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Introduction générale

La photothérapie dynamique (PDT) constitue aujbwicine approche prometteuse et
innovante pour le traitement de tumeurs cancéralesegtite taille et accessibles a la lumiere.
@) Les applications cliniques de cette thérapie sernplus en plus nombreuses et donnent des
résultats encourageants dans le traitement, notatrde carcinome$®aso-cellulaires, de
petites tumeurs des voies aérodigestives supésiaaeessibles par endoscopie, de tumeurs
de la vessie et de tumeurs cutané®<En raison de son efficacité thérapeutique et de se
effets secondaires mineurs par rapport a la chivérapie et la radiothérapie, la PDT est, pour
beaucoup, considérée comme une véritable alteen#itierapeutique pour le traitement de
certains types de cancer comme le rétinoblastétnene tumeur maligne intraoculaire chez
I'enfant qui se manifeste avec une incidence dsad@ naissance$’

La PDT permet la destruction d’'une tumeur par uection photochimique. Son
principe est basé sur I'action conjuguée d’'un meadent dit photosensibilisateur (PS), de
lumiere et d’'oxygene. Le photosensibilisateur, adstié par voie intraveineuse, se fixe au
niveau de la tumeur. Aprés un délai adapté spé@fitent a la tumeur a traiter, celle-ci est
irradiée par un laser dont la longueur d'onde gpoed a une bande d’absorption du
photosensibilisateur. La molécule excitée prodlotsades espéces réactives de I'oxygéne,
comme l'oxygéne singulet et des radicaux libreg, epurainent une nécrose tissulaire. La
plupart des photosensibilisateurs utilisés en PRFgéementale et clinique sont des dérivés
porphyriniques, constitués d'un noyau macrocycliquesponsable de la réaction
photochimique et de substituants périphériques qomtrolent la pénétration et la
pharmacocinétique des molécules. L’efficacité déstgsensibilisateurs dépend de leur
solubilité, de leur distribution préférentielle aiveau des tumeurs et de leur capacité a
interagir avec la membrane cellulaire pour pénédeers la cellule. La sélectivité tumorale
dépend essentiellement de la nature du tissu tertrei de celle du photosensibilisateur.
Plusieurs stratégies de ciblage tumoral ont étpgqa®es parmi lesquelles la vectorisation
active par des systémes colloidaux (nanoparticifeset liposomes®, furtifs V) et
fonctionnalisés). Elles ne seront pas abordées damseémoire. Nous nous intéresserons aux
stratégies qui consistent a modifier les moléceles-mémes. L'une d’elles, développée par
I'équipe du Dr. Philippe Maillard a lInstitut Ceri(UMR CNRS 176) consiste en une
glycoconjugaison de macrocycles tétrapyrroliquastnes.®!? Cette glycoconjugaison a un
double intérét : elle permet, d’'une part, de medifiamphiphilie des macrocycles, parametre
important pour leur solubilité et leur pénétratigcar les porphyrines sont tres hydrophobes),
et d’autre part, de cibler des récepteurs memhmesaeconnaissant les sucres, surexprimes a

la surface de certaines cellules cancéreuses, cdesreellules Y79 de rétinoblastom&*?
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Des études de photocytoxicité de ces dérivés gtygagues (en particulier les dérivés
mannosylés et galactosylés) réalisées a linst@utie, ont montré que certains de ces
composés, notamment les dérivés asymétriques peésame pénétration intracellulaire et
une phototoxicité plus élevées que les dérivésgipeoconjugués, vis-a-vis des cellules de
rétinoblastome. L’équipe de Philippe Maillard s’esientée depuis, vers la synthése de
nouvelles porphyrines avec une structure dendrguériqui permettrait d’amplifier le

caractere amphiphile de ces molécules en créamhéene temps unlusterde sucres. Cette

nouvelle structure pourrait favoriser linteracti@pécifique de ces molécules avec les

récepteurs membranaires. (Figure 1)
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Figure 1 : Structure chimique des porphyrines dendrimériques.

L'objectif principal de cette thése est d'identifies caractéristiques physico-chimiques qui

pourraient déterminer la pénétration intracell@aide porphyrines dendrimériques

mannosylées, destinées au ciblage de récepteusidaes surexprimés a la surface des
cellules du rétinoblastome.

Pour atteindre cet objectif, nous avons constred chodéles membranaires artificiels du

rétinoblastome portant ou non une lectine spédfiglu mannose et réalisé une série
d’expériences afin d’établir une relation entratiaicture de ces porphyrines et leur capacité a

interagir avec la membrane cytoplasmique, d’'une, gdrd’étre reconnu par les récepteurs
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reconnaissant le mannose, d’autre part. Ce tralaibit permettre d’orienter les chimistes
vers la conception de nouveaux composés dintdrétapeutique, ayant une sélectivité

améliorée vis-a-vis des cellules tumorales.

Ce mémoire de these est organisé en deux parties.

La premiéere partie, purement bibliographique (article 1), expose datexte du sujet. Elle
décrit, d’'une part, la PDT et les principaux désiygrphyriniques d’intérét, la composition
membranaire des cellules et les changements inglite cancer et, d’autre part, les modeles
biomimétiques artificiels utilisés pour l'analyseé & quantification des interactions
photosensibilisateurs-membrane, avec leurs avamtageinconvénients par rapport aux
cultures cellulaires.

La deuxieme partiedécrit les travaux expérimentauile est subdivisée en trois chapitres.
Le premier chapitre traite du comportement interfacial des porphyrigesdrimériques
étudiées et de leur interaction non spécifique awex matrice lipidique, présentée soit sous
forme de monocouche, soit sous forme de liposoreéonSsa composition, cette matrice
constitue soit leur véhicule solubilisant (arti@g soit le modele simplifié de la membrane
cellulaire du rétinoblastome (article 3).

Le deuxieme chapitreest consacrée a I'étude plus particuliere de Fadtgon spécifique
entre les porphyrines, libres ou incorporées dassligosomes, et une lectine spécifique du
mannose mimant le récepteur porté par les celtidagtinoblastome (article 4).

Le troisieme chapitre expose la construction et la caractérisation gyshimique d’un
modéle membranaire du rétinoblastome composé diagice lipidigue bicouche et
exposant a sa surface la lectine spécifique du osmat son interaction avec les porphyrines
incorporées dans des liposomes (article 5).

Cette partieest suivie d’'unaliscussion généraleui revient sur les différents points soulevés

dans les trois chapitres et fait le lien avec lauce cellulaire.

Enfin, la conclusion générale dégage les principgsultats issus de ce travail en évoquant,
plus généralement, lintérét des modeles membramacomme outil pour I'étude de

l'interaction des substances actives avec la memebrgtoplasmique.



Introduction générale

Références:

1.

2.

10.

11.

Ackroyd, R., Kelty, C., Brown, N., and Reed, NROO1l) The History of Photodetection and
Photodynamic Therapy&parBhotochemistry and Photobiology, 656-669.

Dolmans, D. E., Fukumura, D., and Jain, R. KO0O@ Photodynamic therapy for cancdlat Rev
Cancer3, 380-387.

Stephan, H., Boeloeni, R., Eggert, A., Bornfé\d, Schueler, A. (2008) Photodynamic Therapy in
Retinoblastoma: Effects of Verteporfin on Retinaldana Cell Linesinvest. Ophthalmol. Vis. Set9,
3158-3163.

Doz, F. (2006) Rétinoblastome : aspects récAnth,. de Pédiatriel3, 1329-1337.

Chatterjee, D. K., Fong, L. S., and Zhang, YOO8 Nanoparticles in photodynamic therapy: An
emerging paradignAdvanced Drug Delivery Reviews, 1627-1637.

Hoebeke, M. (1995) The importance of liposomssnadels and tools in the understanding of
photosensitization mechanisnds Photochem. and Photobiol. B. BiaB, 189-196.

Nawalany, K., Rusin, A., Kepczynski, M., Mikhai, A., Kramer-Marek, G., Snietura, M., Poltowicz,
J., Krawczyk, Z., and Nowakowska, M. (2009) Comgami of photodynamic efficacy of
tetraarylporphyrin pegylated or encapsulated indgmes: In vitro studiedournal of Photochemistry
and Photobiology B: Biolog97, 8-17.

Laville, 1., Figueiredo, T., Loock, B., Pigagli8., Maillard, Ph., Grierson, D.S., Carrez, D.gi€y, A.,
Blais, J. (2003) Synthesis, cellular internalizatiand photodynamic activity of glucoconjugated
derivatives of tri and tetra(meta-hydroxyphenyliriis, Bioorg. & Med. Cheml1, 1643-1652.

Laville, 1., Pigaglio, S., Blais, J. C., Lood&,, Maillard, Ph., Grierson, D.S., Blais, J. (20@43tudy of
the stability of tri(glucosyloxyphenyl)chlorin, a@rmssitizer for photodynamic therapy, in human colon
tumoural cells: a liquid chromatography and MALDBF mass spectrometry analyd$oorg. & Med.
Chem.12, 3673-3682.

Laville, I., Pigaglio, S., Blais, J. C., Doz, Eoock, B., Maillard, Ph., Grierson, D.S., Blaik, (2006)
Photodynamic Efficiency of Diethylene Glycol-Linke&lycoconjugated Porphyrins in Human
Retinoblastoma Cellg,. Med. Chen49, 2558-2567.

Maillard, P., Loock, B., Grierson, D. S., Lad@jll., Blais, J., Doz, F., Desjardins, L., Carréz,
Guerquin-Kern, J. L., Croisy, A. (2007) In vitro qtbtoxicity of glycoconjugated porphyrins and
chlorins in colorectal adenocarcinoma (HT29) antihoblastoma (Y79) cell linesP?hotodiag. and
Photody. Ther4, 261-268.



Partie bibliographique

Partie bibliographique



Partie bibliographique

Article 1: Interest of Biomimetic Membranes Designe  d for
the Evaluation of Photosensitizers Interaction with a Caell
Membrane

Ali Makky and Véronique Rosilio

Etude bibliographique soumise

10



Partie bibliographique

I nter est of Biomimetic Membranes Designed for the Evaluation of

Photosensitizers I nteraction with a Cell Membrane

Ali Makky®® and Véronique Rosilfd*
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Dans cette partie, nous présentons une revueodibphique qui décrit d’abord la
photothérapie dynamique, ses applications, lescipdoix dérivés porphyriniques d’intérét
thérapeutique, l'altération de la composition meanlire des cellules induite par le cancer.
Puis, nous faisons une synthese des travaux suandeéles biomimétiques artificiels utilisés
pour I'analyse et la quantification des interacsig@motosensibilisateurs-membrane, avec leurs

avantages et inconvénients par rapport aux culteigaires.
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Introduction

Therapeutic properties of light have been knowrtHousands of years. However, it is
only recently that light has begun to be appliedesgedly in medicine and surgery,
dermatology and photodynamic therapy of many can&&Photodynamic therapy (PDT) is
now considered as promising for the treatment ofoua diseases including superficial
tumours such as basal cell carcinomas of the gkiread and neck tumours, as well as those
accessible by endoscopy like oesophageal and lamgecs.® Moreover, due to its
therapeutic efficacy and its fewer side effects parad to chemotherapy and radiotherapy,
PDT is considered as an alternative treatment fames rare cancer types such as
retinoblastoma®

PDT involves the use of a nontoxic photosensitizagent, which accumulates
preferentially in neoplasic tissues. After a certdelay, the photosensitizer is excited with
light of appropriate wavelength. In this state,iftteraction with molecular oxygen results in
the release of reactive oxygen species (ROS), medlyesinglet oxygen, which oxidize
intracellular target§”? and lead to irreversible damage and consecutilfeeath® (Figure
2). However, the selectivity of photosensitizerwdads tumour cells is often insufficient for
PDT efficacy. Indeed, it has been demonstratedithatost cases, the ratio of sensitizer in a
tumour tissue relative to the surrounding one ual2:1, only® In addition, singlet oxygen
species have a very short lifetime (s<) and their diffusion length is 0.01 to 040@ during
this period. ? Therefore, photodamage is limited to the sitesP& (photosensitizer)
accumulation® which are usually the plasma membrane, mitochandyolgi apparatus,
lysosomes, endosomes and endoplasmic reticdfiGonsequently, photosensitizers uptake
by cancer cells and their subcellular localizatoe crucial for efficient photochemistry. It is
noteworthy that the affinity of a photosensitizer fa cell membrane is governed by its
amphiphilic character, which is dependent on thgioehemical arrangement of the
hydrophobic and hydrophilic substituents in its rofeal structure.®®*? In general,
amphiphilic photosensitizers show a higher photadyic activity than hydrophobic or
hydrophilic moleculest!®*?2 Thus, by modifying the amphiphily of a photoseizsit it could
be possible to enhance its biological distributiohnother approach for improving
photosensitizers uptake by cancerous cells consisgtgnthesizing photosensitizers bearing a
specific substrate that is recognized by recemotfie tumour cell membrane surfafd??

Recently, efforts have been focused on the syrghasd in vitro evaluation of the
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phototoxicity of a broad series of PS for targetregeptors over-expressed on cancer cells
surface. Maillardet al. ™ have described a series of glycoconjugated tegraptporphyrins
for targeting sugar receptors in the Y79 retincloiam cell line.**** %7 Also, Swamyet
al.®® have synthesized estradiol-tetraphenylporphyrimjumates to target breast cancer cells
naturally over-expressing the nuclear receptoo&strogen.

