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Abbreviations 
List of abbreviations used throughout the text in alphabetic order:  

 

AMD 
BPD-MA 
b.w. 
CAM 
CCD 
CHUV 
CNV 
COX 
DLI 
DMLA 
Doxo-ILP 
EC 
EDD 
EPFL 
EPR 
FA 
FGF 
FITC 
Gp 
HE 
H-Meso-1 
HpD 
ICAM-1 
ICG 
ILP 
IntFluo 
ISC 
i.v. 
IVM 
LDL 
LTB4 
MCA 
PBS 
PDT 
PS 
R101 
ROI 
RPE 
VEGF 
vWF 
 

Age-related macular degeneration 
Benzoporphyrin derivative monoacid ring 
Body weight 
Chorioallantoic membrane 
Charge-coupled device 
Centre Hospitalier Universitaire Vaudois 
Chorioneoveascularisation 
Cyclo-oxygenase 
Drug-light interval 
Dégénérescence maculaire liée à l’âge 
Isolated lung perfusion based on doxorubicin 
Endothelial cell 
Embryo development day 
Ecole Polytechnique Fédérale de Lausanne 
Enhanced Permeability and Retention effect 
Fluorescein angiography 
Fibroblast growth factor 
Fluorescein isothiocyanate dextran 
Glycoprotein 
Hematoxylin-eosin 
Human mesothelioma-1 
Hematoporhyrin derivative 
Intercellular adhesion molecule-1 
Indocyanine green 
Isolated lung perfusion 
Integrated fluorescence 
Intersystem crossing 
Intravenous 
Intravital microscopy 
Low density lipoprotein 
Leucotriene 
Methylcholanthrene-induced sarcoma 
Phosphate buffered saline 
Photodynamic therapy 
Photosensitizer 
Sulforhodamine 101 
Region of interest 
Retinal pigmented epithelium 
Vascular endothelial growth factor 
von Willebrand factor 
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Abstract 

Photodynamic therapy (PDT) can be used to cause vascular collapse and blood flow stasis of 
the irradiated pathological neovascularisation appearing in several diseases such as age-
related macular degeneration (AMD) and cancer. 
We hypothesized that this PDT-related interruption of vessel integrity may lead to an 
increased transvascular passage of drugs that could be used as a drug delivery pathway. Thus, 
preceding the occlusion of the pathological vasculature, PDT could be used for instance as a 
local drug delivery pathway to administrate an anti-angiogenic drug in the case of AMD or 
chemotherapy in the case of cancer, potentially improving combination therapies. In the case 
of chorioneovessels (CNV) due to AMD, the recurrence of the exudative AMD component of 
the weeks/months after PDT, due to the re-opening and/or re-growth of neovessels might be 
avoided by adding an anti-angiogenic factor such as anti-VEGF or anti-inflammatory drug 
before, during or shortly after PDT. In the case of cancer, the starvation of tumour cells 
induced by the PDT occlusion of blood vessels feeding the tumour might be combined with a 
chemotherapeutic agent for the direct kill of the cancer cells themselves. It has been reported 
that following the light application in PDT, a physiological cascade of responses on the one 
hand leads to vascular occlusion but may also induce a vascular permeability enhancement. 
The aim of this thesis is to find conditions where this increase in leakage due to PDT can be 
observed, to characterize it and to take advantage of this phenomenon to develop the basis of 
a novel combination therapy approach. 
Hence in this thesis, pre-clinical experiments were performed in the vasculature of the 
chorioallantoic membrane model (CAM) of the chicken embryo and in the dorsal skinfold 
optical chamber of nude mice observed by intravital microscopy (IVM).  
In the CAM, no PDT-induced leakage of a fluorescent dye (FITC-dextran) was observed 
unless an anti-aggregating factor, such as aspirin was added. In the chicken embryo model, 
delaying the blood clot appears to be an essential process to allow effective potential drug 
delivery.  
In the dorsal skinfold of the nude mouse, the inflammatory response after PDT was observed 
and quantified. This revealed that PDT induces a time dependent acute inflammatory response 
as shown by increased number of leukocytes “rolling” along the vessel wall after treatment. 
This was observed over a 2 hour period following PDT. The quantification of the 
microvascular leakage showed a continuous FITC-dextran leakage from the vasculature 
treated by PDT to the interstitial space. This local leakage was clearly increased by the 
inflammatory status of the tissue (observed by quantifying the rolling leukocytes and by 
histology). This concept has the potential to improve the drug delivery of anti-angiogenic 
drugs in the eyes of patients treated for AMD and could also be applied to improve the uptake 
of cytostatic drugs in tumours. 
 

Keywords: drug delivery, photodynamic therapy (PDT), Visudyne®, fluorescein 
isothiocyanate dextran (FITC-dextran), animal model, chorioallantoic membrane (CAM), 
dorsal skinfold chamber, intravital microscopy (IVM), vascular permeability, endothelial 
cells, age-related macular degeneration (AMD), cancer. 
 

 

 

 

 



 4 

Résumé 

La thérapie photodynamique (PDT) peut être utilisée pour induire un collapsus vasculaire et 
une stase du flux sanguin de la néovascularisation pathologique irradiée apparaissant dans 
certaines maladies comme la dégénérescence maculaire liée à l’âge (DMLA) et le cancer. 
Nous émettons l’hypothèse selon laquelle l’interruption de l’intégrité vasculaire produite par 
PDT peut entraîner une augmentation du passage transvasculaire de drogues, phénomène qui 
pourrait être utilisé par exemple comme voie d’acheminement de la drogue. De cette façon, 
précédant l’occlusion des vaisseaux pathologiques, la PDT pourrait être utilisée comme un 
moyen d’acheminer localement la drogue et d’administrer un facteur anti-angiogénique dans 
le cas de la DMLA ou une chimiothérapie dans le cas du cancer, potentiellement améliorant 
les thérapies combinées. Dans le cas de chorio-néovascularisation (CNV) due à la DMLA, la 
récurrence de la forme exsudative de la DMLA dans les mois/semaines suivant la PDT, due à 
la réouverture des néovaisseaux et/ou la croissance de nouveaux néovaisseaux pourraient être 
évitées en ajoutant avant, pendant ou peu après la PDT une drogue anti-angiogénique telle que 
les facteurs anti-VEGF ou les drogues anti-inflammatoires. Dans le cas du cancer, la privation 
en nutriments des cellules tumorales, induite par l’occlusion par PDT des vaisseaux sanguins 
approvisionnant la tumeur pourrait être combinée avec un agent chimiothérapeutique tuant 
directement les cellules tumorales. Il a été reporté que suivant l’application de la lumière dans 
la PDT, une cascade de réponses physiologiques entraîne d’une part une occlusion vasculaire 
mais peut aussi induire une augmentation de la perméabilité vasculaire. Le but de cette thèse 
est de trouver des conditions dans lesquelles cette augmentation de perméabilité due à la PDT 
peut être observée, de la caractériser pour tirer profit de ce phénomène pour développer les 
bases d’une nouvelle approche de thérapie combinée. 
Ainsi, dans cette thèse, des expériences pré-cliniques ont été effectuées dans la vascularisation 
du modèle de la membrane chorio-allantoïque (CAM) de l’embryon de poulet et dans la 
chambre optique du pli de peau dorsal de la souris nue observée par microscopie intravitale 
(IVM). Dans le CAM, aucune fuite vasculaire induite par PDT n’a pu être observée, à moins 
qu’un agent anti-agrégeant, tel que l’aspirine, ne soit ajouté. Dans le modèle d’embryon de 
poulet, retarder la formation du thrombus hémostatique se révèle être un processus essentiel 
pour permettre un acheminement de drogue efficace. 
Dans le modèle du pli de peau de la souris nue, la réponse inflammatoire après PDT a été 
observée et quantifiée. Ceci a révélé que la PDT induit une réponse inflammatoire aiguë 
dépendante du temps, tel que montré par l’augmentation du nombre de leucocytes « roulant » 
le long de la paroi vasculaire après le traitement. Ceci a été observé pendant une période de 2h 
suivant la PDT. La quantification de la fuite microvasculaire a montré une fuite continue du 
FITC-dextran depuis les vaisseaux traités par PDT vers l’espace interstitiel. Cette fuite locale 
était clairement augmentée par le statut inflammatoire du tissu (observé par quantification des 
leucocytes roulant et par histologie). Ce concept a le potentiel d’améliorer l’acheminement de 
drogues anti-angiogéniques dans les yeux des patients traités pour la DMLA et pourrait aussi 
être appliqué pour améliorer la prise en charge de drogues cytostatiques par les tumeurs.  
 
Mot-clés: acheminement de drogue, thérapie photodynamique (PDT), Visudyne®, fluorescein 
isothiocyanate dextran (FITC-dextran), modèle animal, membrane chorio-allantïque (CAM), 
pli de peau dorsale, microscopie intravitale (IVM), perméabilité vasculaire, cellules 
endothéliales, dégénérescence maculaire liée à l’âge (DMLA), cancer. 
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Introduction  

Photodynamic therapy 

Once upon a time PDT…  

Light has been employed in the treatment of diseases since antiquity. Ancient Egyptian, 

Indian and Chinese cultures (3000 BC- 1500 BC) used the therapeutic effect of the sun to 

treat a variety of diseases including, vitiligo, psoriasis, cancer and even psychosis [1]. The 

ancient Greeks employed whole-body sun exposure or heliotherapy in the treatment of 

disease, and even in the last century, lying nude in the sun was a popular pastime (Figure 1).  

 

 

 

 

 

 

 

 

 
Figure 1: Children take sun at a sanatorium in the Swiss Alps,  
the region in which heliotherapy originated [2]. 

 

Around 500 BC, the famous Greek physician, Herodotus, who was regarded as the father of 

heliotherapy, emphasized the importance of sun exposure for the restoration of health [1]. 

However, only relatively recently the therapeutic effect of sunlight has been used to any 

significant degree in medicine and surgery. Phototherapy was further developed by the Danish 

physician Niels Finsen, who was awarded a Nobel Prize in 1903 for his work on bactericidal 
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effect of phototherapy having successfully treated smallpox using red light (in 1893) and 

lupus vulgaris (in 1895), a cutaneous tuberculosis, with ultraviolet light (generated by an arc 

lamp) [3]. Phototherapy describes the use of light in the treatment of disease; 

photochemotherapy, on the other hand, involves a combination of the administration of a 

photosensitising agent followed by the action of light on tissues in which the agent is localised 

[4]. The concept of cell death being induced by the interaction of light and chemicals has been 

recognized for 100 years. This was first reported by Oscar Raab, a medical student working 

for von Tappeiner in Munich. Famously he described the lethal effect of combining acridine 

red and light on Infusoria, species of paramecium responsible for a type of malaria [5]. This 

was an inadvertent discovery as the experiment was conducted during a thunderstorm, when 

the ambient lighting went out. In a series of successive experiments he established that this 

lethal effect on the paramecium occurred to a greater extent than with acridine alone, light 

alone or acridine exposed to light and then added to the paramecium. Raab had, therefore, 

discovered the optical property of fluorescence and concluded that it was not the light but 

rather some product of the fluorescence that induced in vitro toxicity. He postulated that this 

effect was caused by the transfer of energy from light to the chemical, similar to that seen in 

plants after the absorption of light by chlorophyll. Shortly afterwards, it was Raab’s thesis 

director, von Tappeiner, in 1907 who coined the expression “photodynamic” therapy (PDT) 

(more or less mistakenly, because of the fluorescence of these substances), and who together 

with A. Jodlbauer reported the dependence of the photodynamic process on molecular oxygen 

(O2). Von Tappeiner also concluded with a prediction of the potential future application of 

fluorescent substances in medicine [6-8]. 

At the same time as Raab's discovery, Prime, a French neurologist, reported photosensitive 

reactions in sun-exposed areas, in a patient who had been given parenteral eosin for the 

treatment of epilepsy [9]. In 1908, Haussmann took photochemotherapy in a new direction, 
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with his experiments of PDT with the blood derivative hematoporphyrin  and tetrapyrrole 

chlorophyll on cell cultures and mice [10]. The first report of endogenous porphyrin 

photosensitisation was given in 1913 by Meyer-Betz [11]. After injecting himself 200mg of a 

hematoporphyrin, Meyer-Betz noted severe pain and swelling of that part of the body exposed 

to light, showing a massive phototoxic reaction. The pictures of him before and after 

treatment are shown in figure 2.  

