administration of a photosensitiser (PS) followed by illumination of the tumour area at the 

appropriate wavelength. The effect of PDT on tumor cells involves a complex combination of 

events, where highly reactive singlet oxygen generated by the photodynamic action plays a major 

role in cell killing [3].  

Porphyrins are most frequently used in PDT to achieve therapeutic effect. The important 

limitation on their use for clinical application is their low water solubility. To overcome these 

problems, photosensitizer can be loaded into nano-sized drug delivery systems, which enhance 

drug solubility and bioavailability [4,5]. 

Lipid based micelles, liposomes, are popular pharmaceutical carriers for poorly soluble 

drugs [6], since they can be solubilized through the micelle hydrophobic core. Because of their 

characteristic small size (between 40 and 100 nm), good solubilization efficiency and stability, 

liposomes represent an ideal delivery system for apolar PDT drugs. Incorporation into lipid 

vesicles allows remaining in a monomeric state for many tetrapyrrolic sensitizers, providing a 

high photosensitizing activity [7]. An additional advantage of such systems is the phenomenon of 

passive targeting, which is based on enhanced liposomal permeability through discontinuous 

tumor microvasculature [8].  In this perspective, a clinically approved photosensitiser meta-

tetra(hydroxyphenyl)chlorin (mTHPC, Foscan®), has been loaded into 

dipalmitoylphosphatidylcholine /dipalmitoylphosphatidylglycerol (DPPC/DPPG) liposomes. The 

resulting compound, Foslip, was recently tested in xenografted tumors and demonstrated 

favourable pharmacokinetic properties, consisting in a better tumor/healthy tissue selectivity and 

a rapid plasma clearance [9,10,11]. 
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We have recently reported that Foslip revealed an unusual behaviour upon irradiation 

related to strong interactions between mTHPC molecules in a lipid bulk medium [12]. Exposure 

of Foslip suspensions to feeble light doses (< 50 mJ/cm-2) resulted in a substantial drop in 

fluorescence with its successive restoration after addition of a detergent. We attributed this 

behaviour to photoinduced fluorescence quenching. We also proposed that changes in 

photoinduced fluorescence quenching could be used to estimate mTHPC distribution /repartition 

pattern in plasma proteins.   

The present study addresses the kinetics of re-distribution of mTHPC from Foslip to 

biological substrates (lipids and plasma proteins) using the technique of photoinduced 

fluorescence quenching. We further studied the changes in Foslip distribution pattern in blood 

serum by gel-filtration chromatography.  

2. Materials and methods 

2.1. mTHPC and Foslip preparations  

The photosensitizer mTHPC (meta-tetrahydroxyphenylchlorin, Foscan®) and its liposomal 

formulation Foslip were provided by Biolitec AG (Jena, Germany). Stock solution of mTHPC 

was prepared by dissolving mTHPC powder in 99.6% ethanol. mTHPC liposomal formulation 

Foslip was reconstituted in PBS. Foslip is based on L-α-dipalmitoylphosphatidylcholine (DPPC) 

(Sigma-Aldrich), dipalmitoylphosphatidylglycerol (DPPG; 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 the ultrasonic method [13]. In brief, 40 mg 

of DPPC was dissolved in 1 ml of ethanol, which was afterwards evaporated to form a lipid film 

on the walls of a flask. Upon addition of 4 ml of PBS, the lipid film was hydrated, removed from 

the flask walls by vortexing for 15 min and sonicated in a ultrasonic dispergator UZDN-2T for 3 
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min [14]. The final suspension was stored at 37ºC. Liposomes containing mTHPC were prepared 

using a similar protocol, mTHPC being added to DPPC/ethanol solution to obtain the required 

lipid to dye ratio. Concentration of mTHPC in lipid suspension was estimated by 

spectrophotometric method considering the similarity of absorption spectra in ethanol and in 

lipids and using the molar extinction coefficient of mTHPC at 650 nm as  35 000 M-1cm-1.  

2.3. Spectroscopic measurements 

Electronic absorption spectra were measured on Perkin Elmer Lambda 35 and Solar PV 

1251А (Solar, Belarus) spectrophotometers using 1 cm optical path quartz cuvette. Fluorescence 

spectra were recorded on Perkin Elmer LS50B and Solar SFL 1211A spectrofluorimeters 

equipped with thermostated cuvette compartments. Fluorescence polarization was measured on 

Solar SFL 1211A equipped with polarizers. Samples were excited at 435 nm and fluorescence 

was registered at 650 nm. Photosensitiser fluorescence lifetime was measured on PRA-3000 

pulse fluorometer operating in the single-photon counting mode. 

2.4. Photoinduced fluorescence quenching 

Samples were subjected to irradiation by coupling an optical fiber with frontal diffuser to a 

660 nm semiconductor laser ILM-660-0.5 (LEMT, Belarus). Fluence rate was set at 50 mW/cm2, 

and irradiation was made under continuous stirring at room temperature. Irradiation time was 10 

s, corresponding to a light fluence of 0.5 J cm². Irradiation at such doses is accompanied by 

changes in photosensitiser concentration of less than 2%, but induce a phenomenon of 

fluorescence quenching. Normalized fluorescence, the ratio  (I/IX-100) of mTHPC fluorescence 

intensity measured immediately after irradiation (I) to fluorescence intensity measured after 

addition of 0.2% Triton® X-100 to the same sample (IX-100), was used as an indicator of 

photoinduced quenching [12]. 
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2.5. Blood serum 

Human blood was collected from healthy donors. Blood coagulation operation was carried 

out according to established protocols [15]. Venous blood was precipitated in a glass test-tube 

without anticoagulants at room temperature (~15°C) for 30 minutes until clot formation. The clot 

was separated from the test-tube walls and the sample was centrifugated for 10 minutes at 1000-

1200 g. The serum obtained was stored in plastic test tubes at -18ºC until use. Immediately before 

experiment serum was centrifuged at 400 G for 5 min and supernatant was collected. 