Although a large number of photosensitizers has lagplied with success in various clinical
situations, the mechanisms of their recognition pedetration into a cell membrane remain
unclear.® It is known that membrane composition in proteins lipids,?®?? and local pH
3 may be modified in cancer. It is thus importanet@luate the penetration properties of
new drugs in conditions as close as possible tintkevo situation. Culture cells experiments
may provide evidence of mediated transport depgndmthe drugs and cells, and indicate
the sub-localization of drug$3'? Moreover, they allow testing the photodynamicaefty of
the photosensitizers. However, they cannot givermétion on the primary steps of the
interaction, its mechanisms (especially if there nre than one), and its kinetics.
Furthermore, as in the case of retinoblastomalicels may be fragile and difficult to handle,
especially when they need a high concentration ogftal calf serum (FCS) (>10%) to
multiply. This could strongly affect the distriboti of porphyrin derivatives in cell culture
media and thus, their efficiency. Moreover, thesksogrow as clusters in suspension in the
culture media® and drugs cannot diffuse properly towards celaied in the centre of
these clusters.

It is thus necessary to resort to other stratetpedetter understand the mechanism of
interaction of new photosensitizers with a cell rbeame. In the choice of the appropriate
model, it should be kept in mind that a biologise@mbrane is not only a physical boundary,
but also the functional unit that senses envirortadlenonditions and recognizes other
molecules. ® Its constituents are organized into a complex cstre controlling its
properties. Systems with the full biological conxie cannot be reproduced and studied in
great detail, as it is difficult to control and yasingle parameters. To overcome this
difficulty, more simple systems, such as lipid miayers,®>3 liposomes<®? and planar lipid
bilayers®? have been proposed to allow a better understarditie interaction mechanisms
taking place between photosensitizers and a cetilbmane.

In this review, after a brief description of porpimg derivatives designed for photodynamic
therapy of cancers, and of the alteration of mem#bi@mposition in tumour cells, we focus
on the use of artificial biomimetic membrane modatsl analytical tools for the study and

guantification of porphyrins—membrane interactiwaith their advantages and drawbacks.
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2. PS accumulation

‘1. PS systemic injection ’ [ i

10, and free radicals
generation -» Cytotoxic effect

Photodynamic therapy principle

Figure 2: Principle stages of photodynamic therapy. A phateiizer is injected intravenously (Stage 1),
accumulates in the tumour (Stage Il) and is theivated by external illumination (Stage Ill). Thiduces cell
damage and subsequent death.

Porphyrins derivatives in photodynamic therapy

The most explored class of photosensitizers in iRy, is based upon porphyrin-
like compounds with a tetrapyrrolic macrocyclic €groviding the required photophysical
properties. Among these photosensitizers, we fiogblpyrins, chlorins, bacteriocholins and
phthalocyanines®32 Although numerous compounds have been synthesizedified and
tested for their photophysical and physiologicalparties in PDT, only a few of them like
Photofrin®, Visudyne® and Foscan® have been giegrall approval by health agencies in a
number of countries.

To this date, three generations of tetrapyrroliotpeensitizers have been proposed:
- The most popular compound of the first-generation pbotosensitizers is a
haematoporphyrin derivative (HpD) commercialisedenthe trade name Photofrin®.

@3 It is a very complex mixture of approximately 6®rphyrin derivatives.

Photofrin®is used for the treatment of a variety of malignesisuch as oesophageal,
papillary bladder, endobronchial cancers, basal squhmous cell carcinomas and
Kaposi’'s sarcoma. However, it has many clinicalit&tions including poor tumour
selectivity, long-lasting skin photosensitivity ameeak absorbance of the red light
resulting in limited tissue penetration.

- Following Photofrin®, a second generation of phetwstizers has been developed
with improved characteristics. These compoundspare, and most of them absorb
red light and possess a high quantum vyield@f ¥ In this generation, porphyrin

derivatives such asn-THPP (meso-tetra-hydroxyphenyl-porphyrir§> chlorine
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derivatives asm-THPC ©Y (meso-tetra-hydroxyphenyl-chlorin also known as
Foscan®), purpurind®® and phthalocyanine§® can be found. Although these
compounds show improved pharmacokinetics propecbespared to the compounds
of the first generation®” they still present some limitations such as a puater
solubility and selectivity for tumour cell$>9

- Recently, a third generation of photosensitizess heen designed for increasing their
specificity. The chemical structure of these newnpounds is derived from that of
photosensitizers of the second generation withlyfinened properties that should
allow selective delivery to tumour tissue. To aeRighis goal, two main strategies
have been chosen: porphyrin (i) pegylation, anyl linking to active substrates
(saccharide ®®*9 monoclonal antibody™? estradiol,™® folate “?...). Porphyrins
pegylation improves their water solubility, reduthsir aggregation® and lessens
aggregates uptake by the reticuloendothelial systleus increasing PS accumulation
in tumours. “¥ Glycoconjugation also improves porphyrin water ubdity and
amphiphilicity. Moreover, it can allow specific eraction of the resulting conjugates
with lectinlike receptors expressed at the surfateertain malignant cells#5*9
Many authors have demonstrated the efficiency o$ trategy for improving
cancerous cells targeting as welimsitro phototoxicity.®* 3840 474

The chemical structures of some porphyrins defreatare listed in Figure 3.
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Figure 3: Examples of porphyrins derivatives whose interactioith artificial lipid membranes has been
investigated.
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Composition of mammalian cell membranes: Alteration in tumour

cells.

Cell membranes are crucial to cell life. They defits boundaries and maintain the
essential differences between cytosol and the esltrdar environment®® They play many
essential roles in a variety of cellular processesh as cell adhesion, ion channel
conductance or cell signalling. They function asekective permeability barrier, maintaining
ion gradient across the membrane or controllingriag doenetration, but they also bear
recognition sites for communication and interactigth other cells®?

Mammalian cell membranes consist of a lipid bilayer which proteins (receptors,
transporters, or enzymes) are embed®&dTheir lipid composition includes phospholipids,
sphingolipids, glycolipids, and sterol§? with cholesterol generally amounting to
approximately 20 weight % of the total lipid conteff® Four major phospholipids
predominate - phosphatidylcholine, phosphatidylettemine, phosphatidylserine,
sphingomyelin - and they constitute more than trefmass of lipid in most membran€&9.
They are asymmetrically distributed in the bilayewith phosphatidylserine and
phosphatidylethanolamine mainly located in the inieaflet, ®3 and phosphatidylcholine,
sphingomyelin and glycolipids, in the outer oneisTtomplex organization of lipids in cell
membranes is crucial to maintain properties suckumgature and elasticity”? as well as
permeability >

Numerous studies have shown that the lipid comipositf cells is altered in cancer®>?
These alterations seem to affect the total chaiglspospholipid molar rati®® as well as
the relative percentage and degree of saturatighog$pholipid chaind®® For example, Van
Blitterswijk et al. ®© have reported a decrease in cholesterol membramentoin murine
leukemic GRSL cells, with concomitant increaseipids possessing unsaturated fatty acyl
chains. These alterations have an impact on a nuofbenportant functions in plasma cell
membranes®” However, there is no common pattern of alteratioeisveen different kinds
of tumours.®? Similar to the alteration in lipid composition tfmour cells membrane, the
expression of a number of receptors located withgir membranes can be also altered.
Among these changes, we can mention the over-esipresf LDL, %% folate ®? and
carbohydrate-based receptdfs.®¥ Some of cancerous cell membrane alterations anersh
in Figure 4. Thus, as evoked in the previous sectite exploitation of membrane receptors
as specific binding target could be a good strateggelective delivery and accumulation of

photosensitizers in cancerous cells.
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1. Cholesterol content modifications

Cholesterol is a major constituent of mammalian oe#mbranes. It affects their physical
properties, including lipid bilayer dynamics, phdsehaviour, thickness, permeability and
structure by modulating the packing of neighbouripigospholipid molecules®* 667
Cholesterol also plays a role in the activity ofiwas integral proteins. It is not uniformly
distributed among membranes: indeed, it can bed@irconcentrations around 10-30 mol%
in plasma membranes, but also as high as 50 mol&diblood cell$®® or even 70 mol% in
ocular lens membran€$§?

Any variation of cholesterol content in cell memiga alters their physical properties such as
fluidity “°"® and curvature. This has an impact on cellular ions ®? including carrier-
mediated transport, endocytosis, as well as chesrapleutic toxicity by alteration of
membrane diffusion properti€é® > Changes in cholesterol content can also affej-¢reil
membrane interactions and thus the therapeuticaeffi of a drug{”® Some authors have
reported that cholesterol content could be sigaifily increased or decreased in cancer cells.
For example, Liebe®t al. observed a decrease in the cholesterol contereufemic
lymphocytes compared to normal oné4 whereas Calderoet al. who compared two
prostatic cell lines with different metastatic paial, reported a higher cholesterol content in
the highly metastatic on€” An increase in cholesterol content is suspectquay a role in
multidrug resistance to chemotheraf39.

2. Phospholipids composition changes in tumour cell membranes

Phospholipid composition can also be altered incwmntell membranes. Calderehal. have
observed a higher phosphatidylethanolamine levell #&ower phosphatidylserine and
phosphatidylinositol ones in highly metastatic patis carcinoma cells compared to less

©®)  Merchant et al. ™ have also found elevated levels of

metastatic ones.
phosphatidylethanolamine (+ 32%), phosphatidyliimbgi+ 33%), and phosphatidylcholine
plasmalogen (+ 25%), associated to a significargretsion of lysophosphatidylcholine

(- 44%) in malignant human breast compared to nbtissgues.

3. Over-expression of cell surface receptors

The lipids are not the only components, which cositpan and distribution in the membrane
may vary in cancer cells. Expression of cell swefaeceptors and proteins may also be

altered. (Figure 4)
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a. Over-expression of Low Density Lipoprotein (LDieceptors

LDL is one of the five major groups of plasma lipoieins (Chylomicrons, HDL, LDL,
VLDL, IDL) that enable lipids (triglycerides, chaerol) to be transported in the
bloodstream. LDL particles are the major carrigrplasma cholesterol in humar& LDL
particles are recognized by a specific recepta &bo B/E receptor), which results in rapid
internalization and delivery of LDL particles toetlysosomal compartment of celf§8? The
major role of LDLs, as carriers of hydrophobic goypns in plasma was described by
Reyfmannet al. ® and Kessekt al. ® Hydrophobic porphyrins are mainly carried in the
blood by LDL particles and could thus be taken ypcélls through the apo B/E receptor. It
has been demonstrated that the expression of mambeaeptors is elevated in tumour cells
because of the increased need for exogenous atrmesor membrane synthesi€®?
Consequently, it is thought that a porphyrin acclatin in tumours results from its delivery
to cells via the LDL receptor pathwd§?®? Candideet al. ® have evaluated the selectivity
of Photofrin 1l when complexed with LDLs on cultdréibroblasts, and they found that the
presence of LDLs increased Photofrin Il deliverythese cells. In another context, Schmidt-
Erfurth et al. ®® have studied tumour accumulation and phototoxioftyChlorin e6 (Ce6)
free, complexed or covalently conjugated to LDLs,retinoblastoma cell line culture (Y79)
and fibroblast cells. They found that in both dieles, the uptake of Ce6 covalently bound to
LDL increased significantly (4 to 5 folds), comparto free Ce6 or Ce6 complexed with
LDL. Moreover, these LDL conjugates were much meptetotoxic. Interestingly, they
demonstrated using competitive inhibition by fre@lLLthat the accumulation of Ce6-LDL
conjugates was receptor-mediated uptake. All teasdies suggest an important role of LDLs
in porphyrin uptake by cells, and support the higpsis that LDLs may be responsible for

selective accumulation of porphyrins in tumo4.
b. Over-expression of carbohydrate-based receptaancer cells membrane

Lectins are a family of carbohydrate-binding progedf non-immune origin. Many lectins
contain two or more sugar binding sites and carnuéiggte cells and/or precipitate complex
carbohydrate conjugates. They have been identiiigihally from plants and they have been
used extensively for vertebrate cell surface charaation. Subsequently, different lectins
have been isolated from various sources, suchasrimand animal&’ 3

The presence of lectin-like proteins in vertebitzgsue was observed 20 years ago. The first

mammalian lectin was purified from livéf? Lectins of animal origin are often referred to as
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endogenous lectins, to distinguish them from pleatins.®” It has been demonstrated that
they are implicated in a variety of biological ftioos, such as the regulation of cell adhesion,
immune defence, cell-matrix interaction and enzyemattivity. ©>*? They are also involved
in endocytosis and intracellular traffic of glycojogates®® However, many studies have
shown that the level of expression of endogenoctnk at the cell surface is significantly
increased in cancer tissué% °*°% and that they play key roles in the invasive cipaf
cells, malignant transformation, tumour cell diéetiation ® and metastasis®® Thus,
targeting endogenous lectins could be considered gsod strategy for enhancing drug
selectivity toward cancer cellS®°? Following this direction, many authors have evidda
the effect of glycoconjugation on the efficiencydaselectivity of photosensitizers in various
cancerous cell lines. In particular, Zheagal. have observed on rat thyroid cell lines, a
considerable increase in the photosensitizing iefficy of purpurinimides conjugated with
either galactose or lactose, compared to that efftbe analogue?® Griegelet al. have
investigatedhe expression of endogenous lectins in six huretinablastoma cell lines, and
they found that those cells exhibited a similarrespion of endogenous sugar receptors with
a preferential affinity for galactose and mannassdues®® Based on these data, Maillat

al. have studied the photoefficienay vitro andin vivo of mannosylated and galactosylated
tetrapyrrolic macrocycle photosensitizers for aeptial PDT treatment of retinoblastoma.
They have also analyzed the effect of porphyrircgtpnjugation, as well as the position of
sugar moieties and length of the spacer separttimgugar from the tetrapyrrolic core, on

photobiological activity*314 16 9899
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Figure 4: A schematic illustration of some alterations of @enous cell membrane components.