 

The first report of fluorescent porphyrin localisation in a malignant tumour appeared in 1924 

when a Frenchman from Lyon, Policard, observed the characteristic red fluorescence of 

hematoporphyrin in an experimental rat sarcoma illuminated with ultraviolet light from a 

Wood’s lamp [12]. Since then, porphyrins and hematoporphyrin derivatives (HpD) have been 

studied and used for diagnosis. In the 1970’s, Diamond [13], Dougherty [14], Kelly and Snell 

[15, 16] performed the first systematic human trials of PDT after intravenous injection of 

Before After 

Figure 2 : First report of endogenous porphyrin photosensitisation. In 1913, after 
injecting himself 200mg of HpD, Meyer-Betz noted severe pain and swelling of the 
part of his body exposed to light, showing a massive phototoxic reaction. This 
illustration shows the pictures of him before and after treatment. 
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HpD, selectively destroying tumours. From these humble origins, photodynamic therapy 

(PDT) has been increasingly adopted throughout the world over the last few decades and 

many new photosensitisers and light delivery systems have been developed [17]. 

Basic principle 

Photodynamic Therapy (PDT) is a medical technology that has been developed mainly to treat 

cancer [18, 19]. It consists in the systemic or topical application of a substance (a dye or a dye 

precursor), called photosensitiser (PS), that localises more or less selectively in the target 

tissue at concentrations at which this substance is not toxic. 

The principle is based on the capacity of these substances to be excited by the light and to 

restituate this energy [20, 21]. This light, at an appropriate wavelength depending on the PS to 

be excited, is applied at a controlled dose (fluence and fluence rate), which by itself is not 

harmful to the tissue, and which is absorbed by the dye. 

 

Figure 3: This Jablonski diagram schematically illustrates the pathway to the excited singlet 
oxygen state 1O2, type II process that requires molecular oxygen in the first step of the 
photosensitisation.  
 

The light absorbed by the PS brings it to excited singlet state that efficiently (depending on 

the PS) interconverts to a triplet excited state, by the intersystem (singlet-triplet) crossing 

process (ISC). In other words, the photosensitisation implies good yield of production of 
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triplet state (T1 or 3PS) of the sensitiser. As shown in more details in Jablonski diagram 

(Figure 3), 3PS is formed from 0PS after photo-absorption and ISC. The surrounding 

molecules, giving rise to two chemical mechanisms of photosensitisation, are called Type I 

and Type II reactions. In the Type I reactions, the 3PS undergoes in a first step either electron 

transfer reactions with a substrate molecule (M) or hydrogen atom transfer giving rise to 

radical species which have one impaired electron, and are generally more reactive than 

molecules. If enough molecular oxygen (O2) is present, it can lead in a second step to among 

others highly reactive peroxydes (H2O2), superoxyde radical anions (O2
-) and hydroxyl radical 

(OH-). The reactive intermediates then rapidly react with a multitude of surrounding 

biomolecules, potentially leading to tissue destruction. Type II reactions require ground state 

triplet state of molecular oxygen (3O2) in the tissue to interact in a first step reaction with the 

metastable excited triplet state of the PS. This leads to the formation of excited singlet oxygen 

(1O2) that can then either react with the PS itself (photobleaching) or with a biomolecular 

target located close to the PS. 1O2 rapidly reacts or is quenched so that reactions take place at 

distances of only a few tens of nanometers from the PS, so that PS localisation determines 

essentially where PDT damage takes place [20-23]. The exact relative importance of Type I 

and Type II mechanisms is however not known. Whatever the nature of the intermediate 

(singlet oxygen or other reactive intermediate), biological damage caused by oxidation may 

be sufficient to kill cells. There are hundreds of natural and synthetic dyes that can function as 

PS for PDT, ranging from plant abstracts to complex synthetic macrocycles.  

Photodynamic therapy can have three more-or-less distinct effects on the human body: (1) it 

can kill tumour cells by damaging plasma membrane, mitochondria, lysosomes and/or other 

organelles without in general significantly damaging the nucleus; (2) it can damage the 

vascular endothelium causing thrombosis and stasis; (3) it can modulate the immune system. 

Tissue localisation of PDT-induced damage is influenced by both the choice of sensitiser, the 
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choice of its formulation and/or vehicle used, and the experimental conditions. For instance, 

shortly after intravenous injection, Visudyne®, a benzoporphyrin derivative is localised 

mainly in the vasculature. Accordingly, in this case, destruction of the vasculature is the main 

result of Visudyne®-PDT in which light is applied shortly after injection. 

Vascular effects of Photodynamic Therapy 

The vascular effect induced by PDT was found quite early on in solid tumours. Vascular 

damage and blood flow stasis have become well-established phenomena in the PDT of cancer 

with many different PS [24-28]. Most of the PDT sensitisers show vascular damage during or 

shortly after light exposure of the tissue containing the PS, in particular if high enough serum 

levels of the PS are attained and if a high enough light dose is applied. The vascular PDT 

effects schematically presented in figure 4 are probably initiated to a large extent by damage 

to the endothelial cells, involving some of the usual PDT cellular targets (e.g., the plasma 

membrane, lysosomes, mitochondria or cytoskeleton) depending on the PS, its formulation 

and applied conditions [29]. Photodynamic therapy causes perturbation of the cytoskeleton 

[30-33] that can lead to alteration of cell shape. Both endothelial cell rounding [24, 34, 35] 

and contraction have been observed, as was the case in PDT-induced apoptosis. The change in 

shape of endothelial cells leads to the disruption of tight junctions between the endothelial 

cells and a decrease in inter-endothelial cell communication, and causes exposure of the sub-

endothelial basement membrane proteins. These photodynamic damages to endothelial cells 

results in the release of von Willebrand factor and other blood clotting agents [36]. The 

released clotting factors such as thromboxane activate circulating platelets, among others [37]. 

Damaged endothelium results in calcium level modulation as well, which in turn can 

modulate the smooth muscle cell calcium balance, with vessel contraction as possible 

consequence [36, 38]. 
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Some of the circulating platelets may also have been damaged themselves directly by PDT 

[34, 39, 40], although this probably does not play a major role in the blood clotting 

mechanism. The activated platelets now stick to the gaps between the damaged rounded 

endothelial cells, and further aggregation of platelets takes place at these sites [32, 33], thus 

starting to plug the vessel. Polymorphonuclear leukocytes start to adhere to the damaged 

vessel wall, and are probably also involved in increasing vascular permeability via their action 

on endothelial cells. In addition, increased vascular permeability may be expected following 

the release of histamine, which is vasodilator. The consequence of this scenario are vascular 

leakage and oedema [41-43]. Another part of the mechanism is associated with the PDT-

induced damage to membrane lipids. This can cause the release of arachidonic acid that can 

react with cyclooxygenase in a cascade of processes, thus inducing the release of 

prostaglandin endoperoxydes and, in the end, producing the vasoconstrictor thromboxane, 

which acts on the surrounding smooth muscle cells. Consequently, the PDT-induced 

modulation of compounds among which eicosanoids, cytokines, clotting factors and 

histamine, causes an increase of aggregating and vasodilating compounds, thus destroying the 

normally existing balance between dilating and constricting agents and aggregating and 

disaggregating compounds among others [44].  

The results of this are twofold: (a) a temporary increase in vessel permeability and leakage; 

followed by (b) vessel constriction and blood clotting with the consequent blood flow stasis. 

Smaller vessels can be closed by PDT more easily than larger vessels [45]. A final aspect that 

may play a role in the PDT of blood vessels is that the increased pressure in the perivascular 

region caused by PDT-induced leakage may also help to induce vasoconstriction.  

The following summarizes the preceding discussion in the form of simplified mechanism for 

blood flow stasis induced by PDT [22, 46]. 
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1. The injected photosensitiser arrives at the endothelial cells in which it is partially 

internalized. 

2. Light application causes PDT-mediated damage to the endothelial cells. 

3. Cytoskeletal changes and endothelial cell rounding are observed, which cause 

widening of junctions between endothelial cells. This leads to exposure of the vascular 

basement membrane, and/or the perivasculature. 

4. Platelets are activated and start to aggregate at damaged site. This and other PDT-

induced damage causes the release of eicosanoids that induce: (a) increased vascular 

permeability and leakage; and (b) clotting (thromboxane). 

5. In parallel process, polymorphonuclear leukocytes start to adhere to the PDT-damaged 

surface, also helping platelet activation and inducing vascular permeability. 
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Figure 5 : Vascular effects of photodynamic therapy Figure 4 : Vascular effects of photodynamic therapy 
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Age-related Macular Degeneration and its Treatments 

Age-related macular degeneration (AMD) is the major cause of vision loss in people over the 

age of 55 in industrialised countries. This disease takes its origin in a lack of oxygen and 

nutrients coming from the choroidal vasculature in the back of the eye, behind the retinal 

pigmented epithelium (RPE), to the photoreceptors, mostly cones, in the fovea, the central 

part of the retina. This lack, built up over years of inefficient elimination of debris coming 

from the high turn over of the photoreceptors outer segments. The evolution of the disease lets 

appear first “yellowish” fatty deposits (drusen), followed by signals to enhance oxygen and 

nutrients income by developing new vessels outside the blood brain barrier: choroidal 

neovessels (CNV). These CNV are normal leaky fenestrated vessels.  

 

Figure 6: Differences between occult and classic forms of AMD. 
Figure 5 : Differences between occult and classic forms of AMD 
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Schematically, two kinds of AMD may occur, depending on the location where these CNV 

are and named “dry” or “wet”, coming from the way they are detected by fluorescein 

angiography (FA). FA consists in fluorescence images of the retina following i.v. injection of 

fluorescein, excited with a 488 nm light with fluorescence detection above 500 nm. These two 

wavelengths are strongly absorbed in the pigmentation of the RPE and of the choroids, then 

only leaking located before attaining the RPE, within the eye are clearly viewed in the first 

early pictures after i.v. injection, giving the name “wet” or “classic”. If the CNV are behind 

the RPE, this leaking of fluorescein is not visible while not absent, in these early pictures and 

we use then the name “dry” or “occult”. CNV due to AMD cause vision loss due to the death 

of photoreceptors with different degrees of blindness. Serious vision loss caused by dry AMD 

is less common, and appears slowly over years. Only about 10 to 20 percent of people with 

AMD have the "wet" type. Wet AMD strikes quickly, however, and can result in rapid vision 

loss in less than a year. This type of AMD is characterised by leaky CNV in the macula, 

which may create scar tissue, killing all further exchanges of oxygen and nutrients to 

photoreceptors causing permanent blind spots. Though less common than dry AMD, wet 

AMD is responsible for up to 90 percent of all cases of severe vision loss [47-50]. The 

differences between the two forms of AMD are schematically represented in Figure 5 [46]. 
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In clinical trials, most vision loss due to wet AMD occurred within less than one year of 

diagnosis. The disease leads to a distortion of the straight lines and a severe reduction in 

quality of life for the patients, as they lose their ability to read, watch television, drive, and 

even see the faces of their beloved ones [51, 52], as illustrated in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Normal vision 

Advanced AMD 

Figure 7:  Distortion of the straigth lines and loss of the central vision characterising 
a severe wet AMD. 

Figure 6 : Distortion of the straight lines and loss of the central vision characterizing 
a severe wet AMD 
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Only a few years ago, its diagnosis was the precursor sign of progressing blindness leading to 

severe loss of sight. The treatment of CNV due to AMD used to be one of the most frustrating 

problems for the vitro-retinal specialists. Despite intensive research, the aetiology of this 

disease remains poorly understood and consequently the treatments options are limited. 

During the last three decades, its diagnosis has become more accurate and several advances in 

epidemiology, genetics, and angiogenetics have increased our knowledge in understanding the 

physiopathology of this disorder [49]. Only a few years ago, thermal laser photocoagulation 

was the only available method of treatment and applicable to only 10-20% of patients with 

small, well-defined extra-foveal lesions [53]. However, this treatment is non-selective so that 

neighbouring normal retinal tissue including photoreceptor cells, retinal pigmented epithelium 

(RPE) and retinal blood vessels exposed to the laser light are thermally damaged, resulting in 

immediate and irreversible local vision loss. Patients undergo this procedure with the 

information that statistically it has been shown that the treatment will prevent the disease from 

progressing much and that the initial loss of vision resulting from the procedure is 

significantly less than the loss caused by the disease after several years of progression without 

treatment. Several new treatment strategies have revolutionised the potential successful 

management of neovascular wet AMD and hopefully will reduce the visual disability in this 

group of patients [54, 55]. At the present time, since the year 2000, the best available 

treatment of proven benefit for subfoveal neovascular wet AMD is photodynamic therapy 

(PDT) [56]. The rationale for using PDT to occlude pathologic neovascularisation arose from 

observations first recognised in treating tumors. Photodynamic therapy has been shown to be 

a relatively selective therapy for CNV, depending on the photosensitiser characteristics, 

formulation, packaging, drug dose, light dose, and timing of light application. Large-scale 

multicenter randomised Phase III clinical trials using PDT with verteporfin (Visudyne®), a 

benzoporphyrin derivative formulated in liposomes, have shown that this treatment is 
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effective in reducing visual loss in a large number of patients with subfoveal neovascular 

AMD [57-60]. This photosensitiser (Visudyne®) was approved by health authorities in many 

countries for clinical use in 2000, and remains the only photosensitiser approved for clinical 

use in ophthalmology to date. Currently, it is approved for treating choroidal 

neovascularization secondary to AMD as well as other disorders. Up to now, Visudyne® has 

limited the loss of sight of more than 500'000 people. Visudyne® is a benzoporphyrin, a type 

of coloured organic molecule that can interact with light. The chemical structure is presented 

in figure 7 [46].  