2.6. Gel exclusion chromatography 

Chromatographic separation was performed on Sigma 1.2x45 cm column filled with 

Sephacryl 400-HR gel (Amersham Biosciences) pre-equilibrated with PBS. For protein 

separation experimental conditions were as follows: loading volume 0.5—0.9 ml, flow speed 0.5 

ml/min, fraction sample volume 0.9-1.5 ml. Fractions with elution volume from 30 to 90 ml were 

collected and analyzed for protein and dye content. mTHPC content in chromatographic fractions 

was analyzed by spectrofluorimetric method after addition of Triton® X-100. 

Protein concentration was determined by Lowry method [16]. Triglyceride and cholesterol 

concentrations were determined by enzymatic assay according to Tietz et al. [17] due to 

formation of 4-(p-benzoquinone-monoimino)-phenazon, which effectively absorbs light at 500 

nm (Analysis Plus, Minsk, Belarus).  Absorption of samples was estimated and compared with 

external linear calibration curves for proteins, triglycerides and cholesterol respectively. 

2.7. Redistribution of mTHPC from Foslip 

Foslip was added to a suspension of liposomes or to diluted human blood serum. Samples 

were taken immediately after addition of Foslip or after incubation for 1, 2, 4, 6 and 24 hours.  

The local photosensitiser concentration of the sample was estimated by photoinduced 
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fluorescence quenching. Changes in local mTHPC concentration were attributed to the 

redistribution of mTHPC molecules from Foslip vesicles. 

3. Results 

3.1. Spectral properties of mTHPC in lipid vesicles  

The spectroscopic characteristics of mTHPC in liposomes at different mTHPC:DPPC ratios 

are shown in Table 1. A slight batochromic shift in the maximum and shape alterations of Soret 

band were observed for liposomal formulations as compared to mTHPC in ethanol, without 

significant changes in the first Q-band (650 nm). Fluorescence lifetimes for mTHPC:DPPC from 

1:1000 to 1:100 were around 9.7 ns and were close to the one in ethanol (9.41 ns). Only 

liposomes with an mTHPC/lipid ratio superior to 1:50 showed a progressive decrease in 

fluorescence lifetime from 9.0 ns to 5.5 ns (Foslip). No significant changes were noticed in 

relative fluorescence quantum yield for different local mTHPC concentrations in lipid vesicles. 

Increasing mTHPC content up to 1:50 results in a 10-15% decrease of fluorescence yield, 

whereas this decline reaches 30-35 % for mTHPC in Foslip (1:10) (data not shown). 

The parameters that were strongly related to the local mTHPC concentration in liposomes 

appeared to be fluorescence polarization and normalized fluorescence. Changes in dye/lipid ratio 

from 1:400 to 1:50 provokes a drastic drop in fluorescence polarization. As displays Table 1, the 

fluorescence of liposome samples with mTHPC content above 1:100 is completely depolarized. 

Increase in local mTHPC concentration was also accompanied by a significant decrease in 

normalized fluorescence, with a higher value of normalized fluorescence at low local mTHPC 

concentrations.  
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3.2. Kinetics of Foslip-induced mTHPC distribution in an excess of liposomes or human 

serum 

Foslip incubation in PBS for over 24 hours did not provoke any changes in normalized 

fluorescence or polarization (Fig. 1, curves 1 and 2). When Foslip was incubated at 37°C with an 

excess of sensitizer-free DPPC liposomes, we observed a slow increase in normalized 

fluorescence (Fig. 1, curve 3) along with an increase in polarization (curve 4). During the first 6h 

of incubation, polarization increased from 4% to 15% without significant further changes up to 

24h (curve 4). In parallel, normalized fluorescence increased from 0.12 to 0.7 (curve 3). Since 

polarization and relative fluorescence showed an identical behavior, we further assessed mTHPC 

redistribution kinetics by measuring only normalized fluorescence to study mTHPC redistribution 

from Foslip to serum proteins. Figure 2 displays the kinetics of normalized Foslip fluorescence 

incubated in PBS (Fig. 2A, curve 1) and 5% human blood serum (Fig. 2A, curve 2) at 37°C. 

Presence of serum proteins induced an increase in normalized fluorescence till 6h. From figure 2 

B, it appears that serum concentration only slightly affects redistribution rate since normalized 

fluorescence is only slightly influenced by an increase in protein content from 0.5% to 50%.  

However, Foslip-induced mTHPC redistribution rate strongly depends on the incubation 

temperature. Figure 2C represents photoinduced fluorescence quenching measured in terms of 

normalized fluorescence, in function of temperature after 2h incubation in blood serum. Foslip 

incubation at 30°C and higher is characterized by a considerable acceleration of the redistribution 

processes monitored using normalized fluorescence.  

3.3. Redistribution of mTHPC from Foslip to serum proteins assessed by gel-

chromatography  

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

distribution to serum proteins we used a gel filtration technique based on the separation of main 
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serum carrier proteins in accordance to their molecular size. We first investigated the affinity of 

free mTHPC towards different serum constituents (Fig. 3). mTHPC was incubated in 1 mL of 5% 

blood serum for 6h, introduced into the chromatography column Sephacryle S-400 and elution 

profile was analyzed by measuring the fluorescence intensity after injection of Triton® X-100 in 

the different fractions (Fig. 3, curve 1). Also a total protein content in eluted fractions was 

determined (curve 2). Total cholesterol, triglicerides and human serum albumin (HSA) elution 

profiles were registered separately and used as reference chromatograms. 

A typical chromatogram of mTHPC-loaded serum displays two bands, the first weak band 

with a peak around 47 mL and a second major band (85% of total chromophore) with a peak at 

54-56 ml and poorly resolved shoulder at 62 ml (Fig. 3, curve 1). The total protein profile  (curve 

2) is significantly shifted to larger elution volumes as compared to mTHPC. Maximum serum 

protein content is detected in fractions eluting through the column simultaneously with isolated 

albumin (62 mL) (curve 4). The maximal elution profile of mTHPC is found in the serum 

proteins fractions containing cholesterol (45-58 mL, curve 3) and triglicerides (45-53 mL; data 

not shown). 