Model membrane systems for studying drug-membrane i nteractions

Lipid membrane models are artificial lipid layefsat can be classified in different types
depending on their structure (monolayer or bilay#ir shape (planar or vesicular bilayers)
and their mode of attachment (supported or suspkebdayers as black lipid membranes).
Each membrane model has experimental advantagesisadvantages. Some of the most
generally used systems for the assessment of dreiaction with a membrane are pictured in

Figure 5.
1. Langmuir monolayers

A relatively simple method for studying and quéyitig drug—membrane interactions
is the use of planar monolayers also called Langmonolayers. They provide an organized
interfacial structure, which is assumed to be €imib that found in biological membranes.

(10020, | the last decades, Langmuir monolayers haverbeca widespread method to

characterize molecular interactions between drugdidates and a membran@® 10219

Although they do not reflect the complexity of lmglcal membranes, lipid monolayers are
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considered as convenient models because the naunface density, and packing of lipid
molecules, as well as subphase composition, pHemgerature, can be finely controlléd:

Y Monolayers spread at the air / water interface bananalyzed by surface tension
measurements, providing quantitative informationttoa influence of a drug on the stability,
structure as well as on drug penetration kine#égnity of a drug for a lipid membrane and
its mixing properties to lipid components can asoassessed from the analysis of surface
pressure-area isotherm$” *® Moreover, considerable progress has been achieved
develop optical techniques such as fluorescei®'*? Brewster angle microscopy (BAM)
(104, 112115 and ellipsometric microscopy® to get a better insight into the organizationhsf t
amphiphilic molecules forming monolayers at theveater interface. As to grazing incidence
X-ray diffraction (GIXD), it allows determinationfanonolayer structure™®® and gives

information on the disorganizing effect of a druglipid domains**®

Cell membrane

Biomimetic models

TARARRIRASE TV I
g ‘

a. Langmuir Monolayer b. Supported planar bilayer c. Liposome

Figure5: Schematic illustration of biomimetic models of dl ceembrane.

2. Liposomes

Liposomes are vesicles in which an aqueous plasmntirely enclosed by one or
several phospholipid bilayeré!”*® According to the number of lipid layers and toiuks
size, liposomes can be classified as multilamalisicles (MLVs, 0.1-15m), ‘9 small

unilamellar vesicles (SUVs, 25-50 nni¥? large unilamellar vesicles (LUVs, 100 nm to 1
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um) @2 giant unilamellar vesicles (GUVs, 1.0-2@0n), and multi-vesicular vesicles
(MVVs, 1.6-10.5um). *° 23 Since the mid-seventies, considerable work has Heeoted to
use them as drug carriers. During the last decatle many liposomal formulations have
been proposed for carrying antibioti€*® antifungal, **? oligonucleotide **>*%9 or
anticancer drug§?” with the purpose of targeting them towards theitular action site,
thus enhancing their clinical effects, reducingrthexicity and, at the same time, protecting

them from metabolism or immune respon$e8.

Long before being proposed as potential drug aasrighospholipid vesicles were considered
as a potential tool for modeling a biological cellhey allowed studying mechanical
properties of lipid bilayers®?****? membrane adhesion and fusioh®*** membrane
permeability to ions{**® but also the effects of viscosity, surface chatgesity, cholesterol
content or pH changes on the distribution of drimsormal and cancerous tissu€?. In
addition, many works have reported on the inteoactif membrane lipids with biomolecules
such as DNA,*? proteins**® or drugs,™? and more specifically, the evaluation of

photosensitizers partitioning into vesicl€§?

3. Planar bilayers

Following the pioneering work of Mc Conneit al., ™ planar bilayers deposited on
solid supports (SPBs) became very poplt& for the study of fundamental membrane
processes and biotechnological applicatiétd?*? They have been proposed as biomimetic
surfaces to elucidate the physical behaviour of weimbrane<**® and membrane-bound
macromoleculest*® but also for studying cell-cell recognition in tinemune systerft*? and
cell adhesion™? A multitude of methods has been proposed for fogrthem, including
Langmuir-Blodgett techniquesi*****® and vesicles fusion on various preconditioned
supports.t45 15115 Bilayers were also formed by adsorption of vesiatato pre-formed
phospholipids monolayers as described by Kalbl. **® Many efforts have been devoted to
the improvement of SPB mimicking properties, by algding them from the underlying
surface, thus creating an aqueous space betweeaphpbipid headgroups and the substrate.
(156159 This may be achieved by forming the bilayer ontushioncomposed of a polymer or
polyelectrolyte layer.**? Such a layer may feature the cytoskeletal supfamund in
mammalian cell membranes!***®® Currently, a variety of techniques including
electrochemical impedance spectroscopy (EIS), élsence microscopy, QCM-D and atomic
force microscopy (AFM), allow the analysis of SRBsperties 4> 163
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These model membrane systems do not allow studagiigcule transport since the supported
bilayer is in close contact with a solid surfaceisfgended bilayers seem more adequate
systems for this purpose. The earliest model bilaystems were suspended bilayers also
known as “black lipid membranes”. However, thedrqistence was very limited. Methods
for forming artificially reconstituted freestandipganar lipid bilayers with increased stability
have been developed. Suspended bilayers in theueggof silicon or polymer substrates can
by prepared by various techniques like spreadipigldiin an organic solvent, or fusion of
giant unilamellar vesicles. Typical long-term stiépiof these membranes may be in the order
of several hours. Similar stabilities have beenorega for lipid membranes formed on
polycarbonate membranes with holes ofuh in diameter and microporous low density
polyethylene or glass with hole sizes up to 5@8. ®*'®? These membranes allow
electrophysiological studies of ion channéf§? and have also been proposed for

pharmaceutical and sensor applicatiéhs.

Analytical Tools for the study and Quantification o f Porphyrin—
Membrane interactions

The development of techniques and methods for hlaé/sis of membrane models is of great
interest to medicinal chemists and pharmacologisigleed, the determination and
guantification of the possible effects of drugs membranes andice versacan only be
beneficial to the understanding of drug action. r€ating the structural properties of a
studied drug with its effects on membranes wittywey proteo-lipid compositions can lead to
the conception of new compounds with enhanced iactiglthough this concept was taken
advantage of the assessment of many drugs, omw g@pépers dealing with the evaluation of
photosensitizer-membrane interactions have bearalctpublished from 1982 to 2010. In
these studies, liposomes appeared as the prefendels*? (Figure 6 and

Table 1)
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Figure 6: The number of papers published in scientific litera from 1980 to 2010 describing experiments
involving various lipid and membrane systems fa $tudy of photosensitizers and other drugs argepted in
black and grey columns, respectively. The data lheen collected frorSciFinde®.

1. Studies of Porphyrins—Membrane Interactions using phospholipid Monolayers

Many researchers have assessed the interactionomhyrin derivatives with various
phospholipids forming Langmuir monolayers by suefaension as well as by surface
pressure measurements. This can be exemplifiedebwork of Desrochest al.*® in which
DSPC (distearylphosphatidylcholine) and DAPC (diarachigbpsphatidylcholine)
monolayers were used as models to evaluate theaatten of three phenylporphyrins
derivatives: mTHPP a hydroxylated phenylporphyrimTPP(Glu} a triglucoconjugated
phenylporphyrin andn-TPP(Glu), a tetraglucoconjugated phenylporphyrin, with thdl ce
membrane. Surface pressure measurements and gracidgnce X-ray diffraction showed
that mTHPP and the asymmetrio-TPP(Glu} which exhibited lower equilibrium surface
tensions compared ton-TPP(Glu), alsointeracted to a much larger extent with the studied
phospholipids Both porphyrin derivatives provoked a dramatic dgsmization of the lipid
monolayers. This effect was less significant withHIC than with DSPC, probably due to the
longer hydrophobic chains of DAPC, which could erdea phospholipid-phospholipid
interactions, and limit to some extent porphyrimgteation into DAPC domain§®® In a
similar study, Hidalgoet al. **? investigated the interaction of meso-tetraphenylpyprin

with DPPC and DPPG monolayers by forming mixed dilaf phospholipids-porphyrin with
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varying porphyrin proportions (1, 2, 5, 10, 20, 50%hey used a Langmuir trough coupled
with a Brewster angle microscope (BAM) for the gs& of Langmuir films, and UV-Vis
spectroscopy for that of transferred layers ontm substrates. They observed that porphyrin
molecules at low surface densities and pressumgked an expansion of DPPC and DPPG
mixed monolayers, accounting for the interactio@BP with these phospholipids. However,
at high surface pressures, they observed a signifiaggregation of TPP molecules into
DPPC monolayers compared to DPPG ones, and suddbstethe coexistence region of LE
and LC phases exhibited different packing ordeth wegregation and accumulation of TPP
at the boundarie§*?

However, the models used in these two studies faefeom reflecting the actual lipid
composition of a tumour cell membrane. All studiptiospholipids were saturated;
Furthermore cholesterol was absent, althoughahigssential constituent in cell membranes,
which could have a crucial effect on porphyrin ratgion and/or penetration. It seems thus
more appropriate to build a biomimetic monolayemihich the phospholipid composition
would be closer to that of a living cell, and contag cholesterol. To achieve this goal, it is
necessary to select a specific cancer, as lipidoosition varies from one tissue to another as

previously mentioned.
2. Studies of Porphyrins—Membrane Interactions using liposomes

Liposomes have been widely used as models forgbesament of photosensitizers uptake by
a cell membrané®® which was inferred from their bilayer/water padit coefficient¢°*72
and their penetration depth in the membraffe"® deduced from fluorescence measurements

and/or thermal analysis (DSC).
a. Fluorescence techniques

It is clear that fluorescence techniques have hmdvileged up to now for the
assessment of photosensitizers interaction withemlonane, using liposomes as a model
system. Indeed, photosensitizers are fluoresceftaules and their fluorescence is strongly
dependent upon the nature of their environment,pi of the medium, ionic strength and
polarity. For example for some porphyrins such &P3$ (meso-tetraphenylporphine
tetrasulfonate) the pH and the ionic strength deitez the degree of its aggregation, which
increases with acidit)f.m) Moreover, the aggregation of photosensitizer mdéscis often

accompanied by spectral shifts or the appearancewfspectral bands due to the excitonic
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interactions between chromophorés® Medium polarity also plays a crucial role on
porphyrin derivatives, which are strongly aggredate highly polar medium such as water.
Conversely, in the presence of non-polar molecsglesh as lipids or proteins (albumin,
lectin), disaggregation may occur upon formation aofnon-covalent porphyrin-lipid or
porphyrin-protein complex. A significant increasefiuorescence intensity follows. Thus, the
determination of a photosensitizer binding cons{&p} to membrane lipids can be assessed
from the fluorescence enhancement induced by additof increasing liposome
concentrations in porphyrin solutio§?

As liposomes are supramolecular assemblies, anplistotnolecules or macromolecules (like
proteins), some authors prefer to consider the manebpartition coefficient, in which water
content in the liposome core is taken into accamrthe calculations®®? Two experimental
methods can be used to determine this coefficiEm.first one consists in the centrifugation
of liposome-photosensitizer mixtures to separae &queous drug molecules from liposome-
bound ones. 1917918  Then the photosensitizer concentration is deteechi
spectrophotometrically in each separated phase. sBeend method, preferred by many
authors, is based on the monitoring of fluorescesmectral changes upon photosensitizer
titration with liposomes™ The gradual change in fluorescence intensity wgsitition of the
liposomes can be related to the gradual solubisatf the drug within the liposomes. This
yields the liposome/buffer partition coefficientjkof photosensitizers.

Fluorescence spectroscopy also offers the posgitnl determine the localization of
the drug into the vesicles membrane. The insedepth of a fluorophore into lipid bilayers
can be assessed by two fluorescence-quenchingideelsn the first one consists in injection
in the aqueous phase of a heavy halogen ion liieléoor bromide, which cannot cross the
lipid membrane (or only in a very limited way). @rihe accessible photosensitizer molecules
into the aqueous phase are quenched. This techisqoensidered as one of the simplest
approaches to gain reliable information about tlative vertical depth of photosensitizer
molecules into lipid bilayers. Another approachflabrescence quenching called “parallax
method” can be used for the same purp8&2.This latter method is based on the use of two
different membrane bound quenchers, which locatedifferent depths in the bilayef®?
There is complete quenching of a sensitiser ifqgencher molecule is located within critical
distance, whereas there is no quenching when stardie is larger. Some authdrS have
also used fluorescence emission polarization anaisotropy to determine the degree of
rotational freedom of the fluorophore in the preseaf liposomes. Thus, the liposome model

allows multiple investigations of a dye-membraneraction. (Figure 7)
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Figure7: Interest of liposomes for the investigation of pis@nsitizer-membrane interaction.