 

 

 

 

 

 

 

 

 
Figure 7: Chemical structure of Verteporfin, also referred to as benzoporphyrin derivative monoacid 
ring (BPD-MA), consisting of a 1:1 mixture of the equally active structural isomers BPD-MAC and 
BPD-MAD. 
 

Many types of porphyrins exist [61]. The basic ring structure is composed of 20 carbons and 4 

nitrogen atoms. These molecules are for many reasons a dream for the chemists. They are 

coloured and hence easy to see, stable, they can be centrally linked to almost all the metals. 

There are several well known porphyrins such as heme, which is part of the haemoglobin. 

This molecule gives the red colour to blood and contains FeII+. Chlorophyll is responsible for 

the green colour of plants and grass and contains mainly Magnesium in its central position. 

BPD-MAD 
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Porphyrins were also found to have a good potential as PDT agents (see historical aspect of 

PDT in this chapter). 

The research of Professors Dolphin, Levy and others at QLT Inc. [62, 63] on PDT with this 

substance demonstrated both a short half life in the body of animals and effective closure of 

blood vessels feeding tumours. This was a crucial step for the application of these molecules 

for the treatment of AMD. After more than 5 years of research and development, Visudyne® 

was ready to be approved by the FDA [64]. The therapeutic advantages of Visudyne® are its 

preferential accumulation in the new blood vessels as CNV, allowing the occlusion of 

choroidal neovessels but interestingly preserving the retinal vascularisation. Other advantages 

of this drug are its excitation with a visible light at 690 nm which is a wavelength not much 

absorbed by the blood components and the pigments of RPE and choroids. In PDT, 

Visudyne® is irradiated by a ray of light, which activates the oxygen to destroy the adjacent 

cellular machinery. When the light is turned off, and in all other protected parts of the body, 

Visudyne® becomes a not harmful molecule that the body can clear in a few days. 

Unfortunately, the PDT with Visudyne® has also 2 main drawbacks. The first possible 

drawback is the lack of selectivity for the CNV versus normal chorio-capillaries. Furthermore 

in a majority of cases, recurrence of the leaking CNV following treatment is observed by 

indocyanine green (ICG) and/or fluorescein angiographies. It has thus been reported that 

weeks/months after PDT, the re-opening and/or re-growth of neovessels is observed [46, 65, 

66]. Thus the patients are retreated on the average 2-3 times per year over two years. This 

renewed observation of leaky chorio-neovessels may be attributed to local hypoxia combined 

with the release of angiogenic factors and/or inflammation following PDT.  

Except for PDT and thermal laser treatment, alternative therapies also exist to treat AMD, 

such as transpupillary thermotherapy (TTT) [67] using a laser causing heat transmission to the 

retinal pigmented epithelium (RPE) and choroid studied by Reichel [68], radiation therapy 
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using low-dose ionizing radiation to prevent the proliferation of endothelial cells [69], 

submacular surgery removing the pathological chorio-capillaries, retinal translocation and 

pharmacologic intervention. Together with PDT, this last point is of great interest for this 

thesis. The pharmacotherapy is mainly based on either inhibition of vascular endothelial 

growth factor (VEGF) [70, 71] or use of various formulations of steroids to control the 

inflammatory response [72] associated with CNV. The most famous drugs used on this 

purpose are Avastin®, Macugen®, Lucentis®, Retaane® and Triamcinolone acetonide [73].  

Cancer and its Treatments  

Cancer occupies an increasingly important place in the load of world morbidity. Some 24,6 

million people currently live with a diagnosed cancer; it is estimated that they will be 30 

million in 2020. Until 2020, cancer could account for more than 10 million victims per year. 

If this tendency continues, one estimates that the annual number of new cases will pass from 

10,9 million in 2002 to 16 million in 2020. Nearly 7 million people currently succumb each 

year to cancer. In the industrialised countries, cancer is located at the second rank of the 

causes of mortality after cardiovascular disease and, according to epidemiologic data this 

tendency is on its way to emerge in the least advanced countries. The lung cancer makes more 

victims than any other cancers. Certain cancers are more current in the industrialised 

countries: prostate, breast and colon cancers. Cancers of the liver, the stomach and the cervix 

are more current in the developing countries [74].  

Nowadays, surgery remains the better classical method for removing a solid tumour with a 

slow evolution. If possible, the whole tumour is eliminated (e.g. cervix, breast, kidney, 

prostate, lung, gut…) [75 , 76, 77]. Surgery leads sometimes to success if the intervention 

occurs before the appearance of metastasis cells. However, ablation is often very badly 

accepted and sometimes refused, as the loss of an organ is a great trial for the patient. 
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Moreover it is not always sufficient and combination with the use of chemotherapy or 

radiotherapy are necessary to overcome metastasis developing cells [76, 77].  

Surgery is often prescribed in combination with other techniques such as liquid nitrogen 

(cryotherapy) or radioactive needles (Curie therapy). The choice between these processes 

depends on the localisation of the tumour and its local extension degree. In the case of a fast 

evolving tumour leading to multiple metastasis where the more appropriated therapeutic 

indication is chemotherapy, the surgical act can be practised only to reduce the number of 

cancer cells (cyto-reductive surgery) in order to facilitate the activity of chemotherapy [78]. 

This process is used to treat for example ovarian cancer with peritoneal metastasis. 

The second classical treatment is radiotherapy which is a therapeutic technique consisting of 

exposing a tumour to ionising radiation but preserving healthy cells. This treatment modality 

is often one of the treatments of choice following surgery. Almost sixty percent of the patients 

with a cancer have radiotherapy during their disease. Nevertheless, this therapy is complex, 

difficult to perform and induces many side effects in healthy tissues [79].  

Another approach of medical treatment of cancer is to act directly on the cause itself of the 

disease by mean of natural substances already existing in the human organism, as it is the case 

for hormonotherapy. The main aim of this treatment is to limit the growth of hormone-

dependant tumours or to induce their destruction. Orally or intravenously administered, these 

drugs are distributed to the organism according to their physico-chemical properties.  

Beyond these treatments, chemotherapy keeps being the only recognised means to 

systemically treat cancer cells, wherever there are localised and particularly if there are 

metastases. The activity of these cytotoxic drugs used in chemotherapy is not specific and 

damage also occurs to the healthy cells characterised by a fast reproduction rate, inducing 

typical side effects such as vascular problems (leukopenia, thrombocytopenia), digestion 
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perturbations (diarrhea, nausea, vomiting) and alopecia. Furthermore, these cells can develop 

a resistance to the drug diminishing or even inhibiting the efficacy of the treatment.  

Efficacy of chemotherapy, as for any drug treatment, depends on the ability of the therapeutic 

agent to reach the target cell. Delivery of therapeutics to the target after systemic intravenous 

injection is influenced by the blood supply to the region of interest, the drug transport through 

the vessel wall, and the drug diffusion through the interstitial space to the target cell [80-83]. 

Experimental approaches to improve delivery of therapeutic agents include the modification 

of the physicochemical properties of the drug, for example by formulating liposomes or 

nanoparticles or by grafting antibodies. Another possibility of improving the drug delivery to 

tumour is to modify the properties of the target area, such as the permeability of the tumour 

microvasculature [84]. 

Isolated organ perfusion is a strategy leading to a higher amount of drug accumulated in the 

organ containing the tumour tissue compared to systemic circulation, thus avoiding systemic 

side effects. However, space heterogeneity of the drug in the organ and a weak penetration of 

the substance in tumour cells can be observed. Although as observed in the isolated lung 

perfusion, one notes an accumulation of drug in the tumour vessel wall [85].  

To overcome this inhomogeneous distribution of the cytostatic drug, its leakage from the 

vasculature should be locally enhanced. Tumour microvessels are leakier than normal vessels 

[86-88]. This leakiness of tumour vessels and the characteristic defective lymphatic drainage 

in solid tumours results in an enhanced accumulation of high-molecular-weight drugs in 

tumours as compared to normal tissue, due to an increased extravasation of the drug followed 

by a reduced clearance. This so-called enhanced permeability and retention effect (EPR) is 

limited by the increased fluid pressure in tumours [89]. It now becomes possible to modulate 

tumour-selective macromolecular drug delivery either by modulating vascular mediators or 

elevating the systemic blood pressure by infusing angiotensin II. Enhanced vascular 
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permeability of tumour and inflammatory tissue is the key to be considered for future more 

selective drug delivery. This should enhance the targeting to the desired tumours or 

inflammatory lesions, based on EPR effect using macromolecular drugs [90]. Different 

techniques have been proposed to increase this EPR effect by enhancing vessel permeability, 

e.g. by inducing a hyperthermia [91, 92], by pre-treating the tumour with radiation [93], by 

adding bradykinin antagonist HOE 140, protease inhibitors or inducible NOS inhibitors [89], 

vascular endothelial growth factor (VEGF) [94] or basic fibroblast growth factor (bFGF). 

However, these latter may not be ideal components of an anticancer treatment, since VEGF 

stimulates tumour growth and metastases, and bFGF induces tumour resistance to cytostatic 

drugs. Consequently, other innovating pre-treatments require to be explored to overcome the 

accumulation of drug in the vessel wall and to increase the tumour drug delivery of the 

cytostatic agent and its cellular uptake. Photodynamic therapy (PDT) is a good candidate for 

this purpose. PDT has been investigated as treatment for solid tumours. This treatment 

modality, described in the beginning if this chapter, is achieved by activating a 

photosensitizing agent, which generates oxygen species [20, 21]. It can act by direct 

phototoxicity [18, 19] or by indirect vascular-mediated effect by interruption of vessel 

integrity. More precisely, this treatment causes perturbation of the cytoskeleton [30-33] that 

can lead to alteration of cell shape [86, 87]. Both endothelial cell rounding [24, 34, 35] and 

contraction have been observed. We have hypothesized that the change in shape of the 

endothelial cell leading to an interruption of endothelial integrity may lead to an increased 

transvascular passage of high-molecular-weight drugs resulting in enhanced interstitial drug 

retention. 

The advantages of PDT are linked to the low cytotoxicity of the substances. The cytotoxic 

effect is only obtained after the specific irradiation of the treated area. Post-therapeutic side 

effects are usually acceptable and consist mainly of a cutaneous sensitivity to sunlight. PDT 
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can be indicated when surgery is not possible because it can induce cell death without 

significantly destroying connective surrounding healthy tissue. Contrary to radiotherapy, PDT 

can be repeated many times, allowing treating the tumour until its complete clearance without 

any major risks for the patient.  
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Aim of the thesis 
 

PDT can be used to cause vascular collapse and blood flow stasis leading to the temporary or 

permanent occlusion of the irradiated neovascularisation. This treatment can be used in many 

diseases associated to pathological neovasculature, for instance CNV due to AMD and cancer. 

As described above, these two diseases are of major interest as no “efficient well tolerated 

treatment” exists yet. Actually, CNV due to AMD still leads to severe loss of vision despite of 

the existing Visudyne®-PDT treatment and cancer is still one of the leading causes of death 

worldwide despite of the numerous oncological treatments that are being developed. The 

occlusion of the pathological neovessels characterizing these diseases can be achieved by 

PDT. The aim of this thesis is to explore in pre-clinical models, the possibility of improving 

the PDT treatment of these diseases by combining it with another classical therapy, the 

chemotherapy. In the case of CNV due to AMD, the recurrence of the weeks/months after 

PDT, the re-opening and/or re-growth of neovessels should be avoided by adding an anti-

angiogenic drug such as anti-VEGF factor or anti-inflammatory drug during or shortly after 

PDT. In the case of cancer, the starvation of tumor cells induced by the PDT occlusion of 

blood vessels feeding the tumor should really be combined by a chemotherapeutic direct kill 

of the tumor cells themselves. The main question concerning the administration of these drugs 

potentially improving the treatments of AMD and cancer by PDT, is:  

“How could we improve the drug delivery to reach the therapeutic dose locally?”  