We then evaluated redistribution of mTHPC from Foslip to serum proteins by gel 

chromatography (Fig. 4).  We first investigated the elution band of an aqueous solution of Foslip, 

without any pre-incubation (curves 1, panels A-C). Secondly, Foslip solutions were studied after 

incubation with human serum at 37°C for time intervals of 0.5, 3 and 15 H (curves 2, panels A-

C). Fluorescence intensity after photo irradiation was determined for every fraction in order to 

observe the impact of local liposomal mTHPC concentration through the measurements of 

photoinduced fluorescence quenching (curves 3, panels A-C). All fractions were assessed for 

protein content (curves 4). 
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The major part of mTHPC injected into the column in aqueous Foslip solution was eluted 

much faster (32-33 mL) (Fig. 4, curves 1) than protein-bound mTHPC (55-57 mL) (Fig. 3). 

Foslip incubation with serum proteins resulted in mTHPC elution in two bands (Fig. 4, 

curves 2). The first band corresponds to liposomal mTHPC, as shown through photoinduced 

fluorescence quenching observed upon irradiation (curves 3) and through comparison with 

elution peak of serum-free sample (curves 1). The second band apparently corresponds to 

(lipo)protein bound mTHPC. Compared to serum-free Foslip, broadening and shift to a greater 

elution volume of the first band after thirty minutes of incubation evidenced the significant 

changes in the size of lipid vesicles. Increasing incubation time resulted in a progressive 

reduction of weight of the first band attributed to mTHPC embedded into lipid vesicles and 

concomitant increase of protein-based band (Fig. 4B, C, curves 2). After long incubation time 

distribution pattern was similar to elution profile of serum containing free mTHPC (Fig. 4 C).  

There was no significant photoinduced fluorescence quenching effect for mTHPC bound to 

serum proteins (Fig.4 curves 2-3).  However, a significant quenching was observed in the first 

elution band (liposomal mTHPC). This effect was most prominent for the short incubation times 

(normalized fluorescence varies from 2.5 to 4 for the samples obtained after 0.5 H of incubation) 

and progressively decreased with a following increase in incubation time. 

4. Discussion  

Liposomal delivery of drugs is highly favored in order to enhance tissue distribution and 

plasma clearance. In case of photosensitiser delivery, an additional advantage relies in the 

monomerization of the drug [18].  While mTHPC remains aggregated even in the presence of 

serum albumin [19], the embedding of the dye into lipid vesicles prevents its aggregation. As a 

result its absorption and fluorescence spectra are consistent with monomeric mTHPC [12]. In the 

present study, we have extended the spectroscopic characteristics of mTHPC in liposomes at 
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different mTHPC:DPPC ratios (Table 1). Absorption and fluorescence spectral properties weakly 

depend on the dye:lipid ratio indicating the absence of mTHPC aggregation even at high 

liposomal loading.  Consistent with this observation, quantum yields of singlet oxygen generation 

for mTHPC in ethanol solution and embedded in vesicles are equal [20]. The high values of 

fluorescence anisotropy at low local mTHPC concentrations, together with relatively long 

fluorescence lifetimes certify a rigid fixation of the mTHPC molecules in the lipid vesicles. On 

the other hand, the enhanced local concentration of mTHPC molecules in lipid vesicles suggests a 

high probability of resonance excitation energy transfer resulting in concentration dependent 

fluorescence depolarization in liposomes.  We previously observed this for Foslip where the high 

local mTHPC concentration in lipid vesicles is responsible for photoinduced fluorescence 

quenching [12] With regard to the strong dependency of the local mTHPC concentration in 

liposomes on normalized fluorescence, we investigated whether fluorescence quenching might be 

utilized for the analysis of photosensitiser distribution / repartition in biological systems.  

Liposomal mTHPC in PBS does not induce any fluorescent changes over time, thus 

indicating the absence of liposomal alterations (Fig. 1). However, when drug-free liposomes are 

added, both polarization and normalized fluorescence increase. This is due to migration of 

mTHPC from Foslip to unloaded liposomes, thus reducing local mTHPC content. The two curves 

are almost perfectly overlapping, indicating that both parameters can be used to observe energy 

transfer between mTHPC molecules.  

From Figure 1, it appears that redistribution of mTHPC from Foslip to lipid membranes is a 

very slow process and final distribution is only achieved after 6-8 hours of incubation. Similar 

results were obtained for mTHPC redistribution from Foslip to human blood serum. Conventional 

liposomes have been shown to have extremely short half-lives in blood, in the order of minutes 

[21].  This is due to phagocytosis by the reticular endothelial system (RES). Another reason for 
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liposomal elimination could be their interactions with plasma proteins with successive 

redistribution of the drug [22-26]. As a result, in human blood serum a relatively rapid 

distribution of liposomal drugs between plasma proteins, preferentially lipoproteins, is reached. 

From the present study it appears that Foslip does not show a similar behavior. Indeed, 

distribution of mTHPC from Foslip to plasma proteins is only achieved after 1 to 2 hours (Fig. 2), 

which significantly exceeds the values for DPPC lipid vesicles [27,28]. Our chromatographic 

data confirm this observation (Fig. 4). After 0.5 and 3 hours of Foslip incubation in serum, a 

significant part of the sensitizer molecules still localizes in liposomal structures and elutes from 

the column before serum proteins. Only after 3 hours of incubation do we notice a reduction of 

fluorescence quenching in all elution fractions, thus indicating that redistribution has taken place, 

without complete destruction of the liposomes.  This liposomal disruption is completed by 15 

hours of incubation. 

Prolonged lifetime of Foslip in serum may reflect physico-chemical peculiarities of the 

lipid vesicles under investigation. Indeed, not only liposomal formulation affects drug properties, 

but also the drug itself can change liposomal characteristics. Inclusion of a great amount of 

photosensitiser molecules into lipid vesicles could influence their interactions with plasma 

proteins. A significant decrease of liposomal destruction in blood serum has been observed for 

other drugs such as doxorubicin and was attributed to altered interaction patterns with RES 

macrophages [29]. Investigation of liposomes loaded with ibuprofen using scanning electron 

microscopy, demonstrated the existence of a direct effect of the drug inclusion on the structural 

stability of the lipid bilayer [30]. 