Since the biodistribution of a photosensitizer @il as its penetration into cells are crucial for
the efficiency of photodynamic therag}”’ numerous works have been devoted to the study
of the influence of parameters like lipid bilayeluidity, phospholipids composition,
cholesterol content, surface charge density, prth@bs, and photosensitizer amphipathy, on

the distribution properties of a photosensitizenanmal and tumour tissues’

- Effect of amphipathy of photosensitizer molecules on their distribution into a membrane

The interaction of uroporphyrin (Up), haematopomaiyHp), protoporphyrin (PP)
(Figure 3) with a cell membrane has been studiedRioghelli et al. ™ using unilamellar
DPPC vesicles. They observed that the hydrophilicporphyrin did not significantly
accumulate into liposome bilayers. They also ole#rthat whereas protoporphyrin was
located into the lipid matrix, haematoporphyrin eened into water accessible lipid regions.
This was explained by the amphipathy of this conmgbthat allowed its simultaneous
interaction with phospholipid polar head growpa its polar acid groups, and phospholipid
hydrophobic chainsia its hydrophobic coré*"
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- Effect of cholesterol and lipid composition on porphyrin-liposomal membrane interaction

Membrane fluidity is considered as an essentiabfainfluencing porphyrin binding
properties to biological membrane$’ Cholesterol is a determinant of the fluidity of
eukaryotic plasma cell membranes. It also conttioés fluidity of the outer mitochondrial
membrane, while that of the inner one is reguldtgaardiolipin, which generally enhances
it. Thus, liposomes containing cholesterol or aaidin in their bilayers would better mimic
the viscoelastic properties of a membrane than phospholipid ones. Literature shows that
the presence of cholesterol in liposome bilayessdifierent effects on porphyrin association
(binding constant) as well as penetration, dependmthe molecular structure of the studied
compound and liposome composition. For examplecheilti et al. have reported that the
presence of cholesterol in DPPC vesicles could hditferent effects on the binding
properties of haematoporphyrin (HP) and protoporiph{PP). They showed that whereas the
presence of cholesterol (20% w/w) hindered haenwapdyyin penetration and limited its
distribution to the outer leaflet of the liposomiayer, it favoured protoporphyrin distribution
into the hydrophobic regions of the lipid matriX® These authors attributed their results to
distribution properties of cholesterol itself. ledie Fordet al. have demonstrated that below a
critical concentration (15% mol§*®? cholesterol is almost equally distributed betwéies
two leaflets of a DPPC bilayer. Above this concatiin, it concentrates preferentially in the
inner monolayer. Thus, a hydrophilic porphyrin sashHP, would dissolve more readily in
the DPPC rich domains of the outer leaflet thathainner one; the opposite behaviour was
observed for PP (a more hydrophobic porphyrin),ciwiwas concentrated in the cholesterol-
rich domains in the inner leaflet.

Using the same experimental approach, Kepczyeskil. “*? have determined the
partition coefficient of HP and 5,10,15,20-tetrgkitiydroxyphenyl) porphyrinnG-THPP)
using L--phosphatidylcholine (egg yolk PC) liposomes camtey different cholesterol
content (0-30 mol%). Contrary to their expectatjadhese authors found that the presence of
cholesterol reduced the partitioning of both porpig/into the liposomal bilayer in spite of
the increase in hydrophobicity of the hydrocarb@gion induced by the presence of
cholesterol. Moreover, they have used three fluaneis molecular probes: Nile Red (a
rotational probe for estimating bilayer fluidity ithe polar region), 1,6-diphenyl-1,3,5-
hexatriene (anisotropic probe for measuring flyidit liposomal membrane in the acyl side-
chain region) and pyrene (as hydrophobicity indicatf the hydrocarbon chain region near
the polar region) to monitor membrane organizatod dynamics upon increasing bilayers

cholesterol content, and to understand its effatt porphyrin penetration. They have
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concluded that the free volume of a bilayer ratian its hydrophobicity was a governing
factor in porphyrin partitioning into lipid bilaysr™*?
Ehrenberget al.*® have compared the effect of lipid membrane comipos(DMPC

or DPPC) on the binding properties of Photofriratid HP. They observed that Photofrin II

was inserted less homogeneously but deeper inildngebthan haematoporphyrin into both

phospholipid bilayers. Increasing cholesterol cohted to decreased association of both
compounds to liposome membraf&? In addition, Lavietal. *®¥ have assessed the relative
depth of protoporphyrin derivatives in egg PC viesicand they found that addition of either
cholesterol or DMPC, which are known to increase dihder parameter of a lecithin bilayer

and to rigidify it, moved the porphyrin deeper itihe bilayer.

- Effect of liposome charge on porphyrin-membrane interactions

In another context, Voszka at ‘% have investigated the effect of liposomes chamyeell

as that of the molecular structure of glycoconjaddetraphenyl porphyrins (TPP) derivatives
on their binding to DMPC and DMPC/DMPG (9:1 molatio) liposomes. With both
liposome compositions, they found the highest igdconstant for the asymmetrically
substituted derivative, more lipophilic than thénet compounds. They also observed that
negatively charged liposomes enhanced the assotiati the symmetrically substituted
hydrophilic porphyrins®® However, they did not give any explanation of thisprising

phenomenon.

- Effect of solution electrolytes on porphyrin-membrane interactions

Minnes and coworkerd®® have studied the influence of different electretybn the
association of haematoporphyrin to lecithin lipossmiThey found that the presence of“Mg
cations had a stronger effect thahatd N& ones, and induced penetration of photosensitizer
molecules from the aqueous phase into liposomeydogaby a salting-out process. They
attributed their result to the chaotropic effectarfs on the structuring of water, which could
in turn, have an impact on a photosensitizer satia@t in water, and affect its association to
the liposome membrane. However, they did not take account the effect of salts on lipid
phase transition{*®” nor on liposome swelling and bilayer organizatiti? which could
strongly alter the interaction between the studm@tbtosensitizers and the liposomal

membrane.
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- Effect of pH on porphyrin interactions with the lipid membrane

The acidic microenvironment, which has been olestim many tumour§? is likely
to play an important role on the selectivity oftmaxylic porphyrins*®? In addition, it has
been suggested that the retention in cancer tissfiesome photosensitizers such as
Photofrin® is related to their increased lipophilicat lower pH, due to the neutralization of
their carboxylic groups®°*®? Several authors have reported similar favourifigot$ of pH
decrease on the incorporation of carboxylic dervest (haematoporphyrin, deuteroporphyin)
into DMPC vesicles, *®® DOPC vesicles®® and vesicles containing unsaturated
phospholipids with different chain lengths (14 ®crbons)*"?

- Other interaction studies investigated by fluorescence techniques

Added to the above described investigations, oitfteresting studies have been performed
using liposomes as membrane models, like assesshpotphyrin distribution between lipid
membranes and albumin (HSAY**% or evaluation of photodamage induced by porphyrins

irradiation, when they are incorporated into adipilayer.™*®*%?

b. Differential Scanning Calorimetry (DSC)

The use of thermal methods, especially DSC, i$ @ghblished in the liposome field.
Using the DSC technique, changes in phase transfitoperties can be measured as a
function of phospholipid nature, chain length, @sbérol content, and any compound-lipid
interactions. This technique is a very sensitiveansefor investigating alterations in bilayer
packing caused by the presence of drlig& For example, Cristart al.**? have shown that
monoterpenes caused a decrease in DMPC liposonstima temperature, and have related
this observation to the penetration of the lipapmholecules into the ordered structure of the
lipid bilayer. *° Other researchers have used DPPC vesicles asnskial membranes and
DSC, to investigate the mechanisms of enhanceddskig delivery and the possible oxidant
or antioxidant effect of certain material$®® Butler et al. have assessed by DSC the
penetration of carvedilol (@#-adrenergic blocker) into DMPC/DMPG (9:1 molar oati
liposomes. They found that this drug induced a efes® in the liposome pre-transition and
transition temperatures, with unaffected enthalplu® of the main phase transition. They
explained it by the penetration of carvedilol iritee hydrophobic alkyl chains of the lipid

bilayer. %Y
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Thus, DSC can be considered as a good tool foevhkiation of drug association, as well as
the level at which it takes place (i.e. phosphdlipeadgroups or hydrophobic chair&} 1%
However, to our knowledge, only few researchersehased DSC to evaluate specifically
photosensitizer interaction with a liposomal bilgyand in the reported works, porphyrin
molecules were already incorporated into the lifich before hydration. For example,
Voszkaet al. *° have prepared lamellar phases of DPPC/DOPC (A)rporating two
porphyrins TP(4-OGIUOHP or TPF5(4-OGalOHP at a lipid/porphyrin molar ratio of
1000/1. 9 They found that the phase transition temperatuas wot influenced by the
incorporation of porphyrins derivatives into thidi bilayer; however they observed a
significant increase in half-width (f) values indicating the decrease in cooperativity
between carbohydrate chains. Combining these sasitl those of EPR spectroscopy, which
gave estimations of liposome membrane fluidity ytdemonstrated that the symmetrically
substituted glycosylated porphyrins were localizéaber to the membrane surface, whereas
the asymmetrically substituted compound penetrateddeeper regions.

Furthermore, these authors have also studied fheteff symmetrically and asymmetrically
glycoconjugated porphyrins incorporated into laerelphases of DMPC or DMPC/DMPG
(7/3 molar ratio) at the lipid/porphyrin molar @t20:1. They observed with both types of
porphyrin and lipid composition, a destabilizingeet on the lipid layers. This effect was
more significant for TP(4-OGluOHR)due to its stronger lipophilicity compared to thiker

compound 89

3. Studies of porphyrins—membrane interactions using supported planar lipid bilayer
a. Surface Plasmon resonance (SPR)

Surface plasmon resonance (SPR) is considerednasob the most important
biochemical techniques for studying molecular iatgions. This technique relies on the
surface plasmon resonance phenomenon, which atlweveeal-time measurement of analyte
binding to ligand-coated surfaces in a microfluidigstem, without the application of a
specific label. Indeed, this method is only depemdgon the change in adsorbed mass at the
sensor surfacd®®??% The bimolecular interactions are studied at théase of a “sensor
chip”, a glass slide coated with a very thin lagegold, where the surface plasmon resonance
occurs.® In SPR, a polarized laser light is directed thiowg prism, which has a high
refractive index, to the thin layer of gold thagdion the border with a medium of low

refractive index. At a critical angle of incidenght surface plasmons are generated at the
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surface of the gold layer. Optical thickness of fibiened layer is derived from the difference
in refractive index between the adsorbed biomotswdnd buffer®® Using commercial
Biacoré® sensor chips HPA and gold chips, it is possibléotm various planar biomimetic
membranes like: (i) a hybrid bilayer membrane (HBM)which liposomes (usually SUV)
injected over the surface fuse with alkanethiol esales on the HPA chip and form a hybrid
bilayer membranéd?®? or (ii) an immobilised membrane bilayer, tetheoedthe gold chip by
thiolipids attached to the gold surfa¢€® However, although these membranes have been
used for many biochemical investigatioff§? no work using SPR has been reported yet on

the interaction between porphyrins and membranes.
b. Quartz Crystal Microbalance-Dissipation (QCM-D)

QCM-D is a simple tool, which enables the quacsition of deposited masses and
characterization of their viscoelastic properti€his technique is based on measuring the
resonance behaviour of a quartz crystal oscillatperating in shear mode. Due to its
piezoelectric properties, the mechanical oscillabbthe quartz can be excited by applying an
oscillating electric field across the crystal. Tlesonance frequency is related to the mass of
the crystal and thus, any mass added to or remipgadthe sensor induces a frequency shift
(Af) related to the change in adsorbed or removedsni&s). Simultaneously, QCM-D
allows the measurement of the energy dissipatianghs AD) obtained from the rate of
decay of the oscillation amplitude, when the dmvpower is turned offAD values provide
information on the viscoelastic properties of tlls@bed material. QCM-D has proven very
valuable to study both the kinetics of SPB fornmratand its physical properties on a solid
surface®™ and its interaction with a drug under aqueous flswever, to our knowledge
this technique has not yet been used for studyorghyrin interaction with a biomimetic
membrane, probably for many reasons such as (iagleegation of porphyrin molecules in
agueous media which limits the number of monomeas ¢an penetrate into the bilayer, (ii)
the low molecular weight mass of porphyrins, whiglelow detection limits of the QCM-D
apparatus, (iii) the necessity to couple QCM-D witbmplementary techniques such

electrochemical impedance spectroscopy (EIS) feessing bilayer resistan¢@?
c. Electrochemical measurements techniques

Among electrochemical measurements techniques, FE&ctrochemical impedance

spectroscopy) and Ag-AgCl electrodes are the msstlwones. In EIS, a voltage is applied

33



Partie bibliographique

across the bilayer, and measurement of the regultinrrent gives information on the
resistance of the membrane. A low resistance obtlager prior to the injection of a drug
would indicate incomplete surface covering, or diefein leaflets that could affect the
accuracy of the results. Following injection of gl the presence of even few nanometer-
scale holes induced by drug-membrane interactiayldvresult in a dramatic decrease in
bilayer resistance that could be detected by El®yoother electrochemical measurement
techniques such as Ag-AgCl electrodes.

Stozhkova et al. have formed a suspended planar bilayer (BLM) of-L-
phosphatidylcholine on holes 0.8 mm in diameterisheet of Teflon gauze to assess the
membrane photodamage induced by illumination of emdtoporphyrin derivative
(hematoporphyrin dimethyl ester). Using Ag-AgCl attedes, they found that the
illumination of the BLM in the presence of this pbeensitizer caused an increase in
conductivity ending with the rupture of the memtmafi®” The same results have been
reported by Rokitskayat al. ®®® after irradiation of a BLM of soybean phosphatidline
(formed on a 0.4 mm diameter hole in a Teflon parti separating two aqueous
compartments) in the presence of tri- and tetrasaled aluminium phtalocyanines.
Moreover, they observed that the phtalocyaninesididoroduce any effect on the membrane
conductance in the dark. Interestingly, they aksgorted that when Gramicidin A (an ionic
channel) was incorporated into the BLM, the inducedductance by the presence of this
ionic channel was almost completely blocked bydiaton of the BLM with a He-Ne laser in
the presence of phthalocyanines. They related¢isisit to a photomodification of gramicidin
tryptophan residues, essential for its functionff§.