It has been reported that following the light application in PDT, a physiological cascade of 

responses in one hand leads to vascular occlusion but could also induce a vascular 

permeability enhancement. The aim of this thesis is to find conditions where this increase in 

leakage due to PDT can be observed, to characterize it and to take advantage of this 

phenomenon to develop in the future a novel combination therapy approach. Such enhanced 

vascular permeability in PDT could be used to release an anti-angiogenic or anti-
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inflammatory factor to prevent recurrence of the neovasculature in the case of AMD or to 

selectively release chemotherapeutic agents in the case of PDT of a malignant tumour. These 

are schematically represented in figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Photodynamic drug delivery pathway, for hypothetic improvement of the treatment of (A) 
age-related macular degeneration or (B) cancer. 
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Experimental models used in this thesis 

1. Chorioallantoic membrane model (CAM) 

The chorioallantoic membrane was the first model used for the study. This well vascularised 

membrane is a characteristic of avian and reptile eggs that is located in contact with the inner 

eggshell. Its role is to bring to the chicken embryo, the oxygen diffusing across the porous 

calcareous surface of the shell. It is composed of two extra-embryonic membranes: the 

allantoic membrane and the chorion, both growing during embryonic development, finally 

almost covering the entire inside of the eggshell with several blood vessels large enough (300 

µm in diameter) to be intravenously injected by the 13th day of embryonic development [95-

98]. See the illustration of figure 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: This picture shows a typical blood vessels network at the 13th embryo 
development day of the chorioallantoic membrane (CAM) of the chicken. At this 
stage of development the largest blood vessels have a diameter of about 300 µm, 
rendering possible the intraveinous injection. 

Figure 9: This picture shows a typical blood vessels network at the 13th 
embryo development day of the chorioallantoic membrane (CAM) of the 
chicken embryo. At this stage of development, the largest blood vessels 
have a diameter of about 300 µm, rendering possible the i.v. injection.  
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The chorioallantoic membrane of the chicken has been used in angiogenic research and is also 

a good model for the assessment of phototoxicity and vascular behaviour of drugs [99, 100]. 

The intravenous injection is close to the clinical situation of PDT-treated choroidal neovessels 

appearing in age-related macular degeneration [45] and somehow comparable to the vascular 

PDT of blood vessels feeding cancer. This model has several advantages. It offers an 

accessible developed neovascular network allowing intravenous injections [101] or topical 

applications [102]; it is very cheap compared to other in vivo models and it is not considered 

as a living animal by the veterinary and ethical committees up to the 17th embryo 

development day allowing spontaneous change in protocols. Furthermore, quantitative 

relationship between the PDT effects and the kinetics of leakage of drugs observed in the 

CAM model and in the clinical tests was established, rendering possible the extrapolation of 

observations in the CAM model to clinical situation [45]. For the compounds and conditions 

of treatment that appear promising in this model, assays could be performed in a mammal 

model such as described below and in the Ryan’s cynomolgus monkey model of CNV that 

will be the final step of the preclinical studies for new CNV in AMD treatments [103].
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2. Skinfold chamber of nude mice observed by intravital microscopy 

(IVM) 

The dorsal skinfold chamber in nude mice was the second model used for the study. Before 

the experimental procedure, the nude mice were housed in groups of 2 to 3 animals, and after 

the implantation of the chamber, they were then caged individually. The experimental 

procedures have previously been approved by the local ethical committee. It is a highly 

standardised and controlled model that has been used previously for experiments on the 

vasculature [104-106]. At the time of the experiments, the animals were about 5 weeks old 

and had a body weight of about 24-28g. The microsurgical procedure was performed under 

sterile conditions and the animal was placed on an operation table warmed at 37°c. The 

titanium chambers and the surgical implantation procedure used in this study are based on that 

of Lehr et al. [106] with only a few minor modifications. The mouse was anesthetised by 

intraperitoneal injection of ketamine-xylazine. The dorsal skin was stretch to form a double 

layer skinfold that will be sandwiched between two symmetrical titanium frames (Fig. 11 A, 

B). A circular area of 15 mm in diameter from one area of skin was carefully completely 

removed (Fig. 11 C), and the remaining layers (consisting of the epidermis, subcutaneous 

tissue, and thin striated skin muscle) were covered with a glass cover slip incorporated into 

one of the frames (Fig. 11 D, E).  

The animals tolerated the dorsal skinfold chambers well, and no effect on the eating and 

sleeping habits were observed. The experimental observations were made after a recovery 

period of 48 hours to eliminate the effects of anaesthesia and surgical trauma on the 

microvasculature, and may last up to 2 weeks.  
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Figure 10: Microsurgical preparation of the optical chamber. (A)  The dorsal skin of the nude 

mouse was stretch to form a double layer skinfold. (B) A titanium frame is fixed in one side. 

And the area of observation is chosen by transparency. (C) A circular area of 15 mm in 

diameter from one area of skin was carefully completely removed and (D) the remaining 

layers were covered with a glass cover slip incorporated into one of the frames. (E) Details of 

the observation chamber. 
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To verify the integrity of the vasculature and the good acceptance of the surgical process, a 

rhodamine-6-G injection was performed into the tail vein to exclude from the study acute 

vascular inflammation conditions. This fluorescent dye labelling the leucocytes allows to 

follow the kinetics of their rolling and adhesion to the vessel wall of veins, characteristic of 

inflammatory reactions [105, 107]. The further experiments were then performed by intravital 

microscopy (IVM), allowing the real-time observation of the vascular phenomenon through 

the glass window. For the experiments, the awake animals were immobilised in a Plexiglas 

tube and the chamber was attached to an epi-illumination microscope stage, which was 

computer controlled to allow observations of the microvessels.  
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Abstract  

Objective: Photodynamic therapy (PDT) has been investigated as treatment for solid 

tumours, age-related macular degeneration (AMD) and other diseases. PDT acts by direct 

phototoxicity and by an indirect vascular-mediated effect by interruption of vessel integrity. 

We hypothesized that the PDT related interruption of vessel integrity may be used for an 

increased trans-vascular passage of drugs.  

Methods: Nude mice underwent implantation of a dorsal skinfold chamber for in-vivo 

analysis of microvascular leakage and inflammatory response by intravital microscopy. PDT 

was performed 10 minutes after intravenous administration of Visudyne®. Control animals 

had no PDT (n=4). Vascular permeability was determined during a 60min period of 

observation of cumulative integrated fluorescence after intravenous injection of Fluorescein 

isothiocyanate dextran (FITC-dextran 2000kDa). FITC-dextran was injected immediately 

(group A, n=11), or 120min after PDT (group B, n=14). Acute inflammatory response was 

assessed by in-vivo staining of leukocytes by rhodamin 6-G and consecutive repeated 

determination of intravascular leukocyte rolling. All dorsal skin fold chambers underwent 

histological analysis (HE staining). 

Results: PDT induces a time dependent acute inflammatory tissue response as shown by 

increased leukocyte rolling after treatment. Continuous FITC-dextran leakage to the 

interstitial space was observed in all animals after PDT. No leakage was observed in control 

animals.  

Conclusion: Visudyne®-mediated PDT results in an acute inflammatory tissue response and 

leads to a time-dependent transient increase of local vascular permeability with an enhanced 

uptake of FITC-dextran in the interstitial space. This concept has the potential to improve 

uptake of cytostatic drugs in chemoresistant tumours or anti-angiogenic drugs in AMD.  
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1. Introduction  

 
Many diseases such as age-related macular degeneration (AMD) and malignant tumours are 

associated with a proliferation of pathological neovessels. One treatment modality for these 

diseases is photodynamic therapy (PDT), which is based on the interruption of the vessel 

integrity thus causing vascular collapse of the pathological neovessels [1, 2]. The aim of the 

present work is to explore the possibility of improving the PDT treatment of these diseases by 

combining it with another therapy, for instance chemotherapy or anti-VEGF therapy. In the 

case of cancer therapy, the “starvation” of tumor cells induced by the PDT-induced occlusion 

of blood vessels feeding the tumor might be combined with a chemotherapeutic effect on the 

tumor. In the case of AMD, the recurrence of the disease weeks/months after PDT observed 

by the re-opening and/or re-growth of neovessels [1-3] could possibly be avoided by adding 

an anti-angiogenic and/or anti-inflammatory drug during either before or shortly after PDT. A 

problem in the administration of chemotherapeutic drugs which potentially improve the 

treatment of cancer or AMD in combination therapy is to find a way to improve the drug 

delivery to reach the therapeutic dose locally. Efficacy of any drug treatment depends on the 

ability of the therapeutic agent to reach the target cell. Delivery of therapeutics to the target 

after systemic intravenous injection is influenced by the blood supply to the region of interest, 

the drug transport through the vessel wall, and the drug transport through the interstitial space 

to the target cell [4]. In the case of the treatment of AMD by a combination of PDT and anti-

VEGF therapy the problem lies in the monthly repeated intravitreal injections required for the 

anti-VEGF therapy. Experimental approaches to improve delivery of chemotherapy or anti-

VEGF drugs are of major interest. 

It has been reported that following the light application in PDT, a physiological cascade of 

responses in one hand leads to vascular occlusion but could also temporarily induce a vascular 

permeability enhancement depending on the applied conditions [5, 6]. Within the framework 
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of the present study performed in the skinfold chamber in the nude mice observed by 

intravital microscopy (IVM), we propose to assess the influence of PDT on the vascular 

permeability. In a recent study performed in the chorioallantoic membrane of a chicken 

embryo, Visudyne®-PDT combined with aspirin administration, was shown to strongly 

enhance the local leakage [7]. The mammal model used here allows assessing the PDT-

induced leakage in physiological mature blood vessels and thus to obtain preliminary results 

on normal vascularisation. The goal of this project is thus to study the capacity of PDT to 

specifically make the treated blood vessels more permeable in order to improve local drug 

delivery. The results obtained in the present model comprising normal blood vessels will be 

extended in the near future to neovasculature.  
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Materials and methods 

Animal model: preparation of the observation chamber  
 

The Swiss nude mice were provided by Charles River Laboratories (L'Arbresle, France). The 

dorsal skinfold chamber preparation in nude mice was used for intravital microscopy. The 

experimental preparation used in this study is similar to that described by Lehr et al. [8, 9]. 

Briefly, nude mice weighing 24-28 g were fed with standard rodent diet with free access to 

tap water. They were anesthetised by an intraperitoneal injection of ketamin (100mg/kg) 

(Ketalar®, Pfizer, Zürich, Switzerland) and xylazine (10mg/kg) (Rompun®, Bayer, Zürich, 

Switzerland). Buprénorphine (0.5g/kg) (Temgesic®, Essex Chemie, Lucerne, Switzerland) 

was administered at the end of the surgical preparation to relieve pain. The animals were 

equipped with the dorsal skinfold chamber for intravital microscopy as described elsewhere 

[9]. Between the implantation of the observation chamber and the microscopic observation, a 

recovery period of 3-4 days was allowed to eliminate the effect of anesthesia and surgical 

trauma. Trans-illumination microscopy and an Achroplan objective 4x (described below) 

were used to select an area comprising a crossing between a vein and an artery with about the 

same size (35-60 µm in diameter). A volume of 100 µl of rhodamine-6-G (0.05%) (Sigma-

Aldrich, Buchs, Switzerland) was intravenously administered 10 minutes before the 

observation with a microscope described below using a Carl Zeiss “cube filter set 15” (Exc. 

BP 546/12, BS FT580, Em. LP590) to visualize leukocyte-endothelium interaction, i.e. 

leukocyte rolling and adhering to the vessel wall. This is done with the objective to exclude 

from the study mice with acute vascular signs of inflammation in their skinfold chambers 

[10]. The experiments were conducted in accordance with the national and institutional guides 

for the care and use of animals (cantonal veterinary authorization n°1915). 
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Quantification of the inflammation 

The dorsal skinfold chamber in mice observed by intravital fluorescence microscopy was at 

first used to study venular rolling leukocytes before PDT treatments to exclude from the study 

animals with acute vascular signs of inflammation [10-12]. An ideal chamber with a 

physiological microcirculation should present less than 30 rolling leukocytes/mm vessel 

circumference in 30s. Chambers presenting 30-100 rolling leukocytes/mm are considered as 

borderline, and inflamed chambers were the ones having higher numbers of rolling leukocytes 

at baseline (>100 leukocytes/mm) [10].  

Although in most acutely prepared tissues, there are always "spontaneous" rolling leukocytes 

at baseline conditions, baseline leukocyte rolling is virtually absent in carefully executed 

chronically instrumented tissues and is even considered a marker of acute inflammation 3 

days after surgical preparation. Each mouse was thus tested for its inflammation in this way 

and only the ones presenting “ideal” physiological microcirculation were used for the further 

assessments. This quantification of acute inflammation was also used in this study to observe 

the inflammatory response of leukocytes at different times (directly, 30 minutes, 1h and 2 h) 

following PDT.  