It is of great interest to consider thermodynamic mechanisms of mTHPC release from lipid 

vesicles and redistribution to human blood serum. Photosensitiser redistribution from lipid 

vesicles may proceed through water phase or due to contact interactions of drug-loaded 
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liposomes with plasma proteins [31]. In the first case the rate of sensitizer exit is determined by 

the kinetic constant of the molecules desorption from the lipid bilayer and usually weakly 

depends on the concentration of acceptor structures.  In the second case, the redistribution of 

photosensitiser molecules takes place mainly due to collision between Foslip and plasma 

proteins. This process can occur simultaneously or independently from the destruction of the lipid 

vesicles [31]. Its rate is determined by the frequency of collisions and as a consequence of serum 

concentration. Measurements of photoinduced fluorescence quenching amplitude for samples 

incubated with different serum concentration show a relatively high exit rate of photosensitiser, 

even with the minimal concentration of human blood serum (Fig. 2B). Increase in serum 

concentration from 5 to 50% leads to a very slight growth of the quenching amplitude of less than 

5 %. It thus appears that the relative contributions of contact-dependent or contact-independent 

mechanisms of mTHPC redistribution from Foslip to serum proteins are essentially unequal and 

distribution through the aqueous phase is favored in physiological conditions. 

The release rate of liposomal drugs strongly depends on the temperature due to its influence 

on the structure of the lipid bilayer [32]. At low temperatures DPPC vesicles are in a gel state 

with close packing and frozen conformation of the hydrocarbon chains. Increasing the 

temperature will result in a transition to a liquid crystalline state where the acyl chains are 

disordered and have a high mobility. Such a phase transition facilitates the process of sensitizer 

exit from the lipid bilayer to the water bulk. The lipid bilayer from pure DPPC liposomes 

undergoes such a phase transition at 41-43 0C [33], but is also very sensitive to incorporation of 

various additives into the vesicles [34]. The Foslip formulation contains besides DPPC about 10 

% DPPG and 10 % (W/W) mTHPC. The presence of these components may significantly 

influence the phase transition properties of the lipid bilayer, which most probably lies somewhere 

between 30°C and 45°C (Fig.2 C).  

70



 

Despite the fact that sensitizer binding to plasma proteins has been shown to have an 

impact on their distribution and PDT effect [35-39], this issue has not yet been assessed for 

Foslip. Binding to albumin favors localization in the vascular stroma, whereas photosensitisers 

are mostly internalized into tumor cells following binding to lipoproteins [35-39]. Only a small 

part of mTHPC molecules (10-15%) is found in the fraction of albumins and other heavy proteins 

[40]. This conclusion is in good agreement with our chromatography results (Fig. 3, 4). The 

affinity of Foscan® and Foslip induced mTHPC towards different plasma proteins is almost 

similar. The major part of photosensitiser localizes in the fractions with high cholesterol content, 

which is one of the main components of lipoproteins (Fig. 3, 4). This results are in good 

agreement with conclusions made by Jori et al. about protein binding pattern of hydrophobic 

photosensitizers [41]. A minor sensitizer fraction passes through the column with the proteins of 

big size, probably low-density lipoproteins, which have significantly higher molecular weight 

than high-density lipoproteins. 

As opposed to conventional liposomes with a very rapid disruption of the lipid vesicles and 

fast clearance rates, mTHPC loaded DPPC/DPPG liposomes show a very slow release of the 

active component. This will have to be taken into account when designing preclinical and clinical 

protocols. Furthermore, due to the phenomenon of photoinduced fluorescence quenching, 

fluorescence can no longer be used as a measure to estimate photosensitiser accumulation. 

Photoinduced quenching however could be very useful to estimate local photosensitiser 

concentration and thus redistribution to biological substrates.  
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Table 1 Spectroscopic characteristics of mTHPC in liposomes 
 

 

 

 

 

 

 

 

 

 

Soret
Dλ  - absorbance maximum of Soret band 

Dλ  - absorbance maximum of most prominent Q-band 

p - polarization  

Flτ  - fluorescence lifetime 

∆hν - normalized fluorescence, = Ihν/IX-100, exposure dose 2040 mJ/cm2  

nd - not done 

mTHPC  

/ lipid 

ratio   

1:10 

(Foslip) 

1:20 1:50 1:100 1:400 1:800 1:1000 mTHPC 

in ethanol 

Soret
Dλ ,nm 421 420 419 419 419 419 419 416 

Dλ , 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 

Flτ , ns 5.48 6.7 9.05 9.66 9.75 9.74 9.75 9.41 

∆hν 0.12 0.22 0.31 0.48 0.81 0.98 0.99 nd 
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Fig. 1. Comparison of mTHPC redistribution kinetics estimated by two different spectroscopic 

techniques. 1, 2 – reference curves for Foslip incubated in PBS determined by polarization (1) 

and photoinduced fluorescence quenching (2). 3, 4 – redistribution of mTHPC from Foslip 

incubated with an excess of dye-free DPPC liposomes as measured by fluorescence quenching 

(3) and polarization (4). 

 

Fig. 2. Redistribution of mTHPC from Foslip to human blood serum. A: (1)– reference curve 

(Foslip in PBS at 37 ºC),  (2)– Foslip in 5 % serum at 37 ºC. B: mTHPC distribution after two-

hour of Foslip incubation with human blood serum in function of serum concentration. C: Foslip-

induced redistribution of mTHPC after two-hour incubation with 5 % human blood serum in 

function of a temperature. 