However in these studies, neither the photoseasibimding constant nor its penetration into
the bilayer was studied. They were only meant t@ gividence of photosensitizer-induced

photodamages in the phospholipid bilayer.
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Biomimetic
membrane Study/Deter mination Techniques References
model
. PS penetration (or affinity) Langmuir trough#-A)
rhc?r?glr;]u;rrs and mixing properties with BAM, GIXD (103, 113, 209
y membrane lipids Tensiometer
Binding constant Fluorescence spectrometry; 4970183
9 (PS titration by liposomes) 21021
Fluorescence Spectrometry: (175-176, 18%
PS penetration depth in lipid Quenching using iodide ions
bilayers or the parallax method.
DSC (196
Fluorescence spectrometry:
Competition studies between Measurements of (194-195
liposomes and albumin fluorescence intensity
Liposomes Absorption or fluorescence
spectroscopy 1,3- 19
Photophysical studies and diphenylisobenzofuran
. . (DPBF), 9,10-
evaluation of singlet oxygen dimethvianth
uantum yield imethylanthracene
9 (DMA) probes or p-
nitrosodimethylaniline
(RNO)
Fluorescence spectroscopy:
measurements of entrapped %7
Membrane photodamage
: dye release after PS
evaluation . L
irradiation.
DSC-EPR (199
Interaction studies of drug
with lipid membrane surface QCM-D
Suspended  bilayers  or
. supported planar bilayer on
Planar bilayer (tethered) polymers EIS
(207-208

cushions: PS penetration and Ag/AgClI
or membrane photodamage

after dye irradiation.

Table 1: Some applications of biomimetic membrane models $tudying photosensitizer-membrane

interactions using different techniques.

Biomimetic membranes vs cells culture

Only few authors have evaluated the suitabilityn@mbrane models as a good tool to

study the interaction between sensitizers andlgplEma membrane, and they tried to find a

correlation with their results and the interactadrthese drugé vitro with some membrane

models. Using a “Stopped-flow” apparatus whiclow8 rapid mixing (1.2 ms) of porphyrin

and liposome solutions and observation of the tiespkinetic data, Bonneaet al ?*? have
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found a correlation between the intracellular |@alon of two amphiphilic photosensitizers
negatively charged at pH 7.4 : deuteroporphyrin,(B@aring two carboxylic groups) and
disulfonated aluminum phthalocyanine (AlPcS2a, ingatwo sulfonate groups), and their
association to dimyristoylphosphatidylcholine umiklar vesicles. They found that DP
crossed the lipid bilayer within seconds, wherdes transfer through the membrane was
extremely slow for AlIPcS2a. Furthermore, they obseé by confocal microscopy that human
fibroblasts HS68 showed a different localizatiorthad two porphyrins; for DP, labelling was
diffuse, whereas for AIPcS2a, it was punctuate. @bthors concluded that DP molecules
quickly entered the cells by passive diffusion agldcated into other intracellular membrane
structures, in contrast to AlPcS2a molecules whaos@nanently charged sulfonate groups
attached to the cell surface and restrained malecdlffusion across the membrane.
Consequently, AIPcS2a was mostly internalized Hi bndocytosis®*?

In another work, Lavillet al *? have evaluated the phototoxicity of glucoconjudate and
tetra(meta-hydroxyphenyl)chlorins on HT29 humannadarcinoma cells. They found that
the tetra glucoconjugated chlorin, TRPED-GIuOH), was poorly internalized and weakly
photoactive. Conversely, the asymmetric and morehgphilic compound TPQ®G-O-
GIuOH);,, exhibited high phototoxicity. Similar results [avbeen obtained with
glycoconjugated porphyrins by Desroctetsl. % and Csiket al. ®*? using phospholipids
monolayers and DMPC liposomes as membrane modedpectively. Both groups have
demonstrated the absence of interaction in the @iatstraglycoconjugated compounds, but a

strong interaction between triglycosylated ampHipltiompounds and membrane models.

In contrast, Ben-Dror and coworkét§? could not find any clear correlation between
the binding constant (§ to L-a-phosphatidylcholine liposomes of porphyrins detiixes
with various amphiphilicities, and their uptake 8§26 mouse colon adenocarcinoma cells.
Such discrepancy in results between cell culturdiss and biophysical measurements using
membrane models could be related to the differemrcéipid composition of liposomes and
cells, which might influence drugs uptake diffetgnfThus, choosing membrane models
having a lipid composition similar to that in plasroell membranes seems crucial to obtain

good correlations.
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Advantages and drawbacks of biomimetic models of ce Il
membranes

Biomimetic models of cell membranes have been d@esl in order to study the
interaction of drugs, peptides and membrane pretein a functional manner. These

membranes present many advantages over the ustsofwture to study drugs interaction.

1. Advantages:

Biomimetic models are easy to form and their contmyscan be varied in a controlled
manner. They allow performing experiments underddens in which cells would not
survive, such as the absence of an adequatelyesuppted culture medium, and the variation
of pH, ionic strength, medium composition or drugcentration. The results obtained using
these systems are independent of biological vdit\abAnother advantage is that they use
very small amounts of materials, which is notewpstlinen studying newly synthesized drugs
or isolated proteins.

All three models described in this review are canpntary from one another, as they
allow studying drug binding and diffusion, non-sifiec interactions and molecular
recognition mechanisms at different levels: (i) theeroscale (liposome), (ii) the nanoscale
(planar bilayer, monolayer), and (iii) the moleculkevel (monolayer); Furthermore,
monolayers and planar bilayers proviidesitu monitoring of the changes produced in the
membrane during its interaction with an exogenauspound. Kinetics of interactions can

thus be determined.

2. Drawbacks:

Whatever the level of sophistication that can beched with a model system (lipid
composition, protein reconstitution), and despiftettee above-mentioned advantages, it is
important to keep in mind that such a system remam artificial imperfect model, and can
only be complementary to cell cultures experimeltsannot replicate all the complexity of a
cell membrane, and mimic a whole cellular uptakecess. If the composition of a cell
membrane at a very local level can be approachiddhe whole cell machinery behind it is
missing. If model systems are developing very faspecially since tools allowing formation
and analysis of supported and suspended planayelslahave been improved, it is still
difficult to reconstitute in these membranes hemapsmembrangroteins or receptors (all
the more when they have not been isolated yet)refwoduce the active process of

endocytosi€?® and evaluate the role of biological transportemglicated in drugs transport
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such as albumin and LDL, which are efficient cagitor photosensitizer&*®? When the
system becomes too complex, the reliability of itssabtained by physical measurements
may be compromised. This is an important limitatidowever, the possibility of taking apart
the various components of an interacting systerd,iavestigate the molecular and dynamic
changes produced in the membrane during the ini@nacemains promising. Moreover,
when it is done while progressively making the sgsmore complex (by adding one by one
more and more components), it might allow, stetep, getting a better correlation between

drugs-membrane model interaction and actual celintaraction and therapeutic efficacy.

Conclusion

Biomimetic model systems (Langmuir monolayer, $ipmes, planar bilayer) are
useful tools for the investigation of drugs-memlgranteraction because they offer the
possibility to overcome the complexity of biolodgicaembranes, which restrict their direct
investigation at the nanoscale. However at the same, because of their imperfection,
correlation remains sometimes difficult to estdblisetween results obtained using these
models and data provided by vitro cell cultures experiments. The composition of alato
membrane is usually much too simple to mimic theglexity of a membrane. The liposome
bilayer for example, which is the most describedtay for assessing photosensitizer-
membrane interactions, is formed, at best, of twospholipids or of a phospholipid and
cholesterol. Thus, despite the great interest eé¢hmodels in biophysical studies, they are
still considered as a retrospective approach tg-drambrane investigation, and very often,
studies involving these systems are led only aftevitro andin vivo evaluation of drugs,
when they should precede them. Without reachingval lof complexity compromising the
achievement of accurate results, it is possibleneision more complex systems, in which
lipids with different molecular structures and aes would coexist in a controlled manner.
Furthermore, when the case applies, a protein wedbin the recognition process could be
incorporated into the system so that the wholer@cteon (non-specific and specific) is taken
into account. This would considerably increasectieelibility of such systems. Many attempts
have been made to reach this level of complexiy,tbe methodology has to be carefully
developed. Thus, efforts should continue to gairsfyang prediction of the behaviour of a
drug in contact with a biological membrane. Lipigémibrane models could then become a
powerful and inexpensive tool for (i) understandthg critical role of biological membrane
composition and dynamics in cellular uptake, (akgsing the mechanisms of drug transport,
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(iif) predicting toxicity of drugs, and eventualllv) optimizing efficient drug delivery

systems in photodynamic therapy.
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Article 2: New strategy for targeting of photosensi tizers.
Synthesis of glycodendrimeric phenylporphyrins,
incorporation into a liposome membrane and interact ion
with a specific lectin

Séverine Ballut, Ali Makky, Bernard Loock, Jeandiige Michel,Philippe Maillard

and Véronique Rosilio
Article publié dans Chem Commu009;(2):224-6

Cet article présente la synthése organique aid&du comportement interfacial de
nouvelles porphyrines glycodendrimériques. Ces albesy molécules ont été synthétisées a
I'institut Curie par Séverine Ballut et caractéaséux interfaces par nous-mémes. La Figure
1 présente plus particulierement la structure dephyrines dendrimériques étudiées dans le
cadre de cette these. Comme ces nouvelles moléountesne faible solubilité en milieu
agueux, l'objectif de ce chapitre est d'évaluerrl@apacité a se solubiliser avec des
phospholipides, comme la DMPC qui forme facilendd#d liposomes, par incorporation dans
la bicouche liposomiale. Pour cela, nous avons afthbétudié la compression de
monocouches mixtes composées de porphyrines avears DMPC, étalées a l'interface
air/tampon. Dans un deuxiéme temps, nous avonséfates liposomes mixtes DMPC-
porphyrine, puis nous avons Vvérifié la bonne oatoh des sucres portés par les porphyrines
dans la bicouche liposomiale en évaluant par desurae de DLS leur capacité a interagir

spécifiguement avec une lectine spécifique de msa(Gon A).
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New strategy for targeting of photosensitizers. Sythesis of
glycodendrimeric phenylporphyrins, incorporation into a

liposome membrane and interaction with a specificglctin
Séverine Ballut® Ali Makky,® Bernard Loock® Jean-Philippe Michéf Philippe Maillard® and Véronique
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Introduction
The incorporation of carbohydrates on tetrapyrrolcacrocyclic cores usable in

photodynamic therapy (PDT) continues to be pursugdrously by a number of research
teams® In our laboratories, efforts have been focused e preparation anéh vitro
evaluation of the phototoxicity of a series of maltglycoconjugated tetrapyrrolic
macrocycles as potential photosensitizing agentspfmtodynamic therap¥? However,
these compounds are usually poorly water-solubleecotes, and tend to form aggregates in
the aqueous solution. This affects unfavourablythoeir formulation and bioavailability, and
limits pharmacologic studies. Glycoconjugation nfiedi the amphiphilicity of macrocycles,
and can favour their interaction with the tumorl celrface membran®. Concerning this
latter property, indications are that glycosylatipnovides the possibility for specific
interaction of the resulting conjugate with lectype receptors overexpressed in certain
malignant cell$®>” Glycoconjugation can thus be a potentially effecstrategy for targeting
photosensitizers toward tumor céfi€ The identification of the transport mechanisms
through the biological membranes was a crux. Howewevould be advantageous to use
these mechanisms for the optimization of photosieesitargeting towards tumor cells. In this
context, the use of glycodendrimers as recognitiastifs was very exciting. It has been
widely accepted that carbohydrate—protein inteoastiplay a crucial role in a large number of
biological processés®'? Since most proteins possess multiple carbohydemtegnition
domains and typically exist as oligomeric strucsytais limitation is often overcome through
multivalency™?9 Lectin receptors are multisubunit and multivalenoteins with many
important biological functions. Due to the weak umaf in the millimolar range, of
interactions between a single specific carbohydaatta receptor protein subunit, nature uses

cluster carbohydrates in order to obtain biolodycateaningful affinities for the receptors.
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The cluster effect appears when the multivalenbalaydrates interact with more than one
receptor binding site simultaneously and coopeeétjwesulting in better cellular recognition.
Several methods of carbohydrate clustering hava described, including the attachment of
carbohydrates to natural scaffolds, synthetic pelgn synthetic glycopeptides or simple
oligomerization through organic linkerd? Among these various ways, dendritic structures
(glycodendrimers) are emerging as ligands for daybmate-binding proteind*®*9 Due to
rapid advances in this area, promising potentialioneal applications have appeared in the

last ten years, including treatment of cancéf&?

Results and discussion
In a continuation of our work to prepare and studButral targeting glycoconjugated

photosensitizers, we report the synthesis, charaat®n and behavior in liposomes of
glycodendrimers linked to meso-tetraaryl-porphyshswn in Figure 8. Recently, Ballardini
et al. described the synthesis of two symmetricddarers, incorporating tetrasubstituted
porphyrin units as the core and, in one case, bamzyloylated or deprotected and in the
other case, twelve acetylat@dD-glucopyranosyl- oy -D-glucopyranosyl residues at the
peripheries of the tetrapyrrolic macrocydf@ These unprotected tetrasubstituted molecules
are very water-soluble. We have shown that an gphdlu structure of the glycoconjugated
photosensitizers induces a better photocytotoxicityitro. " With the aim of increasing
this photoefficiency, we designed a new family bfcgconjugated photosensitizers bearing
only one glycodendrimer moiety, with variable lemdir the spacer linking the carbohydrate

to the porphyrin, on the para position of one mgisenyl group.