 

Photodynamic therapy followed by fluorescence pharmacokinetic 
studies for measuring vessel leakage  

Photodynamic therapy 
 
For these treatments, the mouse, presenting no inflammation, as controlled by the observation 

of rolling leukocytes, is placed in a plexiglas tube which is positioned under the epi-

fluorescence microscope. The Plexiglas tube holder allows easy exchange of the mice already 

placed in a tube. The chamber on the back of the mouse is fixed horizontally and its position 

under the microscope allows trans-illumination from the bottom side or epi-illumination for 
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fluorescence observation. Subsequently, an intravenous (i.v.) injection of 50 µl of the 

photosensitiser Visudyne® (with increasing doses between 200µg and 800 µg/kg body weight 

(b.w.)) was performed into the tail vein. Visudyne® (verteporfin, BPD-MA) was obtained 

from Novartis (Hettlingen, Switzerland) [13]. For dilutions, Phosphate Buffer Saline (PBS) 

was provided by Life Technologies (Invitrogen Corporation, UK), NaCl 0.9% by B. Braun 

(Emmenbrücke, Switzerland) and glucose 5% solution by Bichsel (Interlaken, Switzerland). 

The circulation of the drug was observed in the blood stream of the skinfold chamber by 

Visudyne®-specific fluorescence microscopy (λexc= 420 ± 20 nm; λem≥ 610 nm). The 

microscope used for intravital observation, is a Carl Zeiss Axiotech Vario 100, allowing 

observations made at different elevations above the sample. Achroplan Carl Zeiss objectives 

Plan Neofluar 2.5x/ 0.0075 and 4x/ 0.10 are used for a large field of view (3x3 mm for the 

4x), Achroplan objectives 10x/0.25 and 20x/0.50 with water immersion are used for PDT 

excitation and close observation of the vessels and capillaries (field of view 600x600 µm). 

Excitation is performed via a filtered 100W HBO103 light source, powered through a variable 

FluoArc device, allowing to lower the light power during data recording, thus preventing any 

undesired PDT excitation. A Uniblitz shutter VS25 with its controller WMM-D1 (Vincent 

Associates, Rochester, NY, USA) is also added to be able to cut off the HBO lamp. Images 

and video sequences are recorded with an on chip amplified Hamamatsu electron multiplier 

consisting of a back illuminated thinned Peltier cooled CCD camera (EM-CCD C9100-12), 

(400 to 1000 nm) giving us an up to 2000x amplified signal gain. This allows to lower the 

excitation light and permits to work under conditions of illumination similar to those applied 

in treating CNV associated with AMD. Images and sequences are recorded through the 

Hamamatsu camera controller with the Hamamatsu HiPic version 7.0 software, giving 

512x512 pixels and 16 bits grey level images. A STAC (Seitama, Japan) Multiscan Rate 

Converter MSC-12A-HPK between the EM-CCD and the controller provide us the digital and 
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video signals in parallel. The video signal, on which we superimpose the date and time with a 

FOR-A VTG-33 Video Timer S-VHS is recorded on a JVC (Japan) SR-S388E video recorder. 

A Sony (Japan) UP-895CE B/W printer is used to print video images.  

Shortly after injection (≅ 1 min), the photosensitiser luminescence is homogeneously 

distributed in the blood vessels and the PDT was performed ten minutes after the i.v. injection 

using light from a filtered Hg-arc lamp at 420 ± 20 nm using the Carl Zeiss “cube filter set 

05” (Exc. BP 395-440, DM FT 460, Em. LP470), with the 20x water immersion objective at a 

fluence rate of 300 mW/cm2. A light dose (comprised between 50 and 200 J/cm2) was applied 

to a circular surface with a diameter of 400 µm previously chosen comprising a crossing 

between a vein and an artery, both with the similar diameters (35-60 µm). Adding a Chroma 

filter LP610 before the EM-CCD detector, we can record Visudyne® fluorescence 

angiographies. In order to verify the efficacy of the blood flow stasis and vascular occlusion 

induced by PDT, and to define the conditions necessary to obtain damages (i.e. closure) 

comparable to that observed in clinical trials [14], observation of the vascular occlusion was 

undertaken up to 13 days after PDT by means of fluorescence angiography. The latter were 

performed by i.v. injections into the tail vein of 100 µl of a solution containing Fluorescein 

isothiocyanate dextran (FITC-dextran 2000 kDa) 25 mg/ml PBS. FITC-dextran was obtained 

from Sigma-Aldrich (Buchs, Switzerland). In between the treatment and these measurements 

the mouse was returned to its individual cage and was fed with standard rodent diet with free 

access to tap water. Fluorescence angiographies recorded on S-VHS video tape pre- and post- 

PDT allowed to compare the number of functional blood vessels and to deduce the 

photothrombic efficiency at each set of PDT conditions. For each set of conditions, at least 5 

mice were used.  
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Fluorescence pharmacokinetic studies for measuring vessel leakage 
 
The fluorescence pharmacokinetic leakage profile of FITC-dextran 2000kDa was determined 

as follows. Typically, a volume of 100 µl containing FITC-dextran (25 mg/ml PBS) was 

intravenously (i.v.) injected in the tail vein under the microscope in a co-injection with 

Visudyne®, 10 minutes before irradiation, or separately two hours after the PDT. At regular 

time intervals, fluorescence images of the optical chamber were recorded as a function of time 

over a 4000 to 6000 second period, using excitation light from a Hg-arc lamp filtered for 

excitation at 470 ± 20 nm using a Carl Zeiss “cube filter set 09” (Exc. BP 450-490, DM 

FT510, Em. LP515), with the magnification 2.5x objective, allowing the observation of a field 

1.875 mm large. The time-dependent evolution of the FITC-dextran fluorescence at the 

treated site was quantified and compared to the surrounding non-treated areas.  

As the excitation by the Hg-arc lamp is not entirely homogenous (slightly decreasing from the 

centre to the surrounding of the irradiated field) and to allow comparison of the results (that 

can change over time principally due to the change in power of the Hg-lamp), a disc of rubis 

8Sp3 (diameter 12mm, thickness 1mm) (Hans Stettler, Lyss, Switzerland) is used as reference 

to allow us to estimate the homogeneity of the irradiation and the relative value of 

illumination as it varies from day to day. A fluorescence specific band pass filter was added 

between the “cube filter” and the EM-CCD detector. Chroma filter D693.5/5 and OD2 were 

used for the recording of the reference fluorescence from the rubis. The pictures of the FITC-

dextran fluorescence evolution were divided (pixel by pixel) by this daily “standardising” 

fluorescence image in order to make an intensity correction that will rectify the fluorescence 

values to yield fluorescence intensities quite close to those that we would have obtained with 

a perfectly homogenous and stable excitation light.  
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After performing a registration of the different images of the stack, they become super 

imposable, and a region of interest (ROI) could be defined as a circle comprising the 

irradiated area. All computation on images are performed with the public domain ImageJ 

version 1.37 software (Rasband, W.S., ImageJ, US National Institute of Health, Bethesda, 

Maryland, USA, http://rsb.info.nih.gov/ij/1997-2006) [15]. The mean fluorescence value of 

the non-irradiated areas <fluo(ref)> was subtracted from the mean fluorescence value of the 

ROI <fluo(ROI)>. Afterwards this value was multiplied by the surface of the ROI, S(ROI). As 

the non-treated area (ref) is chosen to have the same vascular density as the irradiated area 

(ROI), this final value corresponds to the accumulation of the fluorescent dye fluorescence 

(FITC-dextran 2000 kDa) outside the vasculature in the treated site. Taking into account the 

very small corrections for tissue optics in this model, this reflects the local PDT-induced 

integrated leakage of the dye. 

IntFluo(ROI) = [<fluo(ROI)> - <fluo(ref)>] * S(ROI) 

 

 

Histological analyses of the tissue in the optical chambers 

In order to assess the tissular histo-pathology within the optical chamber used in this study, a 

number of groups of animals were sacrificed by cervical dislocation for histological 

examination. These groups included mice that had not undergone PDT (n = 5), and mice 

sacrificed 30 minutes (n = 5), or 150 minutes (n = 8) after PDT. Tissue was fixed for 48 hours 

in 5% buffered formalin solution. The skin within the observation chamber was sliced in 1mm 

thick sections, orientated perpendicular to the main vessel axis and embedded in paraffin. 

Four µm thick sections were processed using a standard hematoxylin & eosin staining 

protocol.  The histological samples were entirely examined by a professional pathologist in a 
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blinded fashion. The degree of oedema in the connective tissue as well as the amount of 

inflammatory cells attached to the vessel wall and those already migrated into the surrounding 

connective tissue was scored using a four-level system and expressed semi-quantitatively. Six 

randomly selected areas of each tissue block were digitalized using a high resolution colour 

camera (Nikon digital camera DXM 1200, Japan) mounted on a Photo head microscope 

(Nikon Eclipse E 800 Photo head V-TP, Japan). 200-fold magnification high resolution 

pictures were computed using commercial available image software (Adobe Photoshop 7.0). 

The thickness of the superficial tissue and muscular layer lying over the treated vessels were 

measured and expressed in µm. 
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Results  

PDT occlusion efficacy on physiological mature blood vessels  
 
In order to verify the efficacy of the blood flow stasis and vascular occlusion induced by PDT 

in the skinfold chamber model, and to define the conditions necessary to obtain vessel closure 

comparable to the ones observed in the chorioallantoic membrane model (CAM) [16] and in 

clinical trials [14], an observation of the vascular occlusion induced by PDT was undertaken 

up to 13 days after treatment by means of FITC-dextran fluorescence angiography. In 

preliminary experiments, the tests under clinical conditions (drug-light interval (DLI) of 10 

minutes; Visudyne® 200µg BPD-MA/kg; 50 J/cm2) [14] showed almost no occlusion of the 

treated vessels (data not shown). Hence the mice were treated by Visudyne®-PDT under 

adapted conditions, by increasing drug and light doses (drug between 200µg and 800 µg/kg 

body weight; light between 50 and 200 J/cm2) until reaching a blood vessel occlusion 

comparable to that seen in the CAM and in clinical tests. Before the beginning of irradiation, 

all the blood vessels are well perfused by the photosensitiser at all drug doses. Three hours 

after the end of a treatment using a drug dose of 800 µg/kg and an irradiation of 200 J/cm2, 

the perfusion of the large vessels is not significantly perturbed but most of the capillaries are 

closed, as observed in the clinic. 

This occlusion was present up to 6 days after treatment but thirteen days after treatment, a 

reperfusion of the treated larger vessels is observed and even some of the capillaries are 

reperfused (data not shown). These conditions (DLI: 10 minutes; 800µg BPD-MA/kg; 200 

J/cm2) which lead to semi-permanent PDT effects in term of vascular occlusion were kept for 

the entire study unless otherwise notified.  
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Leukocyte rolling before and after PDT 
 

The labeling of leukocytes by rhodamine-6-G allows a clear visualization of their behavior 

inside the venous bloodstream [10, 12]. The rolling (“slow”) leukocytes are counted as 

indicated above to quantify the vascular acute inflammatory status in the chamber. The 

influence of PDT on leukocyte adhesion was assessed at different times during and after PDT, 

under the applied PDT conditions. As each mouse was tested for its inflammation and as only 

the ones presenting ideal (i.e. non-inflamed) physiological microcirculation were used for the 

assessments, all the mice used for this study presented less than 30 rolling leukocytes/mm 

vessel circumference in 30s, corresponding to “ideal” optical chambers which are defined as 

being essentially without acute inflammation [10]. The quantification of the inflammation 

before PDT was actually 26 ± 3 leukocytes /30s and per mm. As shown in figure 1, this 

quantification of acute inflammation was also performed in this study to observe the response 

of leukocytes after PDT at different times (directly, 30 min, 1h, 2h after PDT). Directly after 

the end of PDT, the rolling leukocytes were counted again, showing that no change in 

reaction of these cells had occurred yet (33 ± 2 leukocytes /30s and per mm). The same 

observation repeated 30 minutes later still did not show any significant increase in the number 

of rolling leukocytes (27 ± 4 leukocytes /30s and per mm). However, 1h after PDT, 106 ± 4 

leukocytes /30s and per mm were counted characterizing an optical chamber with a sign of a 

slight acute inflammation in the vasculature. The inflammatory response induced by PDT was 

more obvious 2 hours after treatment when 213 ± 8 leukocytes /30s and per mm were 

counted.  
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Micropharmacokinetics 

Assessment with different sizes of FITC 
Fluorescein isothiocyanate (FITC) linked with different sizes of dextran (10, 70, 150 and 

2000 kDa) were first assessed by observing the fluorescence pharmacokinetics of their 

leakage in standard conditions (without PDT) in our skinfold chamber model (data not 

shown). From these observations of leakage, the biggest FITC-dextran available in the market 

was chosen (2000 kDa) as fluorescent leakage indicator for this study. This fluorescent dye 

presented almost no leakage without PDT allowing a “clean” the observation of the PDT-

induced leakage and keeping a positive fluorescent contrast between intra- and extra-vascular 

compartments for over 2 hours in the non-treated area.  