 

Fig. 3. Gel chromatograms of mTHPC loaded serum obtained with Sephacryle S-400 column (1 

ml 5% serum incubated 6 h with 5.5·10-6 M mTHPC ). 1 - elution profile of mTHPC, estimated 

by fluorescence of the samples; 2 - total protein content determined by Lowry method; 3,4 – 

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

 

Fig. 4. Gel chromatograms of human serum incubated with Foslip at 370C obtained with 

Sephacryle S-400 column after 30 min, 3 and 15 hours of preincubation. 1 – elution peak of free 

Foslip (1ml Foslip solution in PBS, 10 µg/ml) determined as a reference in order to characterize 

elution volume of liposomal structures. 2 – Foslip-induced mTHPC distribution in serum proteins 

estimated by fluorescence intensity after addition of Triton X-100. 3 – mTHPC fluorescence in 

the eluted samples registered after 10 sec of laser irradiation. 4 – total protein content in the 

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

Model of Breast Cancer Recurrence 

 

The third part of our work investigated in vivo intratumoral Foslip injection in a mouse 

model of breast cancer recurrence. The initial working hypothesis for this study was that direct 

intratumoral injection of liposomal, thus monomerized mTHPC, would make possible to reduce 

the drug light interval. However, highest tumor eradication was obtained after 24 hours, time 

point coinciding with maximal fluorescence intensity of the tumor. In this study the weak 

intratumoral fluorescence at early time points after intratumoral Foslip injection could be 

explained by the strong fixation of mTHPC molecules inside the injected liposomes, slow kinetic 

of photosensitiser redistribution, and, as such the phenomenon of photoinduced mTHPC 

fluorescence quenching in the liposome would affect the results of macrofluorescence imaging. 

Restoration of fluorescence occurred after several hours and is probably due to the transfer of the 

drug from the liposomal membranes to the tumor tissue, thus lowering the average local mTHPC 

concentration in liposomes. These in vivo results are coherent with our previous in vitro studies 

of mTHPC redistribution processes.   

 

This part of the work was published in Lasers in Surgery and Medicine and 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 andMethods:Mice were directly injected into

the tumor (IT)with25ml of aFoslip suspension (0.15mg/ml)

and illumination (652 nm, 20 J/cm2) 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 IT 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 timepoint. The absence of total cure can

be attributed to inhomogeneous photosensitizer distri-

bution. mTHPC 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.

Key words: photodynamic therapy; mTHPC; Foslip1;

intratumoral; fluorescence quenching; breast cancer

INTRODUCTION

Breast cancer represents 10%of the global cancer burden

andmortality 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,

aswill 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 restrictionof thepatient for severalweeks.Two

photosensitizers have recently gained European approval

for topical use: Hexvix1 (hexylaminolevulinate) for dia-

gnostic purposes in bladder cancer and Metvix1 (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–Foscan1)

has been reported to be one of the most active photo-

sensitizers, since relatively small drugaswell 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 mTHPC (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

Foscan1, 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 liposomalmTHPC formulation (Foslip) in amicemodel

of subcutaneous breast cancer recurrence.

MATERIALS AND METHODS

Photosensitizer Preparation

A novel liposomal formulation of mTHPC, Foslip1, was

used (Biolitec AG, Jena, Germany). It is based on dipalmi-

toylphosophatidylcholine (DPPC), dipalmitoylphosphati-

dylglycerol (DPPG), glucose and water. The liposomes

were reconstituted in3ml sterilewater 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 0.5�104 cells in both hind legs of female 6–8 weeks

old Balb/c mice. The animals were subjected to an

intratumoral injection of 25 ml 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/cm2, 100 mW/cm2)

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 (30minutes, 3, 6, 15 and 24 hours),

equivalent to six tumors. Animals were sacrificed at

24–48 hours, and the tumors processed for pathological

assessment. The area of necrosis wasmeasured in function

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 7.51

(OriginLab, Coporation) software to create a box plot

diagram. For fluorescence microscopy studies, a concen-

tration of 1.5 mg/ml Foslip1 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

2.0ml reaction tube and1.5ml ofmethanol:DMSO (3:5, v:v)

was added. The samples were incubated at 608C under

continuous shaking for at least 12 hours. All samples were

spun at 16,000 g in a centrifuge for 5minutes. Oneml of the

supernatantwasused forHPLCanalysiswith the following

specifications; pump: ‘‘System Gold, 126 Solvent Module’’

(BeckmanCoulter 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 mm Guard column:

‘‘LiChroCART 4-4’’ with Purospher STAR RP-18e; 5 mm

(Merck KGaA, Darmstadt, Germany) Temperature: 308C.

The mobile phase consisted of acetonitrile: H2Oþ0.1%

trifluoroacetic acid (TFA)¼ 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

(MacroFluoTM 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 Foslip1. An objective 1� enabled

to image samples in their integrity (1392�1040 pixels2)

with a zoom factor of 0.57 and an exposure time of 630 ms.

Tumorswere excised in totowith 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 (2,2�10�2 M)

wasadded to 4ml ofPBSat a rate of 1ml/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 378C. 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 cmpath length cuvette at 378C.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 softwarewas 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 isminimal.

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 (P¼ 0.27) whereas a significant better amount of

necrosis was observed when illumination was performed

24 hours after IT injection (P¼ 0.031).

mTHPC Measurements in Plasma

mTHPC was detected in the plasma at all time points,

with amaximumat 15 hours (1.5 ng/mgwetweight), 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 Foslip1. 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 extremelyweak at short intervals (Fig. 4). Fluorescence

Fig. 1. Typical pathological observation of a tumor 24–48 H

after PDT. (HES 1.25� and 10�) 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,withminimal damage to the skin (AandC).Necrotic

islets surrounded by viable tumor cells with intact skin (B).

Central necrosis with tumor rim (D).

Fig. 2. Box plot diagram representing percentage of post-PDT

necrosis in function of light drug interval.