0 o 9 o ¢ o 9 0
X A < A 2 o o
HoN H HN N HN N R PTSARN HN HY IR
. O~/)NH "
O  N-Z-Glycine O TFA/CH,Cl, o R( 2 o H./Pd/C o

e T MeOH *
5 4<‘EEDQ/EtOH o—é oH HATU, DIPEA, g (\,o) o ‘ (\,O)
O o (e) o) HO o dry DMF 40\/),\‘ o H R (O\/) o) H R
/}\ /)\ R nH R

3 4
OH HzN HN ,R EDC/HOBT/
EGN CH,Cl,

Figure 8: Synthesis of glycodendrimeric porphyrins
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Synthesis of the glycodendrimeric porphyrins isvehan Figure 8. N-Z-glycine was linked to
3 by EEDQ in ethanol (yield 86%) to give 4 then thio-butyl protection of carboxylic acid
was removed by trifluoroacetic acid in methylendodte to give compound 5 (92%). 2-
Aminoethoxy-O-aperacetyl- D-mannose, and 2-amirmetfethoxy-O-a-peracetyl- D-
mannose prepared by the protocol described by Datetal. and Sasaki eal. ?* were
selected for peptide coupling with triacid 5. HAT® promoted peptide coupling allowed the
preparation of branched glycopeptides with gooddgie(6 70%, 7 72%f. Catalytic
hydrogenation was used for selective cleavage niyexycarbonyl group into amine, in the
presence of p-toluensulfonic acid (H2—Pd/C 10%, Mg@ afford the key building blocks
with good vyields (8 96%, 9 82%). Dendrimeric masti8 and 9 were linked to 5-para-
benzoic acid-10,15,20- triphenyl porphyrin usingnture of HOBT, EDC and Et3N with
good or acceptable yields to give protected glyoddeneric porphyrins 10, and 11 (yield
86% and 57%, respectively) then were quantitativehdeacetylated under Zemplén's
conditions to afford glycodendrimeric porphyridsand 2. To evaluate the conditions of
incorporation of compound$ and2 into a liposome membrane, the two derivatives were
mixed with dimyristoylphosphatidylcholine (DMPC) a(1 : 1) ratio and the mixtures were
spread at the air—water interfdé&® Figure 9 shows that, whereas the isotherm of the
DMPC-compoundL mixed monolayer lies between those of the purepmorants, that of the
mixed DMPC-compound 0 one is located at higher omwés areas and surface pressures.
Obviously in both cases, the phospholipid and pyniphderivatives interacted. However, if
for compoundl, this interaction was apparently attractive, fompoundO, it was most
probably repulsive. Thus, DMPC would mix betterhwitompoundl than with compoun@.
The incorporation of compoundl in liposome membranes led to the formation of darg
vesicles than DMPC ones (Table 2).
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Figure 9: Interfacial behaviour of mixed monolayers (1 : 1 Jonyristoylphosphatidylcholine and compouriids
andl.

This is consistent with the—A isotherms in Figure 9, which show an expansibrthe
phospholipid monolayer in the presence of compolindcor DMPC liposomes bearing
compoundO, vesicles appeared smaller and less stable with than those prepared from
DMPC or mixtures of DMPC and compoudThis is also in agreement with the results in
Figure 9 that show an unfavourable interaction ketwDMPC and compour@ probably
due to the presence of the sugar moieties in tbiity of phospholipid headgroups. This
repulsive interaction between DMPC and compoundaould hinder the formation and
stabilisation of vesicles and lead to the sepanatibDMPC vesicles on one side and self-
aggregated compound molecules on another. Fresh vesicles batches oPOMnNd its
mixtures with the glycodendrimeric phenylporphyderivatives were left in contact for 1
hour with Concanavalin A (Con A), a mannose-speddctin (0.5 mg/ml). Their diameters

were measured before and after addition of Con A.

Liposome composition Mean diam_eter before Poly_dispersity Mean dia_meter after Poly_dispersity
Con A additionze (nm) index Con A addition ¢ (nm) index
Pure DMPC 185+0.08 0.0103+0.029 187.0+1.3 0.1423%.0
DMPC-compound 178+2.2 0.096+0.013 210+4.15 0.229+0.007
DMPC-compound 218+1.2 0.179+0.034 2510+821 0.617+0.229

Table 2: Mean diameter of liposomes before and after inéabatith Concanavalin A (Con A) at room
temperature for 1 hour.
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The results in Table 2 show that the size of vesidf pure DMPC and DMPC-compoubd
was not affected (or only slightly) by addition tfe lectin. Conversely, for liposomes of
DMPC-compound, a dramatic increase in the vesicle diameter atgtspersity index was
observed. These striking results could originatamfr(i) the poor mixing properties of
compound0 with DMPC that would lead to the low incorporaticate of this porphyrin into
phospholipid bilayers, and thus to a limited intéi@n of those liposomes with Con A, (ii) the
longer spacer in compourid compared to that in compour®y which would increase the
mobility of mannose moieties and facilitate themeraction with Con A, and (iii) the
existence of Con A dimmers and tetramers at théiesdiupH, allowing lectin interaction with
more than one porphyrin molecule possibly bornedifferent liposomes. Such a multiple
interaction would lead to the formation of a netkvof vesicles bridged by Con A molecules,

resulting in a dramatic increase in their appaserd.

Conclusion
In this work, two glycodendrimeric phenylporphyrsn@ompound® andl) were synthesized

and their interaction with phospholipids was stddae the air—water interface and in liposome
bilayers. The expansion of the DMPC-compoufid mixed monolayer compared to
monolayers of the pure components accounts foméawaurable interaction that affected the
formation and stabilisation of liposomes. Conversebmpoundl favourably interacted with
phospholipid molecules and formed mixed liposomésch aggregated in the presence of a-
mannose specific concanavalin A. These results ghatthe tetrapyrrolic macrocyclewas
indeed embedded into the phospholipid bilayer dad its sugar moieties protruded into the
surrounding aqueous phase. Such liposomes bedyicgdgndrimeric phenylporphyrin could
constitute an efficient carrier for drug targetingphotodynamic therapy.
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Article 3: Effect of Cholesterol and Sugar on the
Penetration of Glycodendrimeric Phenylporphyrins in to
Biomimetic Models of Retinoblastoma Cells Membranes

Ali Makky, Jean-Philippe Michel, Séverine Ballutth®na Kasselouri, Philippe Maillayd

and Véronique Rosilio

Article publié dans Langmuir2010, vol. 26, 13, pp. 11145-11156.

Apres la caractérisation des porphyrines glycoderéiques et I'étude de leur
incorporation dans des liposomes, nous avons éleffiét de la composition lipidique de la
membrane cellulaire, et plus particulierement lraegtation du taux du cholestérol, sur
I'interaction non spécifiqgue des porphyrines demériques avec des monocouches et des
liposomes modélisant la matrice lipidique du rébliagtome. La composition des membranes
cellulaires rétinienne inclut une proportion enlelstérol proche de 10% chez le sujet adulte
sain. Elle est altérée dans le cas du rétinoblast@rec notamment une augmentation du taux
de cholestérol. Malheureusement, I'augmentatiorcetée proportion est encore inconnue.
Nous avons formés nos monocouches et liposometsilsant trois phospholipides (SOPC,
SOPE, SOPS) et le cholestérol que nous avons daiérvde 10 a 30 mol%. Ces modéles
lipidiques & composition complexe mais dénués aeptur lectinique modéle sont une
premiére étape dans I'élaboration de modéles merabes véritablement biomimétiques des
membranes naturelles de rétinoblastome.

Nous avons analysé l'interaction entre nos porplagiet les monocouches de phospholipides
de deux fagons, d’'une part sous forme de mono@suctixtes et d’autre part, en injectant les
porphyrines libres dans la sous-phase, sous le®eoaches de lipide étalées. Ces études de
tension superficielle, microscopie a I'angle devi&ster et de compression isotherme nous ont
permis d’évaluer d’'une part, la qualité des mélangeospholipide-cholestérol et la capacité
des porphyrines a se mélanger avec eux et d’aatteleur capacité a pénétrer effectivement
dans la monocouche a différents états de compresNiotre objectif était de répondre aux

guestions suivantes: une proportion croissante awlestérol favorise-t-elle la
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pénétration passive de porphyrines glycodendrimés® Quelle est I'influence respective du
macrocycle et des sucres ?

Une analyse similaire a été réalisée sur le systame forme de bicouches liposomales, en
utilisant I'analyse calorimétrique différentielleyr évaluer 'homogénéité des mélanges ainsi
gue la température de transition de phase, la eldag vésicules par mesure du potentiel zéta

et I'interaction avec les porphyrines par specipse de fluorescence.
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Introduction
Retinoblastoma is the most common malignant chadhiatraocular tumor with an incidence

of 1/15 000 births. About 40% of cases are uniétand result from a RB1 gene mutatich.
Photodynamic therapy (PDT) is considered as onetisfoblastoma alternative treatmerits.

) This technique is based on the administration ghatosensitizer, which preferentially
concentrates in tumor cells, followed by laser niloation of pathological areas. Upon
sensitizer photoactivation, generation of reactixggen species such as singlet oxygen leads
to irreversible destruction of treated tissU8sPDT efficiency is correlated, at least within
certain limits, with a photosensitizer hydrophotyicand cellular localization’® Therefore,
comprehension of the passage of such photocytotoalecules through retinal membranes is
essential to improve the bioavailability of activelecules, and has become a major focus of
research(’®

Natural lipid bilayers are the generic scaffoldatif cell membranes. Their constituents are
organized into a complex structure controlling thproperties. Systems with the full
biological complexity cannot be reproduced and istlidn great detail, as it is difficult to
control and vary single parameters. To overconmgdlfficulty, a simple approach consists in
using membrane models, such as lipid monolay&rs) liposomes™ and planar lipid
bilayers. ™ Retina cell membranes are constituted by the mestesentative lipids of
vertebrate retina, i.e. phosphatidylcholine (PChogphatidylethanolamine (PE), and
phosphatidylserine (PS) at the 4:4:1 molar ratfs*” Less is known about the composition,
length and unsaturation rate of hydrocarbon chattwsvever, some studies show that fatty
acids in retinoblastoma Y79 cell membranes are imaaturated palmitic and stearic acids
(16 or 18:0) and mono- and bi-unsaturated oleidsaqil8:1 and 18:4¥ Moreover,
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membranes of healthy adult retinal cells have aramge cholesterol molar content of 10%.
%) However, many studies have shown changes in pbbpjus pattern associated with
malignancy.*® These changes seem to affect the total cholegibosipholipid molar ratio
9 as well as the relative percentage and degreatofasion of phospholipid chainé” Such
changes in cells lipid pattern have been foundltier @ number of important functions in
plasma cell membrane$?*? Although the cholesterol content in retinoblastomel
membranes has not been precisely determinedthbigyht to be higher than in healthy adult
retinal cells, especially because retinoblastorfectd young physically growing children. We
have therefore built and characterized three maafetlse retinoblastoma cell membrane with
a cholesterol molar content varying from 10 to 38pH 6.5, a pH close to that reported for
tumorous tissue&?

Most photosensitizers used in PDT are porphyriredasompounds with a tetrapyrrolic
macrocyclic core providing the required photophgbkjroperties, and peripheral substituents
aimed at controlling their biodistribution and pimacokinetics. ® However, these
compounds are usually poorly water-soluble molegubnd tend to form aggregates in
agueous solution. Glycoconjugation is considered pstential effective way to increase both
their water solubility and amphiphilicity. Moreovet provides the possibility for specific
interaction of the resulting conjugate with ledike receptors over-expressed in some types
of malignant cells among which retinoblastoma cefl& 2°?® Coupling multivalent
carbohydrates to the porphyrin core allows theteraction with more than one receptor
binding site at the same time, and increases theg&ptors affinity, which results in a better
cellular recognition.?® Thus, efforts have been focused on the preparatimhin vitro
evaluation of the phototoxicity of a broad seridsneutral glycoconjugated tetrapyrrolic
macrocycles. It has been shown that triglycoconpay@gensitizers are more phototoxic than
the parent tetrapyrrolic and symmetrical tetragépsgugated derivatives® This has been
attributed not only to the interaction of sugar etigis with a still unidentified lectin-like
membrane receptor to mannos$&,but also to a strong interaction of the tetrapyerol
compound and its triglyconconjugated derivativehwihospholipids®® In this context, new
glycodendrimeric porphyrins have been synthesineatder to improve tumor selectivity and
porphyrin penetration into cell: 26-29)

The aim of this work was to analyze the non-specifiteraction of glycodendrimeric
porphyrins with biomimetic models of retina caneeyeells membrane in the absence of the

lectin-like receptor.
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Figure 10: Chemical structure of porphyrins.

We focused on the effects of cholesterol rate anpression isotherms of model monolayers
and on the thermal behavior of hydrated lamellasels. The penetration of photosensitizers
into biomimetic monolayers and liposome bilayersswien studied, by surface pressure

measurements and fluorescence spectroscopy.

Materials and methods
A. Materials

The glycodendrimeric porphyringompound 1 (Mw = 1692.81 g/mol) angdompound 2
(Mw = 1823.8 g/mol) were prepared as describedipusily byBallut et al.®® Both are tri-
mannosylated but fitted with spacers of differemdth, a diethylene glycol and a triethylene
glycol for compounds1 and?2, respectively. We have also studied the non glgoojugated
compound 1¢c (Mw = 1236.09 g/mol) in which the mannose moietidscompound 1 are
replaced by OH groups. This compound was thus dereil as the control faompound 1.