Fluorescein isothiocyanate dextran (FITC-dextran) 2000 kDa leakage 
directly after PDT  
 
To assess the effect of PDT on a dye leakage directly after treatment, a solution of FITC-

dextran 2000kDa was intravenously (i.v.) administered in a co-injection with Visudyne®, 10 

minutes before irradiation. PDT was then performed as described above and fluorescence 

images of the FITC distribution inside the optical chamber were recorded as a function of 

time over a 4000 seconds period. Typical sequences of pictures obtained under these 

conditions are presented in figure 2 (A,B), showing an obvious increased leakage from the 

treated area, which furthermore increases with time. The time-dependent evolution of the 

FITC-dextran fluorescence at the treated site was quantified and compared to the surrounding 

non-treated areas.  

The quantification of the accumulation of the fluorescent dye (FITC-dextran 2000 kDa) at the 

treated site reflects the local PDT-induced leakage directly after treatment. It is shown in the 

graph of figure 3.A. where the time 0 corresponds to the bolus co-injection of Visudyne® and 

FITC-dextran. As the FITC-dextran was co-injected with Visudyne®, 10 minutes before 
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irradiation, the first pictures taken immediately after finishing the therapeutic irradiation 

would reflect the early leakage potentially occurring during PDT. Figures 2 and 3.A,B show 

that no significant local leakage was induced during PDT under our conditions in this 

mammal model. 

FITC-dextran 2000 kDa leakage 2 hours after PDT  
 

To assess the effect of PDT on dye leakage 2 hours after treatment, PDT was performed as 

described above. In this case, 2 hours after the end of irradiation, FITC-dextran 2000kDa was 

intravenously (i.v.) injected. The fluorescence images of the FITC distribution inside the 

optical chamber were recorded as a function of time over a 6000 second period. Typical 

sequences of pictures obtained under these conditions are presented in figure 2 (B,C), 

showing an obvious increased leakage at the treated area and its direct surroundings, which 

increased with time. The time-dependent evolution of the FITC-dextran fluorescence at the 

treated site was quantified and compared to the surrounding non-treated areas.  

The quantification of the accumulation of the fluorescent dye (FITC-dextran 2000 kDa) 

around the treated site reflecting the local induced leakage 2 hours after PDT is represented in 

the second part of the graph of figure 3.A. where the time 0 again corresponds to the bolus 

injection of Visudyne® for PDT.  

In both conditions assessed in this study, a clear PDT-induced local leakage was observed in 

every mice, but the leakage quantification (directly and 2 hours after PDT) at the two times of 

observation presented a wide distribution within each treatment group. To clarify these 

possibly bimodal distributions, histological analyses were conducted.  
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Histological analyses of the optical chambers 

In mice with low extravascular leakage after PDT treatment no significant sign of preexisting 

edema was detectable by standard histological examination. The striated muscle tissue 

remained in its regular histological limits and the connective tissue remained compact. No 

inflammatory infiltration was observed in these compartments. Sporadic inflammatory cells 

were observed attaching to the inner vessel wall of post-capillary venules in the groups with 

low vascular leakage without significant difference between the three groups (no PDT, 30 min 

and 150 min after PDT, respectively; figure 4, A). 

Mice with high extravascular leakage showed increased inflammatory cell infiltration in the 

subcutanous tissue as well as increased adhesion of inflammatory cells to the inner vessel wall 

of post-capillary venules. The subcutanous connective tissue showed marked edema, which 

also could be observed within the striated muscle tissue (figure 4, B). 

Measurements of total muscle layer thickness showed no significant difference between the 

two groups (figure 5, grey columns, 60.64µm ± 12.80µm and 64.34µm ± 13.18µm). 

Likewise, the distance between the inner surface covered by the cover glass and the treated 

vessels showed no significant differences between the two groups (figure 5, white columns, 

155.88µm ± 28.18µm and 133.42µm ± 19.00µm, respectively). 
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Discussion  

Photodynamic Therapy (PDT) has been found useful for managing a number of clinical 

disorders involving hyper-vascularisation. It is an approved treatment for solid tumors [17, 

18] and age-related macular degeneration [14, 16]. The general mode of treatment involves 

injection of the photosensitising drug, followed by their photoactivation in situ [19, 20]. These 

drugs are chosen or designed to tend to localize, with some degreed selectivity, in abnormal 

tissues or in newly formed blood vessels. Light activation then produces short-lived cytotoxic 

oxidative species, which can induce localized tissue damage [21]. Benzoporphyrin derivative 

(BPD-MA or Verteporfin) is a fairly hydrophobic chlorin-like photosensitiser that has been 

shown to be highly effective in vivo. Visudyne®, a commercialized form of BPD-MA 

formulated in liposomes which provide an injectable hydrophobic vehicle for intravenous 

drug delivery [13]. With this formulation, after intravenous injection of Visudyne®, and 

breakup of the liposomes the drug is transferred somewhat preferentially to low density 

lipoproteins (LDL). These are large molecules that can transport fatty material in blood and 

which can form a chemical complex with the drug to vehicle it in the bloodstream. The drug 

thus accumulates in the pathologically growing blood vessels that express more LDL 

receptors [22-24]. Because new blood vessel cells have a faster growth rate, it makes their 

endothelial cells thus take up more of the verteporfin than endothelial cells of normal vessels. 

In the present study, the model used was the skinfold chamber of nude mice. This model 

presents a mature vascular network that probably expresses less LDL receptors than the 

corresponding neovessels. We observed in this study, that the vascular occlusion induced by 

PDT under the clinical conditions of drug-light interval (DLI), drug and light doses (DLI= 10 

minutes; 200µg Visudyne®/kg b.w.; 50 J/cm2) were much less effective than in the 

neovasculature of the chorioallantoic membrane of the chicken embryo [16] or in the clinical 
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CNV associated with AMD [14]. This decreased sensitivity to PDT may be to some extent 

attributed to the maturity of the blood vessels in the skinfold chamber, which furthermore 

express less LDL receptor than neovessels. Even in this kind of mature blood vessels, less 

reactive to PDT, dramatic increase in leakage could be obtained in our study, by changing the 

drug and light dose of treatment. In order to induce occlusion by PDT as efficiently as 

observed in the neovascular networks, more drastic PDT conditions were applied in order to 

reach a sufficient blood flow stasis. This could be achieved for instance with 4 fold higher 

drug and light doses (800µg Visudyne®/kg b.w.; 200 J/cm2), while retaining the clinical DLI 

of 10 minutes. All the experiments of this study were thus performed using these PDT 

conditions. An induction of neovascularisation in our model, by deposing an angiogenic 

factor [25] or grafting angiogenic tumor cells [26], will probably increase the sensitivity of 

the endothelial cells to the Visudyne®-PDT, probably inducing an even more important local 

leakage. This is currently under investigation.  

It is well known that following PDT, damage to the microvasculature, in particular to 

endothelial cells [5, 6, 27, 28] and the vascular basement membrane, is induced and leads to 

the establishment of thrombogenic sites within the vessel lumen. This initiates a physiological 

cascade of responses including platelet aggregation [28, 29], the release of vasoactive 

molecules, vessel constriction [30] and leukocyte adhesion. Endothelial cells (ECs) are 

regarded as the blood-tissue interface that rapidly responds to any change in biological 

conditions induced by a trauma such as PDT that can affect the interaction between ECs and 

circulating blood cells. The early defense response of the ECs to any trauma is associated with 

a very fast (within a few seconds or minutes) response to histamine- or thrombin-like agonists 

[31]. These factors together with leucotriene (LTB4) [32] activate the polymorphonuclear 

leukocyte and the up-regulation of their receptors implicated in the inflammatory response 

following PDT. PDT also induces the expression of adhesion molecules such as P-selectins, 
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integrins (such as Mac-1) [32] and intercellular adhesion molecules (ICAM-1) [33-35], all 

known to be involved in leukocyte migration, rolling, adhesion and invasion of the 

perivascular tissue. The migration of leukocytes is followed by so called rolling along the 

inner wall of blood vessel. The leukocytes then become activated and adhere to the 

endothelium and finally transmigrate to the inflammatory site [36]. The reversible adhesion 

(rolling) of the leukocytes along the PDT-treated vascular endothelium microcirculation was 

observed in the present study up to 2 hours after treatment. This rolling is mediated by 

interaction with specific ligands of P-selectin which are present on platelets shortly after 

activation, and L-selectin expressed by the leukocytes themselves [37] as well as E-selectin 

which is present on activated ECs principally expressed within veins.  It was observed in the 

skinfold chamber of nude mice that PDT induced the rolling of leukocytes leading to a low 

grade but well defined case of inflammation [10] one hour after treatment and developing a 

clear and significant case of  inflammation 2 hours after treatment. This behavior of the 

leukocytes towards the endothelium will also influence the local vascular permeability. 

Actually, the development of a PDT-induced acute inflammation is in relation to the 

importance of the PDT-induced leakage. Indeed, the FITC leakage 2 hours after PDT, when 

an acute inflammation was measured, was significantly more important than directly after 

PDT. This could be partially explained by the activity of the leukocytes rolling along the 

vessel wall that contribute to the phenomenon of PDT-induced leakage, thus increasing the 

quantity of fluorescent dye leaking from the treated site 2 hours after PDT.  

A major involvement of vascular endothelial growth factor (VEGF), also referred to as 

vascular permeability factor, is unlikely. VEGF, a regulator vascular permeability [38], is 

barely detectable in untreated tissue, and minimally expressed at 4 hours after PDT under low 

fluence rate conditions, as observed by Snyder et al. [39]. The fact that vascular permeability 
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is increased even after very short time after PDT, insufficient time for up-regulation of VEGF, 

speaks against VEGF-mediated mechanisms.    

The kinetics of PDT-induced FITC leakage represented in figure 3.A. obviously suggest a 

bimodal distributions (for both times of observation) translating different vascular or tissue 

reactions, even if the absence of vascular acute inflammation before PDT was controlled by 

mean of counting the leukocytes rolling along the vessel walls for every mice and despite of 

the identical conditions of treatments and observations. In order to verify the hypothesis that a 

bimodal distribution of leakage profiles does exist, histological observations were then 

performed. One of the hypotheses was that there could be a difference between the 2 groups 

of mice in term of tissue thickness of the optical chambers. The excitation light used for PDT 

first crosses a muscle layer containing some capillaries before passing through a subcutaneous 

layer full of fat cells perfused by bigger blood vessels. One could imagine that if a thicker 

layer of tissue has to be crossed, some photons could be absorbed before reaching the big 

vessels of interest, thus diminishing the efficacy of PDT. However, using the same model, 

lower drug and light doses were applied to perform a PDT under clinical conditions. In these 

conditions, no significant leakage was observed showing that a less efficient PDT-induced 

occlusion could dramatically decrease the induced leakage. The measurement of the different 

layers and the mean tissue thickness of the chambers did not explain the difference of PDT-

induced leakage between the 2 groups of mice (figure 5).  

Nevertheless, these histology observations revealed other clear differences of tissue within the 

same group of treatment. Between the microsurgical implantation of the observation chamber 

and the microscopic observation, a recovery period of 3 days was allowed to eliminate the 

effect of anesthesia and surgical trauma on the microvasculature. Although in most acutely 

prepared tissues, there is always a surgically-induced acute inflammation but at the time of 

experiment, 3 days later, this vascular acute inflammation should be absent [10]. Each mouse 
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was then tested for its vascular inflammation and only the ones presenting ideal physiological 

microcirculation were selected for the study. This assessment controlling the absence of 

rolling leukocytes initiating their departure from the vascularisation exclude a vascular acute 

inflammation but does not exclude extra-vascular differences between the 2 groups of mice. 

The blinded histological analysis of the optical chambers revealed some differences that can 

translate an inter-individual variation in the level of inflammatory response following the 

surgical preparation. The observation of the histology in parallel with pharmacokinetic 

leakage curves reveals that when the tissue was characterised by an oedema in the muscle 

layer together with a clear infiltration of granulocytes outside the blood vessels, invading all 

the subcutaneous tissues of the optical chamber, then the PDT-induced leakage of FITC-

dextran was significantly higher, in both times of observation. 

We can then explain the bimodal distribution by the fact that despite of the exclusion of acute 

vascular inflammation for all the mice at the beginning of the experiment, some of them 

presented some stigmatism of a former surgically induced inflammatory response.  

This modification in tissue structure, linked with chronicle inflammation can potentiate the 

PDT-induced leakage. These histological observations prove the hypothesis that a bimodal 

distribution of leakage profiles does exist, allowing then to present the mean values of PDT-

induced leakage like in figure 3.B. This figure shows that the mean values of the 

quantification of FITC leakage to the interstitial space of the fluorescent drug already reaches 

a high value one hour after injection. More precisely, after 40 minutes of observation, the 

leakage occurring directly after treatment was found to be 6.0*106 (± 2.5*106) arbitrary units 

(a.u.) in the group of mice without any histological sign of chronicle inflammation (curve a in 

Figure 3.B.) when the other group of mice receiving the same conditions of treatment but 

presenting stigmatisms of chronicle inflammation were found to reach 24*106 (± 10* 106) a.u. 