Fig. 3. Plasma profiles of mTHPC assessed by HPLC in

function of time after IT injection of 25 ml Foslip1 (0.15mg/ml).
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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

ofmTHPC redistribution, using a fluorescence polarization

technique.Fluorescence of afluorophorebound tobiological

structures is polarized due to mobility restrictions. Fluo-

rescence polarization ofmTHPC in lipid vesicles is strongly

dependent on the lipid to dye ratio (Ml/Md) as shown in

Figure 5A. Maximal polarization is obtained at Ml/Md

of 1000 with a value of > 0.28, thus indicating a strong

fixation of the sensitizer molecules in lipid bilayer. Ml/Md

ratios below this value lead to progressive depolarisation of

fluorescence by a factor 2 for Ml/Md of 200 whereas this

value does not exceed 0.05 for Foslip with anMl/Md ratio of

10. This interrelationship canbeused to obtain information

related to sensitizer redistribution. With this purpose, the

Foslip suspension was incubated during 24 hours at 378C

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, followingdirect

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, andmost 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

Fig. 4. Fluorescence following ITadministration of 25ml Foslip1 (1.5mg/ml) at (A) 30minutes,

(B) 1 H, (C) 3 H, (D) 6 H, (E) 15 H and (F) 24 H. Exposure time 630ms, gain 10�, objective 1�,

zoom 0,57.
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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,

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 aswell 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 aremonomerized,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

phospholipidmolecules surface of 60 Å2,we cananticipate 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 functionof incubation time,whichdemonstrateda

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

Fig. 5. A: Polarization of mTHPC fluorescence according to

liposomal DPPC/mTHPC ratio (MDPPC:MmTHPC) lex¼ 435 nm,

lem¼ 650 nm.B: Fluorescence polarization of Foslip incubated

innon-loadedDPPC liposomes at 378C(lex435nm, lem650nm,

mTHPC concentration 4� 10�7 M).
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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 expectedaftera single ITsensitization inhumans.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 as carrier systems for drugs (Storm and 

Crommelin, 1998) with advantages such as enhancement of therapeutic efficacy at low dosage, 

reduction in toxicity of the encapsulated agent, improved pharmacokinetic profiles and targeting 

to tumour tissues. Also an increased stability of the drug has been mentioned, particularly against 

enzymatic degradation (Fielding, 1991; Gregoriadis, 1991; Xian-rong et al., 1995). 

Because of their characteristic small size (between 40 and 100 nm), good solubilization 

efficiency and stability, liposomes may represent an ideal delivery system for apolar PDT drugs. 

Incorporation into lipid vesicles allows to maintain a monomeric state for many tetrapyrrolic 

sensitizers, providing a high photosensitizing activity. An additional advantage of such systems is 

the phenomenon of passive targeting, which is based on enhanced liposomal permeability 

through discontinuous tumor microvasculature.  In this perspective, meta-

tetra(hydroxyphenyl)chlorine (mTHPC) has been loaded into lipid vesicles. The resulting 

compounds, like Foslip, were recently tested in different xenografted tumors and demonstrated 

favourable pharmacokinetic properties, which consisted in a better tumor/healthy tissue 

selectivity and a rapid plasma clearance (Svensson et al., 2007; Lassalle et al., 2009; Buchholz et 

al. 2005). 

Lipid-based photosensitisers have several peculiarities, related to specific environmental 

factors like low polarity, high viscosity and increased local oxygen concentration (Fischkoff and 

Vanderkooi, 1975). In lipid-based formulations, the hydrophobic dye is mostly restricted to the 

lipid phase (Lavi et al., 2002; Bronshtein et al., 2004), yielding a high local concentration and as 

such suggesting strong interactions between sensitizer molecules in a limited intramembrane 

space. Despite a considerable amount of papers attesting the physical mechanisms of 

photosensitiser action in lipid bilayers, there are only few observations on the contribution of 

these interactions to specific photochemical and photobiological properties of the photosensitiser. 

A concentration-dependent fluorescence quenching was previously reported for liposomes-

embedded benzoporphyrin derivative mono-acid ring A (BPDMA, vertoporfin) (Chowdhary and 

Dolphin, 2003). Therefore, any observable spectral modifications of lipid-based dye formulations 

should be interpreted with caution.  

The first part of the study focuses on the photophysical properties of mTHPC encapsulated 

into conventional liposomes (Foslip). Because of the intramembraneous mTHPC localization in 
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liposomes, spectral properties of Foslip in DPBS are similar to those in mTHPC ethanol solution, 

thus indicating a monomeric state of the sensitizer (Kachatkou et al. 2009). We did not observe 

significant concentration quenching effects for innate Foslip formulations since estimated 

fluorescence loss due to concentration effects was less than 30%. The molar ratio of 

DPPC:mTHPC in Foslip is about 10, the average radius of a liposome is approximately 60 nm  

and the reported average area per phospholipid molecule in a bilayer is 53Ǻ2 (MacDonald and 

Simon, 1987). We can thus calculate that the local mTHPC concentration in liposomes is 

approximately 0.1 M since due to the hydrophobic nature of mTHPC, the sensitizer localizes 

inside the hydrophobic area of the bilayer (Kępczyński et al., 2002).  Therefore the average 

distance between mTHPC molecules (ca. 2.6 nm) is approximately two times less than the 

calculated Förster radius (R0 = 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 (Kachatkou et al. 2009). The high 

values of fluorescence anisotropy together with relatively long fluorescence lifetimes when 

dealing with vesicles with a low local mTHPC concentration, certify a rigid fixation of the 

mTHPC molecules in the lipid bilayer. A dramatic decrease in fluorescence anisotropy with 

increasing local mTHPC concentrations is a consequence of an energy migration process and 

presumes strong interactions between mTHPC molecules. Direct Förster energy transfer between 

monomeric species at high local dye concentrations was already established by fluorescence 

depolarization studies with other dyes and appeared to be a major factor in fluorescence 

quenching of fluorophores at high concentrations (Frolov and Zenkevich, 1990; Chen and 

Knutson, 1988). 

The absorption of visible light by photosensitiser causes different photophysical events, 

including self-sensitized oxidation and the process of photobleaching (photodegradation). 