All these porphyrin derivatives are poorly solulsigoure water but soluble in methanol and in
the mixture of chloroform and methanol (9:1) used dpreading at air/liquid interface, and
for liposome preparation. The chemical structureshe studied porphyrins are shown in
Figure 10.

The phospholipids 1-stearoyl-2-oleait-glycero-3-phospho-L-serine (sodium salt) (SOPS,
Mw = 812.05 g/mol), 1-stearoyl-2-oleoghglycero-3-phosphocholine (SOPC, Mw = 788.14
g/mol) and 1-stearoyl-2-oleogrglycero-3-phosphoethanolamine (SOPE, Mw = 746.06
g/mol) were purchased from Instruchemie (DelfZijhe Netherlands). They were 99% pure
and were used without any further purificati®molesterol (CHOL, 99% pure, Mw = 386.66
g/mol), HEPES (99.5% pure, Mw = 238.31 g/mol), sadichloride (NaCl, 99% pure, Mw =
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58.44 g/mol), calcium chloride (CaCl98% pure, Mw = 147.02 g/mol), nickel chloride
(NiCl,.6H,0, 98% pure, Mw = 237.69 g/mol), sodium thiosulfé&S,03, Mw = 157.12
g/mol) and potassium iodide (KI, Mw = 165.87 g/mwelgre purchased from Sigma (St.
Louis, USA). Chloroform, methanol and pyridine (994re) were analytical grade reagents
and provided by Merck (Germany). The ultrapure wdte= 72.2 mN/m at 22°C) was
produced by a Millipore Synergy 185 apparatus cediplith a RiOsB", with a resistivity of
18.2 MQ.cm was used in all experiments. All glassware veex@ked for an hour in a freshly
prepared TFD4 (Franklab) detergent solution (15%,vé@nd then rinsed thoroughly with

milli-Q water and finally oven-dried.

B. Methods
Composition of the biomimetic models
The models of retinoblastoma cell membranes catsist three phospholipids (SOPC, SOPE
and SOPS) and cholesterol. We chose mixed-chaispblatipids containing one saturated
stearic acid (18:0) in then1 position and one monounsaturated oleic acidl|li@: order to
mimic the most representative headgroups, chaigttenand unsaturation of natural lipids

present in retinoblastoma cells. Molar fractionshaf various lipids are listed in Table 3.

Membrane SOPC SOPE SOPS Cholesterol
Model Molar fraction (%)
MO 45 45 10 0
M1 40 40 10 10
M2 35 35 10 20
M3 30 30 10 30

Table 3: Lipidic composition of retinoblastoma models.

Surface pressure-Area-A) measurements

Compression of lipid monolayers was performed at12€, using a homemade auto-
recording Langmuir-type film trough (160 &n217.2 cr) equipped with a R&K Wilhelmy
pressure transducer (Riegler and Kirstein, GmbHp(aay) enclosed into a Plexiglas box to
limit surface contamination.

Mixed lipid monolayers, pure porphyrins and lipidephyrin mixtures (9:1 molar ratio) were
spread from chloroform/methanol (9:1 v/v) solutioosto the buffer subphase (10 mM
HEPES, 150 mM NaCl, 1 mM Caf2H,0O and 1 mM NiGJ.6H,0O, pH 6.5) with a Gilson

micropipette (Gilson, France). Prior to monolayg@resading, the subphase surface was
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cleaned by suction. Monolayers were left for 15utes to allow complete evaporation of the
solvents. Compression was then performed at thedspied.57 cri/ min.
From the {rA) isotherms, the surface compressional moduli fkmmnolayers at a given

temperature were calculated from the equation:

K =A(? T(Eq. 1)

To assess whether addition of cholesterol to thspiolipid species (MO model) would lead
to an expansion or condensation of the resultingspholipid-cholesterol mixtures,
experimentally observed areasyf of these mixtures were compared to that of thenhd@lel

at the same surface pressmeApparent cholesterol-induced relative area vianat of the

phospholipids species were thus calculated amttieated surface pressumas follows:®V

PL apparent area variation in9 Ape ~AdoX oo _ 1l (Eq.2)
X . A 4
PL M pL -

where X and Xno are the molar fractions of phospholipids and cétel®l, in the mixed
monolayer and A and Ano the molecular areas of the phospholipid MO modhel pure
cholesterol monolayers, respectively. The net tasuio express and normalize cholesterol-
induced area variation as area change impartéwet®t molecules®?

To assess the relative average area variationgeadioy addition of porphyrin X= 0.1) to
the phospholipid-cholesterol mixtures, experimépntabserved molecular areas of the lipid-
porphyrin monolayers (&) at a given pressurg were compared to theoretical areag A

calculated for the lipid-porphyrin mixtures accarglito the additivity rule:

[Am], = [X, A +(X)A,]  (E9-3)

where X and A were the molar fraction and molecular area oflifhid mixtures and X and
Ap the molar fraction and molecular area of the addephyrin component. The excess

molecular areagdAF*¢

were calculated from the difference.AAry. Negative deviations
from the additivity rule indicate area condensatiand may imply intermolecular
accommodation and/or dehydration interactions betwépids in the mixed films®®
Positive deviations from the additivity rule are tlesult of area expansion and would account
for unfavorable interactions between the differ@nponents leading to poor mixing.

The free energy of mixingG" was calculated according to the Eq®3:

AG" =AG®C+AG™™" (Eq. 4)
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with AGF*® the excess free energy an@'"**" the free energy of mixing for an ideal

mixture, where R is the universal gas constantTatite absolute temperature.

AGEXC = J.OHAAEXC dr  (Eg.5) andAG™™" =RT (X_InX, +X, InX;) (Eq. 6)

Brewster Angle Microscopy (BAM)

The morphology of the monolayers at the air-watégriace was monitored with a Brewster
angle microscope (MicroBAM 3, Nima Technology L@pventry, U.K) mounted on the
Langmuir trough. The microscope was equipped witleguency laser diod& & 659 nm, 30
mW optical power) generating a collimated beampgraximately 6 mm diameter, with a p-
polarizer, analyzer and a USB camera. The spasalution of the BAM was aboutin per
pixel, with a field of view of 3.6 x 4.1 mmresolved over 640 x 480 pixels. Image size was

2.0 mnf after rescaling.

Surface tension measurements

Penetration of porphyrins into model monolayers wderred from the change in surface
pressure measured by the Wilhelmy plate methodyusi10 tensiometer (Kriss, Germany).
In this experiment, 10 pl of porphyrin solutionpgore methanol (5.48 x1M) was injected

in a glass cell (20 ml, 11.9 é&rthrough a side arm into the buffer subphase (MHEPES,
150 mM NaCl, 1 mM CaGI2H,O and 1 mM NiCJ.6H,O, pH 6.5), beneath a spread lipid
monolayer at the initial surface pressure of ab®utmN/m. This surface pressure was
considered as that in a cell membrafi¥. The final concentration of the porphyrins in the
measurement cell was 2.74 X“I. The injection of 10 pl of pure methanol had fifl@& on
the surface pressure of the lipid monolayer.

All experiments were run at 22+1°C, and the res@orted are mean values of at least three

measurements. The experimental uncertainty wasna&d to be 0.2 mN/m.

Liposomes preparation

Liposomes were prepared according to Bangham'’s adetbllowed by the extrusion of
vesicles suspension€®3® |n brief, phospholipid solutions in chloroform/rhanol (9:1 v/v)
were evaporated for 3 hours under reduced presaackthe resulting dry lipid film was
hydrated by 10 ml of buffer (10 mM HEPES, 150 mMQWapH 6.5). The 4 mM lipid
suspension thus obtained was then extruded 15 tihmesigh a 200 nm polycarbonate

membrane at 60°C (Avestin Lipofast extruder, Otta@alifornia). The diameter and zeta
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potential {) of the vesicles were measured using a Zeta-¢idano ZS90, Malvern) after
dilution of the liposome suspension in deionisedewaAll measurements were carried out at
25°C. The average liposome size was 150 +10 nralféormulations.

DSC measurements

The thermal behavior of liposomes was analyzeditigrential scanning calorimetry (DSC)
by means of a DSC7 (Perkin-Elmer, Wellesley, Maid8A) and the Pyris software. DSC
measurements were performed in an atmosphere winfjonitrogen gas using standard
aluminium sample pans. The DSC was calibrated withum andn-decane from Perkin-
Elmer. The temperature was increased from -30°TDI& at a rate of 5°C/min with an empty
pan as a reference. The lipid concentration wasM2 imthe HEPES buffer and 10 of
liposome suspension was carefully placed and sealethe aluminium hermetic pans.

EnthalpyAH values were calculated by the Pyris software ftbenareas under the curves.

Spectroscopic measurements in liposome suspension
UV-visible absorption measurements were carried @uta CARY 100 Bio UV-visible
spectrophotometer (Varian, USA). Fluorescence eamsspectra were recorded at 37°C on a
Perkin-Elmer LS-50B computer controlled lumines@spectrophotometer (Massachusetts,
USA) equipped with a red sensitive R6872 photorpliégli. Excitation was performed at the
maximum of the Soret band at a wavelengthe@fiaion= 421 nm and emission was measured
at Aemission= 653 nm. All tested samples had a low opticalstgr{<0.05) at the wavelength of
excitation in order to avoid the inner filter effec
The partition of porphyrins between the aqueoussphand the liposome was studied by
recording the fluorescence emission spectra oéserf solutions with various phospholipid
concentrations ®**Y To do so, the fluorescence intensity of the peakresponding to
porphyrins, B,s was plotted as a function of increasing lipid amotoncentrations L, and
fitted using the following equatiof*

K xL

F..= Eq. 7
obs W/Kp+|_ (q )

where F is the maximum fluorescence intensity resultimgrfrtotal porphyrin incorporation
into liposome membrane, W is water molar conceiotnain liposome, considered as pure

water (i.e. 55.6 M), and &he membrane partition coefficient of porphyrinkeTluorescence
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resulting from liposome titration against a const@orphyrin concentration yielded a
saturation curve from whichg¢alues were deduced.
Experimentally, 1¢ M porphyrin stock solutions in methanol/pyridine8{® vi/v) were
prepared and diluted to 2x10M using buffer (10 mM HEPES, 150 mM NaCl, 1 mM
CaCb.2H,0O and 1 mM NIiCGL.6H,0O, pH 6.5) just before the experiments. 1 ml ofpbgrin
agueous solutions was added to 1 ml of liposomegesissons with increasing lipid
concentrations. The final porphyrin concentraticasvtx10 M and [lipid]/[porphyrin] ratios
were in the range [0-2000]. The samples were maretikept in darkness at 37°C for 2 hours,
and the measurements were performed at the sanpertaiure. Kinetic measurements were
achieved in the same conditions and showed afteou2s incubation that incorporation of
porphyrins into liposomes has reached equilibridatg not shown).
The relative depth of porphyrins penetration iniposome bilayer was assessed from
fluorescence quenching with iodide iong.(The deeper the tetrapyrrole ring was inserted
into a lipid bilayer, the less accessible it wastlie Kl quencher, yielding a lower Stern-
Volmer quenching constantst as compared to the pure porphyrin in aqueougisnl{***®
Ksv is defined by:

F,/F =1+K,[Q] (Eg. 8)
where kp and Fwere the fluorescence intensities in the absencke presence of’ lions,
respectively, anfiQ] was the quencher concentration.
Practically, fluorescence quenching studies werdopeed after 2 hours of liposome-
porphyrin incubation at 37°C, after adding Kl wititreasing concentrations in the liposome
suspension. For this purpose, a solution contaifitMyKl and 10° M Na,S,05 in buffer was
prepared, and eleven aliquots of 10 ul of it wascessively added to 2 ml of a
lipid/porphyrin (ratio 1000/1) suspension, then aedxand kept in darkness for 10 min at 37°C
before measurement. This procedure was repeatédaathing the final KI concentration of
0.26 M.
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Results
Interfacial behavior othe pure dendrimeric phenylporphyrines
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Figure 11: z-Aisotherms for the pure porphyrin monolayers spadatie air/buffer interface.

Figure 11: shows the-A relationships for the studied porphyrins spreadhe air-buffer
interface. The glycoconjugated porphyrins formecmmore expanded monolayers than the
non-glycoconjugated on€ompound 1cshowed the highest surface pressure and smallest
molecular area at collapse{A 52.8 K). The same Avalue was obtained in a previous work
for the 5,10,15,2@nesetetra-metahydroxyphenyl) porphyrin t+THPP), and it was
suggested that it corresponded to the side-on tatien of the tetraphenyl-porphyrin
macrocycle at the interfac8” The molecular areas at collapse dompounds land2 (110

A% and 118 A respectively) were much larger due to the presesfcthe sugar moieties
immersed into the subphase. The 8 % area incrdessved forcompound 2compared to
compound 1could be related to the presence of the additimmalomer of ethylene glycol in
the spacer otompound 2 enlarging the volume of the hydrophilic group,iethwould
hinder close packing of the molecules in the moyeriaAs expected from the shape of the
isotherms and the surface pressure and area vatusslapse, the maximum compression
modulus Kqax Was much higher fatompound 1¢(210.9 mN/m) than focompounds land2
(79.3 and 68.0 mN/m, respectively). Tét@mpound 1cmonolayer was much more rigid than

those of the two other compounds.
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Interfacial behavior of phospholipid-cholesterolxtuires mimicking the retinoblastoma cell

membrane
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(F?:%(le/r()a 12 : n-Aisotherms for the biomimetic monolayers MO (0% elstérol), M1 (10%), M2 (20%) and M3
0).