(curve b in Figure 3.B.). For the group of mice where the leakage was assessed 2 hours after 
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PDT, after 40 minutes of observation, the fluorescence values were 47*106 (± 13*106) and 

120*106 (± 26*106) a.u. respectively for healthy (curve c in Figure 3.B.) and chronically 

inflamed chambers (curve d in Figure 3.B.). The comparison between these values allows us 

to conclude that even if the local leakage obtained directly after PDT with a physiological 

chamber is already significant, as illustrated in figure 2.A., the leakage observed under same 

conditions in chronically inflamed chamber leads to 4 fold more important local accumulation 

of the dye. An even more impressive difference is observed in the leakage obtained after 

developing an acute inflammation 2 hours after PDT, when the leakage in physiological 

vessels was found to be 8 fold and 20 fold higher than previously observed without any kind 

of inflammation immediately after PDT. As both age-related macular degeneration and cancer 

are characterized by inflammatory tissue, one could expect a more efficient photodynamic 

drug delivery in these kinds of tissue than in physiological non-inflamed surrounding 

structures. 

Moreover, the leakage observed directly after PDT was strictly localised in the close 

surroundings of the treated area. This could be correlated to the fact that the PDT effect in 

term of vascular occlusion is strictly localised at the site of irradiation. In the opposite, the 

evaluation of the acute inflammation status of the chambers, defined by quantitative 

assessment of the rolling leukocytes was found to be homogenous in the whole chamber, 

meaning that the PDT-induced inflammation is not strictly localised at the site of irradiation. 

Reason why the leakage obtained 2 hours after treatment was found to spread around the 

treated area, as illustrated in figure 2.C,D. No variation of the leakage was observed in the 

non-treated surrounding areas despite of the inflammation occurring after PDT and of course 

no leakage was observed in control animals. 
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Conclusion 
The goal of this project was to study the capacity of PDT to specifically make the treated 

blood vessels more permeable in order to improve local drug delivery. The model used was 

the dorsal skinfold chamber in nude mice allowing intravital microscopy observations. The 

local inflammation and the transvascular leakage of a macromolecule (2000 kDa FITC 

dextran) were quantify at different times after Visudyne®-mediated PDT. This treatment 

results in interruption of endothelial integrity. We measured an increase in leukocytes rolling, 

translating the development of an acute inflammatory vascular response over 2 hours 

following PDT. Furthermore, a time-dependent transient increase of local vascular 

permeability was observed. This leakage was clearly influenced by the chronic tissue 

inflammatory status of the subcutaneous structures. This observation is of major interest as 

many clinical situations present PDT-treatable diseases associated with inflammatory tissue 

status. This concept has the potential to improve the drug delivery of cytostatic drugs in 

chemoresistant tumours or anti-angiogenic drugs in AMD.  
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Figure 1: Quantification of the vascular acute inflammatory status of the chamber at different times 
after PDT (DLI of 10 minutes, 800 µg BPD-MA/kg and 200 J/cm2). All the mice used for this study 
presented less than 30 rolling leukocytes/mm vessel circumference in 30s, corresponding to ideal 
optical chambers without any acute inflammation. The quantification of the inflammation before PDT 
was actually 26 ± 3 leukocytes /30s and per mm. Directly after the end of the PDT, the rolling 
leukocytes were counted again, showing that no change in reaction of these cells has occurred yet (33 
± 2 leukocytes /30s and per mm). The same observation repeated 30 minutes later still did not show 
any increase in the number of rolling leukocytes (27 ± 4 leukocytes /30s and per mm). 1h after PDT, 
106 ± 4 leukocytes /30s and per mm were counted characterizing tissue in the optical chamber with a 
sign of a slight acute inflammation. This inflammatory response was more obvious 2 hours after 
treatment when 213 ± 8 leukocytes /30s and per mm were counted.  
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Figure 2:  To assess the effect of PDT on a dye leakage directly after treatment (A, B) and 2 
hours after PDT (C, D), a solution of FITC-dextran 2000kDa was intravenously (i.v.) 
administered 10 minutes before irradiation and 2 hours after PDT respectively. PDT was then 
performed and fluorescence images of the FITC distribution inside the optical chamber were 
recorded as a function of time over a 5000 and 4000 seconds period respectively. Typical 
sequences of pictures obtained under these conditions showed an obvious increased local 
leakage from the treated area, increasing with time. This phenomenon was more and more 
important from the sequence A to D.  
Captions related to the discussion: After histological analysis and leukocytes behavior 
observations, we can conclude that the sequence A presented no sign of any kind of 
inflammation; sequence B corresponds to a sequence obtained with mice presenting chronicle 
tissue inflammation; C is a typical sequence found in mice presenting acute vascular 
inflammation and finally D represents the case where both acute and chronicle inflammations 
were observed. 
 
 

A 

B 

C 

D 



   

 94 

 
 
Figure 3: Quantification of the accumulation of the fluorescent dye (FITC-dextran 2000 kDa) around 
the treated site reflecting the local PDT-induced leakage directly after treatment is represented in the 
first part of the graph, where time 0 corresponds to the injection of Visudyne®. The same observation 
of the induced leakage 2 hours after PDT is represented in the second part of the graph. (A)  All mice 
values are reported in the graph. A clear PDT-induced local leakage was observed in every mice, but 
the leakage quantification (directly and 2 hours after PDT) at the two times of observation presented a 
large distribution within the same group of treatment. (B) The mean values of the different groups of 
mice allow some comparisons. After 40 minutes of observation, the leakage occurring directly after 
treatment was found to be 6.0*106 (± 2.5*106) arbitrary units (a.u.) in the group of mice without any 
histological sign of chronicle inflammation when the other group of mice receiving the same 
conditions of treatment but presenting stigmatisms of chronicle inflammation were found to reach 
24*106 (± 10* 106) a.u. For the group of mice where the leakage was assessed 2 hours after PDT, after 
40 minutes of observation, the fluorescence values were 47*106 (± 13*106) and 120*106 (± 26*106) 
a.u. respectively for healthy and chronically inflamed chambers. 
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Figure 4: (A) In mice with low extravascular leakage after PDT treatment no significant sign 
of preexisting edema was detectable by standard histological examination. The striated 
muscle tissue remained in its regular histological limits and the connective tissue remained 
compact. No inflammatory infiltration was observed in these compartments. Sporadic 
inflammatory cells were observed attaching to the inner vessel wall of post-capillary venules 
in the groups with low vascular leakage without significant difference between the three 
groups (no PDT, 30 min and 150 min after PDT, respectively). 
(B) Mice with high extravascular leakage showed increased inflammatory cell infiltration in 
the subcutanous tissue as well as increased adhesion of inflammatory cells to the inner vessel 
wall of post-capillary venules. The subcutanous connective tissue showed marked edema, 
which also could be observed within the striated muscle tissue. 
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Figure 5: This picture shows the mean values of the tissue layers measurements on 
histological sample of the skinfold chamber of mice from the curves d and c shown in Figure 
3.B., respectively corresponding to high and low leakage observed 2 hours after PDT. 
Measurements of the total muscle layer thickness showed no significant difference between 
the two groups (grey columns, 60.64µm ± 12.80µm and 64.34µm ± 13.18µm, respectively). 
Likewise, the distance between the inner surface covered by the glass and the treated vessels 
showed no significant difference between the groups d and c (white columns, 155.88µm ± 
28.18µm and 133.42µm ± 19.00µm, respectively). 
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Chapitre 5 
Tumour grafting in the 

skinfold chamber of nude 
mice observed by intravital  
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Introduction 

The experiments exposed in the chapter 4 of this thesis work, entitled “Photodynamic 

selective drug delivery for combination therapy investigated in the skinfold chamber of nude 

mice observed by intravital microscopy” were performed in physiological mature blood 

vessels. This mammal model that allowed obtaining standard results could also be further 

developed to comprise neo -or tumoral- vasculature. The induction of neovessels in the 

skinfold chamber can be achieved by deposing an angiogenic factor (such as VEGF) a few 

days before PDT [1]. Tumoral blood vessels could also be induced by grafting angiogenic 

tumour cells in the chamber [2]. One of the techniques consists of deposing a solution 

comprising tumour cells on the optical chamber and to wait for the growth of the tumour until 

it induces tumoral neovessels. Actually, most quantitative information on tumour 

angiogenesis, microcirculation, and transport has been derived from tumours grown in 

transparent chamber preparations. Another technique consists of deposing a piece of tumour, 

already about 1 mm3 in size, which should enhance the formation of neovessels in shorter 

time delay. This would allow reducing the time interval between the implantation of the 

optical chamber and the PDT experiments, thus shortening the overall time for the 

experiments, which is better for the mouse and for the integrity of its optical chamber. The 

immunodeficience of the nude mouse used in the chapter 4 and in the present chapter allows 

the implantation of human tumour xenograft in their skinfold chamber. The dorsal skinfold 

chamber can be used for the growth of human cancer cell lines. The growth for instance of 

angiogenic H-Meso-1 tumour cells in the optical chamber can and will be furthermore used 

for assessment of photodynamic drug delivery. Within this concept, this chapter consists of 

observing the evolution of this type of tumour graft. 
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Materials and Methods 

The Swiss nude mice were provided by Charles River Laboratories (L'Arbresle, France). First, 

the tumour is formed by a subcutaneous injection of human mesothelioma tumour cells (H-

Meso-1) on the shoulder, on top of the scapula of a first nude mouse. When the size of the 

tumour reaches a diameter of around 5 mm, the mouse is sacrificed by cervical dislocation 

and the tumour is carefully removed and dissected in pieces of about 1 mm3 excluding 

necrotic tissues. These pieces of tumour can then be used for the implantation in the middle of 

the skinfold chamber of other nude mice. The experimental preparation of the skinfold 

chamber is the same as descrbied in the chapter 4 of this thesis, thus following the work of 

Lehr et al. [3, 4]. The experiments of tumour grafting were conducted in accordance with the 

national and institutional guides for the care and use of animals (cantonal veterinary 

authorisation n°1915). 

Between the implantation of the observation chamber and the graft of the tumor, a recovery 

period of 24 hours was allowed to control the integrity and the good quality of the tissue after 

surgery. Trans-illumination microscopy and Achroplan objectives 2.5x and 4x (described in 

chapter 4) were used to observe the evolution of the tumour growth until the 9th days 

following the graft.  

Fluorescein isothiocyanate (FITC) –dextran 2000 kDa was intravenously administered to 

observe the vasculature in the optical chamber and to assess if tumoral neovessels are being 

developed in the graft.  

Results 

The in vivo model of the skinfold chamber on the nude mouse can be used for the observation 

of tumour growth. This model could also be of great interest to further assess new treatment 

modalities such as the photodynamic drug delivery pathway and combination therapy. The 
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preliminary assessments exposed in this chapter show the development of a human tumour 

graft (H-Meso-I) and its neovascularisation. In this chapter, a typical sequence of pictures 

taken during the 9 days following the surgical grafting is shown. Figures A, B show pictures 

taken by white light trans-illumination, at day 1 following the deposit of a 1 mm3 piece of 

tumour in the optical chamber. These pictures clearly show that the integrity of the blood 

vessels is well preserved. At day 2 (Figures C, D), one can note that the straightness of the 

blood vessels is perturbed by the graft, giving some tortuous shape to the main vasculature. 

The size of the tumour remains the same for the whole time of observation. During the 3 next 

days, no obvious change in shape, size, colour of the blood vessels and tumour graft was 

noted (data not show) but from the 6th day following the implant, a clear vascular reaction 

appears around the graft.  

Two main phenomena were observed: 

1) First, if we compare the junction of blood vessels encircled in Figures D and F, 

one can note that at day 2, the 2 branches of the vessel almost have similar 

diameters. On the opposite, four days later (Figures E, F) a clear vasodilation 

occurs in the branch situated in the neighbourhood of the graft (black arrow) 

showing a recruitment of the blood flow to help in the feeding of the tumour.   

2) Secondly, Figure E shows small capillaries around the tumour that were absent 

before this day. These blood vessels are newly formed by angiogenesis, i.e. they 

bud perpendicularly from bigger pre-existing blood vessels (white arrows). The 

orientation of the pre-existing capillaries is also influenced by the graft, as we 

observed that they converge toward the tumour forming an almost parallel 

network. These different phenomena giving a reddish colour in Figure F around 

and inside the graft are signs of beginning of neovascularisation, together with a 

slight inflammation of the tissue.  
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Figure G gives an idea of the macroscopic aspect of the optical chamber at that stage of 

observation, when the graft and its surroundings present a reddish aspect. 

From day 8, pictures were taken by mean of a new digital camera fixed to the objective of the 

microscope allowing variation the optical filters in order to improve the contrasts. 