Bonnett and Martinez (Bonnett and Martinez, 2001) divided photobleaching into two different 

types: true photobleaching and photomodification. In the case of true photobleaching chemical 

changes are deep-seated and result in destruction of the photosensitzer into small fragments that 

no longer have appreciable absorption in the visible region. When photomodification 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. Photobleaching with different photosensitisers is usually described as 

the main source of light-induced fluorescence loss. These spectral modifications could be a 

consequence of photoinduced aggregation (Belitchenko et al., 1998) or photoinduced 

intracellular PS re-localisation (Moan et al., 1997).  Another pathway for light-induced 

fluorescence changes could be offered if we consider an intensive energy migration processes 

between closely-located photosensitiser molecules. Foslip exposure to small light doses (<50 

mJ/cm2) leads to a substantial reduction of mTHPC fluorescence intensity by 90% (Kachatkou et 

al. 2009). Restoration of fluorescence to the level of pre-irradiated samples after Foslip 

destruction with neutral detergents, suggests that the rapid drop of fluorescence at the onset of 

illumination is only due to mTHPC localised inside 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. Indeed, theoretical considerations (Goc et al., 1996; Lin et al., 2008) 

suggest that accumulation of a small percentage of weakly fluorescent products under the 

condition of a high local mTHPC concentration in the lipid vesicle, could lead to fluorescence 

quenching of the whole population of intact mTHPC molecules in a process of migration of 

excitation energy to the quenching centers.  The nature of the photoproducts needs to be clarified 

and HPLC seems to be the most appropriate for this purpose.  

Based on the observed unusual behavior of Foslip upon irradiation, referred as 

photoinduced quenching, we can reasonably assume a new pathway of photodegradation related 

to specific interactions between photosensitiser molecules in the lipid bilayer. It remains to be 

determined whether this behavior pattern is common to other sensitizers embedded in liposomes. 

The second part of this work addresses the kinetics of re-distribution of mTHPC from 

Foslip to plasma proteins using the techniques of photoinduced fluorescence quenching and gel-

filtration chromatography.  

The information on the time necessary to establish equilibrium dye distribution between 

donor-acceptor structures is extremely important since it provides valuable indications to optimal 

pharamcokinetic parameters. In the blood circulation, the situation with liposomal embedded 

photosensitisers is more complex because of the additional factors influencing liposomal 

lifetimes. In fact, conventional liposomes have been shown to have extremely short lifetimes in 

blood, in the order of minutes (Lasic et al., 1991). This is probably due to phagocytosis by the 
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reticular endothelial system and/or their opsonization by plasma proteins with successive 

redistribution of the drug (Senior, 1987; Patel, 1992; Devine et al., 1994; Chonn et al., 1995; 

Devine and Marjan, 1997). As a result, in human blood serum, a relatively rapid distribution of 

liposomal drugs between plasma proteins, preferentially lipoproteins, is reached. The nature of 

photosensitiser incorporated into conventional liposomes may also play a role in liposomal 

stability in plasma. Different studies demonstrated that the drug lipophilicity, its location and 

charge affect stability of the liposomes (Khan et al., 2008; Nounou et al., 2006; Lostritto et al., 

1987; Silvestri et al., 1992). Therefore we further studied the rate of mTHPC redistribution from 

Foslip to plasma components for the characterization of the redistribution processes and for 

evaluation of the stability of liposomal mTHPC formulations against membrane-protein and 

membrane-membrane interactions.  

As indicated by our results, Foslip-induced mTHPC redistribution in human plasma 

measured at 37°C by photoinduced quenching, reaches a plateau at 6h after Foslip administration. 

The rate of distribution is very close to the one observed with an excess of dye-free liposomes. 

Based on this fact, we assume that processes of re-distribution of Foslip-induced mTHPC in 

plasma solution canot be only due to liposomal destruction. We suppose that a delay of at least 6 

h is required for mTHPC re-distribution on plasma proteins, leading to a considerable decrease in 

local photosensitiser concentration within the lipid membrane.  This long time span was 

anticipated considering the unusual aptitude of mTHPC to be sequestered in biological substrates 

(Hopkinson et al., 1999; Mitra and Foster 2005). The redistribution process strongly correlated to 

the temperature of incubation with a dramatic increase in redistribution rate in the temperature 

interval from 5 to 50°C. On the opposite we registered a weak dependence of distribution rate on 

serum concentrations. A serum concentration increase by one order (from 5 to 50%) was 

accompanied by less than 5% increase in distribution rate. Data obtained from the studies of the 

influence of temperature and serum concentration on Foslip-induced mTHPC distribution rates 

allow to draw some conclusions on the thermodynamic parameters of the studied system. In 

general, photosensitiser redistribution from lipid vesicles may proceed from water phase or due to 

contact interactions of drug-loaded liposomes with plasma proteins (Jones and Thompson, 1989; 

Steck et al. 1988; McLean and Philips, 1981; Lange et al., 1983; Schulthess et al., 1994). In the 

first case, the rate of sensitizer release is determined by the kinetic constant of the molecules 

desorption from the lipid bilayer and as a matter of fact weakly depends on the concentration of 
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acceptor structures. In the second case, the redistribution of photosensitiser molecules takes place 

mainly due to collision between Foslip and plasma proteins. This process can occur 

simultaneously or independently from the destruction of the lipid vesicles (Hunta, 1982). In our 

case it appears that for Foslip-induced  mTHPC at temperatures above 30°C, the aqueous phase 

distribution is favored.  

It should be noted that the results of our in vitro study of mTHPC redistribution can be 

compared to in vivo studies. Indeed, recently Lassalle et al. (Lassalle et al., 2009) investigated 

Foslip behavior and photodynamic efficiency in EMT6 xenografted nude mice at different time 

intervals following i.v. administration of Foslip and demonstrated that the highest tumor to 

muscle ratios were observed at 6h and 15h post administration with the best tumor response at 

identical drug-light intervals. From our study, it appears that long intervals (3 to 15 hours) are 

needed, in order to obtain migration from the active component to plasma proteins and 

destruction of the liposomal structure.  During the first hours following IV administration, we can 

assume that passive targeting occurs due to leakage from the liposomes to the tumor tissue, 

followed by progressive release of mTHPC from liposomes to the lipoprotein components of the 

cellular membranes.   

The third part of our work was attributed to the application and comparison of our in vitro 

data to the in vivo study of intratumoral Foslip injection in a mouse model of breast cancer 

recurrence. The initial working hypothesis for this study was that direct intratumoral injection of 

liposomal, thus monomerized mTHPC, would make it possible to reduce the drug light interval. 

However, highest tumor eradication was obtained after 24 hours, time point coinciding with 

maximal fluorescence intensity of the tumor.  

A possible explanation of the very weak tumoral fluorescence observed the first hours after 

intratumoral Foslip injection could be that at this time points, mTHPC molecules are still strongly 

fixed in the lipid membranes of the liposomes. Following illumination in order to obtain 

fluorescence imaging, fluorescence quenching occurs, which significantly reduces fluorescence 

emission. Restoration of fluorescence occurred after several hours due to the transfer of the drug 

from the liposomal membranes to the tumor tissue, thus lowering the average local mTHPC 

concentration. The rate transfer of the lipid-based mTHPC formulation in this part of the work 

was evaluated using fluorescence polarization, which was applied to investigate transfer of the 

dye to liposomes, acting as a model for cellular membranes. Maximal mTHPC fluorescence 
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polarization was obtained at 24 hours incubation in an excess of DPPC liposomes thus suggesting 

that at this time point mTHPC has migrated from its lipid-based formulation to non-loaded 

liposomes. These in vivo results are coherent with our previous in vitro studies. They are 

compatible with the highest PDT efficacy since singlet oxygen, with a very short life times (170–

330 ns) (Moan and Berg, 1991) and thus limited diffusion possibility (50 nm) (Moan and Berg, 

1991) must be produce in the close vicinity of organelle whose destruction will induce cellular 

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

 

Foslip solution upon irradiation revealed unusual properties consisting in a substantial 

reduction of mTHPC fluorescence intensity with a successive restoration of fluorescence to the 

level of non irradiated samples after liposomal destruction with detergents. This phenomenon was 

referred to as Photoinduced Fluorescence Quenching (PFQ). The PFQ 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.  

Perspectives: - 

- Identification of mTHPC photoproducts in irradiated Foslip solutions by HPLC 

technique along with the nature of photoproduct(s) responsible for PFQ.  

- Study the phenomenon of PFQ for other types of liposoaml photosensitisers 

- Development of a theoretical model for predicting this effect.  

- Development of light-sensible nanoparticles for nanotechnological applications.  

 

Photoinduced fluorescence quenching together with polarization techniques and liquid 

chromatography was successfully applied for estimating the redistribution rate of mTHPC 

molecules from liposomes to plasma proteins and lipid membranes. The time required for 

mTHPC re-distribution on plasma proteins was estimated to be approximately 6 hours. 

Thermodynamic considerations supposed a predominance of the aqueous phase distribution for 

Foslip-induced  mTHPC at physiological temperatures.   

Perspectives: 

- Comparison of the kinetic parameters of Foslip-induced mTHPC distribution with those 

of Fospeg (mTHPC in pegylated liposomes) to estimate the influence of PEGylation on the 

mTHPC redistribution rate. Sterical stabilization of liposomes should increase their stability, but 

it can significantly change the pattern of mTHPC leakage from lipid vesicles. 

- Exact location of Foslip and Fospeg induced mTHPC in phospholipid bilayer could be 

determined, for instance, by studying UV-Vis linear dichroism or by parallax fluorescence 

quenching method. 
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Foslip liposomes were shown to be stable in human blood serum for at least 3 hours. Such 

unusually increased stability could be attributed to high sequestering of mTHPC into lipid 

bilayer. Inclusion of high quantities of highly hydrophobic molecules into lipid bilayer may affect 

its structure and whole stability. 

Perspectives 

- Studies of the effect of photosensitiser inclusion into lipid bilayer on the liposomal 

stability will allow to verify this hypothesis. It could be achieved, for instance, by 

chromatography of suspensions of liposomes with different lipid/dye ratios after incubation in 

human blood serum. 

 

mTHPC distribution after intratumoral Foslip injection in a model of breast cancer 

recurrence revealed a progressive increase in fluorescence with increasing post-injection time. 

The Foslip-induced mTHPC distribution from liposomes to tissue structures results in a decrease 

in local mTHPC concentration and as such could explain the fluorescence increase. This 

increased fluorescence corresponded to the maximal photodynamic activity, related to the better 

availability of mTHPC for target tissues.  

Perspectives: 

-  Studying the interactions between Foslip vesicles and tumor cells in order to characterize 

the processes taking place in vivo after i.t. injection of Foslip or after accumulating of i.v. injected 

liposomes in tumor tissue due to “enhanced permeability-retention” phenomena. This will make 

possible to predict the fate of liposomes in tumor tissue 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 A (vertoporfin) 
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 
M l/Md - lipid to dye ratio 
mTHPBC - 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 
PpIX - protoporphyrin IX 
PS - photosensitizer 
RES - reticular endothelial system 
TFA - trifluoroacetic acid 
TPPS4 - 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 the sample by the polarized 
light and registering two components of the fluorescence polarized in the same direction as an 
incident light (I║), and in the perpendicular direction (⊥I ). After that the polarization could be 

calculated as r=( I ║- ⊥I )/( I║+2 ⊥I ). 
 
Fluorescence polarization – a parameter measured by the exitation of the sample by the 
polarized light and registering two components of the fluorescence polarized in the same 
direction as an incident light (I║), and in the perpendicular direction (⊥I ). After that the 

polarization could be calculated as p=( I║- ⊥I )/( I║+ ⊥I ). 
 
Förster resonance energy transfer, is a mechanism describing energy transfer between two 
chromophores. A donor chromophore, initially in its electronic excited state, may transfer energy 
to an acceptor chromophore through nonradiative dipole–dipole coupling. 
 
Förster radius – the distance at which the Förster energy transfer efficiency is 50%. The Förster 
distance depends on the overlap integral of the donor emission spectrum with the acceptor 
absorption spectrum and their mutual molecular orientation. 
 
PEG-liposomes (sterically stabilized, Stealth liposomes) – polyethyleneglycol-coated 
liposomes. The PEG stabilizing effect results from local surface concentration of highly hydrated 
groups that sterically inhibit both hydrophobic and electrostatic interactions of a variety of blood 
components at the liposome surface. 
 
Rate of photobleaching – is a parameter which could characterize the dye depletion under light 
irradiation. In the case, when photobleaching kinetic could be approximated by a single-
exponential decay, I=A+Be-kt this parameter could be attributed to the k value in this formula. 
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