Additionally, an intravenous injection of FITC 150 kDa allowed observing daily the evolution 

of the perfusion of the vasculature. These injections of a fluorescent dye should not be 

performed from the beginning of the observation (during 10 days) otherwise the accumulation 

of the residual fluorescence would dramatically decrease the contrast.  

Figure H was taken with a white trans-illumination together with an epi-illumination at 470 

nm. In this picture, we see that a dense vascular network surrounds the tumour and that the 

entire graft has blood spots both translating an evolution in the perfusion of the tumour. This 

neovascularisation around the tumour is confirmed by a hyperfluorescence around the graft 

observed after injection of FITC in Figure I. The observation of the intravascular FITC with a 

bigger magnification (4x instead of 2.5x for the other pictures), as illustrated in figure J, 

shows hypofluorescent blood spots, probably due to leaky vessels, giving a better contrast that 

allows observing some blood vessels passing through the tumour (see black arrows).  
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Conclusion 

With all the observations of these preliminary assessments of tumour graft on the skinfold 

chamber of nude mice, we can conclude that the H-Meso-I can grow efficiently under the skin 

of a first host nude mouse in one week. A piece of this tumour can be efficiently transplanted 

and tolerated by another nude mouse carrying an optical skinfold chamber. This tumour graft 

develops some neovessels that are observable already 9 days after grafting. This model is the 

suitable to perform some experiments focusing on the vascular effects of photodynamic 

therapy. 
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Conclusion and ideas for the future… 

The experiments in the chorioallantoic membrane model (CAM) showed that modulation of 

the vascular PDT effects can lead to an enhanced local leakage (chapter 2). This modulation 

was achieved by administrating aspirin shortly before PDT treatment [1]. Aspirin acting 

principally as anti-aggregating factor delayed, but did not decrease, the PDT-induced 

formation of the thrombus. One of the advantages of this approach is its fast biochemical 

action after injection. One of its possible drawbacks is the irreversible activity on platelets [2, 

3]. Furthermore, with a sufficient drug dose, acetylsalicylic acid also has an anti-inflammatory 

activity [4]. The haemostasis is thus difficult to quantitatively control in time. Delaying the 

vascular PDT effect to increase the local leakage before closure of the treated vessel requires 

a strictly controlled inhibition of platelet aggregation. Hence it is proposed here to use another 

anti-platelet drug acting exclusively at the level of platelet aggregation, thus avoiding other 

pharmacological activities. Integrilin® and Aggrastat® are possible candidates for this 

purpose. Integrilin® (Essex Chemie) [3] is an eptifibatidium speciality that acts by inhibiting 

the binding of fibrinogen and von Willebrand factor to the glycoprotein (Gp) IIb/IIIa receptor, 

which is the main receptor responsible for the platelet aggregation. Its activity on 

thrombocitar function is rapidly reversible and dose dependant. Aggrastat® (MSD) [3] is a 

triofiban derivative that acts as a non-peptidic antagonist of the Gp IIb/IIIa receptor, also 

inhibiting the thrombus formation with a reversible effect. Both of them should in further 

experiments be assessed and compared to aspirin in a combination therapy using Visudyne®-

PDT in this model. 

As observed in this thesis, the two main phenomena observed during and shortly after PDT 

are vasoconstriction and thrombus formation in the treated vessels (chapter 3). In the 

framework of this thesis, in order to delay the PDT-induced occlusion of the blood vessel to 
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allow the leakage of a fluorescent dye, we focused on the inhibition of platelet aggregation. 

The observed leakage may be optimized in a further study by temporary inhibiting not only 

the platelet aggregation but also the vasoconstriction induced by PDT. Delaying both these 

phenomena could be a possibility to optimize the photodynamic drug delivery. A drug acting 

as vasodilator is one possibility. Flolan® could be a better candidate for this purpose. Flolan® 

(Glaxo-SmithKline) [3] is an epoprostenol speciality that is a synthetic prostacyclin. It 

induces an inhibition of platelet function, combined with a vasodilator effect, both reversible. 

In chapter 2 of the thesis, the model used was the chorioallantoic membrane model (CAM) of 

the chicken embryo where no leakage was observed during Visudyne®-PDT without aspirin, 

due to a sticking effect of the platelets. As described previously, to observe an increased 

leakage, before PDT, we must administrate a drug which delays thrombus formation. On the 

contrary, in chapter 4 of this thesis performed where we worked with  the skinfold chamber of 

the nude mouse, an increase in leakage is shown and measured at two times (directly and 2h 

after PDT), even in the absence of aspirin or any other substance which delays clotting. In a 

further study, it would be interesting to assess in this mammal model the influence of aspirin 

or another inhibitor of the platelet function on the PDT-increased leakage.  

One explaination for the absence of observable aspirin effect, is that with low doses of aspirin, 

an inhibition of the platelet aggregation is achieved, potentially increasing the leakage 

observed directly after PDT, when the thrombus formation is normally already initiated by 

Visudyne®-PDT in the skinfold chamber. If a sufficiently low dose of aspirin is used, it 

should not have any effect on the leukocyte kinetics. A high dose of aspirin could on the 

contrary interfere with the leukocytes activation by PDT, thus modulating their adhesion to 

the vessel wall of veins and maybe influencing the local leakage 2 hours after PDT. As the 

leukocytes are also involved in the increase in vessel permeability, their inhibition by a non 

steroidal anti-inflammatory drug, such as aspirin, could diminish the leakage. One could 
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imagine to “play” with all these parameters in order to optimise the control of the local dosage 

in time and quantity.   

In the experiments performed in this thesis, fluorescein isothiocianate linked with different 

sizes of sugar was used as fluorescent leakage indicator. These fluorescent molecules have 

molecular weights between 10 kDa (chapters 2, 3) and 2000 kDa (chapter 4). Under the 

conditions chosen for these studies, the latter was able to extravasate from the blood vessel of 

the skinfold of the mouse. In a further study, one can imagine to assess a larger molecule or 

particle to find the steric limit of leakage induced under our PDT conditions. In another study 

of our group, biodegradable nanoparticles with different sizes ranging from 121 and 343 nm 

were tested into the CAM model for their leakage kinetics, demonstrating that the leakage is 

dependent on the size of nanoparticle drug carrier. Indeed, at the applied conditions, the large 

nanoparticles (300 nm) are apparently rapidely recognised by the reticulo-endothelial system 

decreasing their circulation time [5]. This study showed that the nanoparticle with a size 

around 100 nm had a longer circulation time than the larger particles. As the FITC-dextran 

2000 kDa is in the same order of size, one could expect to have a similar vascular behaviour 

as observed for the nanoparticles of 100 nm. This mean size of nanoparticles allows the drug 

to keep circulating without leaking fast everywhere in the body, thus preventing adverse 

events due to the interactions with the non-targeted tissue. This type of biocompatible 

nanoparticles, as described by Konan et al. [6] offers the possibility of encapsulating an active 

drug that can be vehicled to the target tissue. If the leakage of these nanoparticles can be 

locally increased by PDT, the local delivery of a nano-encapsulated chemotherapeutic drug 

could be envisaged.  

For all the experiments of this thesis, the photosensitiser used was Visudyne® that is well 

known for its vascular PDT efficacy [7]. Other photosensitisers with vascular PDT effects, 

such as Tookad [8] could also be tested for their ability to increase the vascular permeability 
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with and without delaying the blood clot formation. The pathway leading to the photo-

occlusion could be somehow different than with Visudyne®. It would be interesting to 

evaluate if another pharmacodynamics of PDT occlusion could also lead to a local leakage. 

A variation of the conditions of PDT, such as using a lower fluence rate [9] should be tested 

to evaluate its influence on the PDT-induced leakage, maybe with higher efficacy due to the 

renewal of oxygen needed for PDT reactions, which under our conditions may be somewhat 

limited by diffusion. 

In the experiments exposed in chapter 4 of this thesis, we studied the influence of PDT on the 

vascular permeability in the skinfold chamber of nude mice observed by intravital microscopy 

(IVM). This mammal model allowed to assess the PDT-induced leakage in physiological 

mature blood vessels to obtain standard results but can also be further developed to comprise 

a tumoral vasculature. Different models comprising cancer cells have been developed [10] to 

assess the photodynamic delivery pathway in the tumoral vasculature. One of the possibilities 

is to graft a piece of tumour inside the skinfold chamber of the nude mouse. This is shown in 

the preliminary experiments of chapter 5 of this thesis. The induction of neovessels in tissue 

within the skinfold chamber might also be achieved by deposing an angiogenic factor (such as 

VEGF) a few days before PDT [11].  

As explained in the discussion of the chapter 4, an induction of neovascularisation in the 

skinfold chamber model, by deposing an angiogenic factor or grafting angiogenic tumor cells 

(as explained in chapter 5), could increase the sensitivity of the endothelial cells to the 

Visudyne®-PDT, suggesting the use of lower drug/light doses to obtain the same level of 

vessel occlusion and maybe different kinetics of leakage.  

Another study already begun, following the lines started in this thesis is being performed in 

mesothelioma bearing rats, (Methylcholanthrene-induced sarcoma (MCA)). This study is 

performed within of the collaboration between the EPFL and the CHUV of Lausanne to 
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evaluate if a pre-treatment by intraoperative photodynamic therapy of the chest cavity in 

malignant pleural mesothelioma bearing rats [12] inducing a vascular local leakage could 

increase the efficacy of cytostatic perfusion of the isolated lung (ILP) [13].  

If this is the case, this new therapeutic approach offered by the photodynamic drug delivery 

could be a new opening for several cancers for which until now, there is no efficient curative 

treatment, such as mesothelioma [14, 15]. The incidence of malignant mesothelioma, 

principally due to contacts with asbestos, is still growing and is likely to do so beyond 2020 

[16-18]. Mesothelioma is a serious form of cancer that occurs usually on the visceral pleura in 

the thorax. Until now, there’s no efficient curative treatment. The treatment currently 

proposed includes surgery, followed by chimiotherapy and radiotherapy. In spite of these tri-

therapies, the prognosis remains very poor because of the frequent local recurrence. 

Innovating therapies are consequently necessary in order to thwart this disease resistant to the 

therapies traditionally used in oncology. Cytostatic perfusion of the isolated lung (ILP) is 

already an attractive therapeutic concept because it allows to deliver a higher dose of 

cytostatic agent (such as doxorubicin) exclusively to the targeted organ, preserving systemic 

circulation and the adverse side effects [13, 19-21]. This ILP technique has been investigated 

in different studies in the Thoracic Surgery group of Professor Ris in the CHUV of Lausanne. 

Actually, doxorubicin is associated with important side effects, especially cardiotoxicity [3, 

22] with high systemic doses. ILP based on doxorubicin (doxo-ILP) has been investigated in 

different phase I clinical studies and its feasibility has been demonstrated but up to now 

without any convincing efficacy [19-21]. Even if an amount of doxorubicin 10 times higher 

usual is accumulated in the lung compared to systemic circulation after ILP, space 

heterogeneity of the doxorubicin in the lung and a weak penetration of the substance in 

tumoral cells were observed. One does note an accumulation of doxorubicin in the tumoral 

vessel wall. This tumoral penetration was neither modified by the technique of perfusion 
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applied nor by the pegylation of the doxorubicin and its encapsulation in liposomes. 

Consequently, other innovating pre-treatments must be explored to overcome the 

accumulation of drug in the vessel wall in order increase the tumoral drug delivery and 

cellular uptake of the cytostatic agent during isolated lung perfusion based on doxorubicin 

(doxo-ILP). The goal of the future study, involving collaboration between EPFL and CHUV, 

is then to study the capacity of photodynamic therapy to specifically make the tumour vessels 

more permeable during the ILP in order to improve the tumoral penetration of doxorubicin 

and its liposomal/pegylated forms. A local leakage, as observed in the chorioallantoic 

membrane model and in the skinfold chamber of the nude mouse, could be promising for the 

treatment of cancers, by enhancing the drug delivery of chemotherapeutic agents. The fiber 

optic light delivered PDT will induce a local increase in leakage that will allow the local 

leakage of a chemotherapeutic. If this investigation which is under way in the rat model 

confirms our expectations, it will be used in clinical trials in the very near future. 

Additionally to these two kinds of pre-clinical assessments of PDT-induced leakage into a 

skinfold chamber grafted with H-MESO-1 tumor cells, and in the MCA-induced sarcoma 

bearing rats, experiment could be performed to assess combination therapy for the treatment 

of age-related macular degeneration (AMD).  

Many studies considered the use of Visudyne®-PDT in combination with intra-vitreous 

injection of anti-inflammatory or angiostatic agents as well as anti-VEGF antibodies. These 

therapies revealed promising outcomes [23, 24]. A PDT-induced enhancement in vascular 

permeability could allow avoiding the discomfort of the currently used repetitive intra-ocular 

administration by replacing it with a drug delivery from systemic circulation. This innovative 

drug delivery could also reduce the frequency of injection. 
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