Figure 12 shows the surface pressure-area isothefnmixed phospholipid monolayers
mimicking the composition of retina cell membranasth increasing molar fractions of
cholesterol. Compared to the mixed phospholipidsateyer (M0), the isotherms for the
phospholipid-cholesterol systems were all shifiedard smaller molecular areas. Apparent
phospholipid area reduction clearly demonstratezl cbndensing effect of cholesterol on
phospholipid species, the largest decrease in mialearea being observed between 0 and 10
mol% cholesterol (27.2% apparent condensationTab&e 4).The isotherm for MO showed a
slight inflexion at a surface pressure of 13 mNimmich vanished when cholesterol was
added to the mixtures. These results would acclmurthe miscibility of the three lipids with

cholesterol, even when the latter was incorporatedhigh molar ratio.
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ASO

Composition of Ac A (A% at PL apparent Lipid/porp_hy_rin K max
the monolayer (A% (mN/m) 30 area variation  area variation (mN/m)
mN/m at 30 mN/m at 30mN/m
(%) (%)
Compound 1c 52.8 35.5 55.7 -- -- 210.9
Compound 1 110.0 27.5 70.2* -- -- 79.3
Compound 2 118.0 26.0 76.6** -- -- 68.0
MO 69.0 46.1 80.6 0 -- 96.3
M1 43.1 49.3 56.4 -27.2 - 85.7
M2 41.0 47.5 49.6 -34.3 -- 107.0
M3 40.0 46.5 47.0 -35.9 -- 130.0
Ml'Col”(‘:p"“”d 620 447 76.3 . 35.4 98.0
MZ'Col”(‘:pound 61.8 426 74.4 . 48.2 66.5
M3'C°1”(‘:p°“”d 550 419 67.8 . 416 75.3
M1-Compound 1  59.0 47.3 71.7 -- 24.1 89.6
M2-Compound 1 63.0 41.4 74.7 -- 44.6 76.5
M3-Compound 1 59.3 43.2 71.3 -- 44.6 74.2
M1-Compound 2  61.0 44.0 75.2 - 28.7 102.0
M2-Compound 2  66.0 42.1 78.1 -- 49.3 62.9
M3-Compound 2  60.0 41.6 72.2 -- 445 62.6

Table 4: Molecular area (#, surface pressurerd at collapse, and molecular areasd)A PL apparent area
variation and area variation of the lipid/porphymmxtures at the surface pressure of 30 mN/m; makim
compressional modulus., for pure porphyrin monolayers, lipid and lipid-pbyrin mixtures.

*Ais measured at a surface pressure of 27.5 mN/eofopound 1, **and at 26.0 mN/m focompound 2 The
average relative area condensations were calcutatedthe quotient (Ap-Ah)/Ath.

AAFX® calculations confirmed monolayers condensatiomded by cholesterol (Figure 13).

All excess free energieaG™ ) values were negative indicating the existencatufctive

interactions between the film forming componentsj AG" values calculated using Eq

.4
showed that the most thermodynamically stable systas M3 (Figure 14).
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Figure 13 : AA¥® values for model monolayers M1, M2 and M3.
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Figure 14 : AG™* values for model monolayers M1, M2 and M3.

The lateral compressibility moduli K were calcuthend their maximum values are indicated
in Table 4. According to Davies and Rid&4 K values below 12.5 mN/m, in the range of
13-50 mN/m, 100 to 250 mN/m, and above 250 mN/ml&v@gcount for the gaseous state,
the liquid-expanded state, the liquid condensetk stad the solid state of a monolayer,
respectively. The M1 mixture formed the less orgadimonolayer and M3 the most rigid one
(Table 4). The latter was expected to play the oblan effective barrier against molecules
akin to interact and penetrate into it.

The compression of the M1 mixture depicted in Fégga® was also performed at pH 7.4
(“healthy system”). The pH reduction from 7.4 tdb Gtumor pH) only induced a 2%
monolayer condensation, negligible with respedhtd induced by addition of cholesterol to

the monolayers. Therefore, all following experinsenwere performed at pH 6.5 only.
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Thermal behavior of lipid mixtures:
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Figure 15: DSC thermograms for M1, M2 and M3 mixtures in HER®&Sfer. The transition enthalpieaK
values) at the transition are compared in the inset

Figure 15 shows DSC measurements performed on tegbiipid mixtures. Each thermogram
displays a unique fine peak corresponding to thenrtteermotropic transition from the gel
phase to the fluid liquid crystal phase. This woattount for homogeneous lipid mixtures.
The phase transition temperatures for SOPC, SOBES@®PS in solution are 6.0 30.0“%
and 17.0°C*” respectivelyDSC measurements showed that mixing the three coemts
and adding cholesterol shifted the phase transteamperature of the mixtures toward lower
values than those of the pure components. The #iebmhavior of the mixtures was
significantly affected by the presence of choledienowever not to the same extent, as
shown by the comparison of the phase transitiopézatures.
Indeed, the M2 hydrated lipid phases exhibitedveelotemperature value (-5.62 + 0.07°C),
than both the M3 and M1 systems (-0.50 = 0.02°C48d *+ 0.54°C, respectively). The areas
below peaks allowed determination of thid values for the three mixtures and the results are
presented in the inset to Figure 15. The transiénthalpy decreased when the cholesterol
content increased in the order 581.6 + 10.3 J/§,812 7.9 J/g, and 430.1 + 3.8 J/g for M1,
M2 and M3, respectively. Apparently, the systemdaekless energy to achieve the transition

as the cholesterol content increased from 10 tm30%.
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Effect of lipid composition on the zeta potentialqf liposome suspensions:

Liposomes were prepared from the M1, M2 and M3dlipgixtures. The zeta potentidl) (
values measured for these liposomes were -62.0 ¥, -43.6 £ 2.7 mV, and -43.6 £ 2.7
mV, respectively. They were negative for all threedels, as expected from the presence of
negatively charged SOPS molecules in the compasdfahe vesicles. Although the SOPS
molar fraction was kept constant in all studied tomi&s, increasing cholesterol content from
10 to 20 mol% led to a less negatiypotential value. There was no further change al2ve
mol%. It is worth noting that the hydrodynamic deter of the liposomes (150 nm) was not

affected by lipid composition change.

Surface pressure changes induced in lipid monokygyon porphyrin injection into the

subphase

20

-
w

OCompound 1c
O Compound 1
B Compound 2

£
=
E
el
c
Q
€ 10 |
|
Q
£
g
2 I
n 5 |
[+}]
| ™=
o
Q
Q
1]
5 —
@ | [ ]
T
Porphyrins Porphyrins Porphyrins Porphyrins
at the free interface beneath M1 monolayer beneath M2 monolayer beneath M3 monolayer
-5

Figure 16 : Surface pressure change induced by porphyrin injedteneath the model monolayers at the initial
pressure of 30 mN/m.

Figure 16 summarizes the surface pressure chandasead by the adsorption of porphyrin
derivatives dissolved in the buffer, at the fre¢eiface and into the model monolayers
compressed to the initial pressum) (of 30 mN/m. This high initial surface pressureswa
aimed at mimicking the primary interaction of théoposensitizers with a biological

membrane. The values were taken at equilibriunmioviehg porphyrin derivatives injection.
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Compounds 1 and 2 adsorbed better at the free air/buffer interfabant the more
hydrophobiccompound 1¢ which was less soluble than the others and tberefggregated
more in the subphase, even if its concentratiord(&10° M) was low. The longer spacer in
compound 2reinforced its amphiphily, as deduced from its enextensive adsorption at the
interface, compared wompound 1

When injected beneath a condensed lipid monolayer 30 mN/m), the glycodendrimeric
phenylporphyrins induced almost the same surfa@sspre changeAf = +5 mN/m),
independently of cholesterol content in the lipidmalayers. This pressure increment could
account for the penetration of porphyrins into thenolayers, despite the high initial surface
pressure. Conversely, faompound 1¢ all Ax values were negative, as if lipid monolayers
acted as a barrier to its adsorption. This wasr®img since it was expected that the
adsorption of the most hydrophobic compound wowdebhanced in the presence of a lipid
layer compared to the hydrophilic glycodendrimgrazcphyrins. On the contrargpmpound

1cdestabilized the lipid monolayers, but appareditinot penetrate into them.
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Figure 17 : Surface pressure changanj induced by injection of the porphyrins beneatke 3 model

membrane, spread at various initial surface presstr Inset shows the linear plot and extrapolatiorthef
increment in surface pressure at high initial stefpressure.

In order to get a better insight into the mechanegnmteraction of the porphyrins with the
monolayers, we studied the surface pressure chioligaving injection of the porphyrin

derivatives beneath the M3 monolayer at increasiitigl surface pressureg;f. These initial
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surface pressures were chosen in the 0-30 mN/neyargl the surface pressure increments
were taken at equilibrium (Figure 17). A maximumtie curves was identified at = 5
mN/m, especially high focompound 2 indicating that at low surface pressure, thedbpi
generally favored porphyrin penetration into thenmlayer.A similar result has been reported
for the interaction between Flurbiprofen and cormesiel monolayers containing cholesterol
8) Moreover, increments in surface pressure werverage twice larger favompound 2
than forcompound 1 or 1c¢, confirming the promoting effect of the longer spain the
interfacial behavior of the porphyrins.

Above 5 mN/m, as the initial surface pressure iaseel in the monolayer, the surface
pressure change diminished. Fewer molecules wéeetalpenetrate into the densely packed
lipid monolayer, which acted as a barrier. Thiseeffbecame predominant at very high
surface pressures, hindering the insertion of atppyrin derivatives. Although there was
apparently not much difference in the interfaciahévior ofcompounds l1and1c in the
presence of the M3 monolayer up #p = 15 mN/m, above this pressucempound 1
appeared more efficient.

The critical surface pressureg, were deduced from the extrapolation of the-n;
relationships enlarged in the inset to Figure lfteyTwere determined by the intersection of
the line coming from extrapolation of the fitting the experimental curveAg—0) and the
horizontalx-axis. Then preventing any penetration of a porphyrin into 18 monolayer
were found to be 28, 35 and 42 mN/m é@mpounds 1¢1 and2 respectively. So up to 28
mN/m, all porphyrin compounds were able to penetrato the phospholipid monolayers,
even at high cholesterol content. At surface pmessexceeding that of a cell membrane
(about 28 mN/m), however, the glycoconjugated pgnipls could still affect the surface
pressure, whereaompound l1ccould not. All these results demonstrate that sugzieties
played a role in the interaction cdmpounds 1land2 with the lipids and that ivas not solely
due to their higher hydrophily and lower aggregatio aqueous medium, as compared to
compound 1c¢

Compression isotherms of mixed lipids-porphyrinsatayers

In order to assess whether a porphyrin, once ideinn the monolayers could interact
favorably with the lipids, and which of the sugawiety or the cholesterol content would have
the predominant effect, mixtures of lipids and goymn (Xp = 0.1) were spread at the
air/buffer interface. The incorporation of porpmyrmoleculesaltered significantly the

organization of phospholipid-cholesterol mixed miagers (Figure 18-20 and Table 4).
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All porphyrins apparently counterbalanced the costdey effect of cholesterol, especially
when mixed to M2 and M3. They also affected the imaxn compressibility modulus of the
mixed monolayers, which significantly decreased mtie porphyrins were mixed to M2 and
M3, but increased when they were mixed to M1, anting for a less fluid monolayer.
Apparently, the insertion of the large hydrophamiacrocycles modified the already complex
interactions between phospholipids and cholestertilin the monolayer, and altered their
packing.
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Figure 18 : z-A isotherms for the M3 model monolayer, the pcwenpound 1cand the mixed MZompound
1cmonolayers.
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Figure 19 : z-A isotherms for the M3 model monolayer, the ptoepound 1and the mixed M@ompound 1
monolayers.
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Figure 20 : z-A isotherms for the M3 model monolayer, the pcoepound 2and the mixed M@ompound 2
monolayers.
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Analysis of the morphology of the mixed monolalpgrBrewster angle microscopy
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M1-Compound 1} m1.Compound 2

M2Z-Compound 1 | M2-Compound 2

M3-Compound 1c § M3-Compound 1 | M3-Compound 2
Figure 21: BAM images of spread lipid models, pure porphyansl mixed lipid-porphyrin monolayers at 27-30
mN/m. Image size: 2 mm.
Figure 21 shows BAM images of the pure porphyrimolayers (top images) compressed to
28 mN/m.The observed brightness of the monolayers was plplidue to the proximity
between the wavelength of the BAM laser (659 nng #re last Q bandf the porphyrins
(650 nm). Films appeared organized in parallelk&tdcstripes. No difference in the width of

these stripes was observed betweempound lcandcompounds land2. These structures
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probably resulted from intermoleculat-n stacking of the hydrophobic cores of
tetraphenylporphyrins***% corresponding to a side-on orientation of the males with
respect to the air/buffer interfad®” Figure 21 also shows BAM images of the M1, M2 and
M3 monolayers at 28 mN/m, in the absence (leftmmiun Figure 21) and in the presence of
10 mol% of porphyrin. M1 exhibited 2D-crystallizebmains contrasting with more fluid
ones. M2 showed domains only when mixed wibimpound 1c Compared to the other lipid
monolayers, M3 looked grainy, with a grain sizeneated below Jum. This grainy structure
appeared attenuated in the presencearfipounds land 2. These observations are in
agreement with then-A isotherms, which showed the deorganizing effedt the
glycoconjugated porphyrins on phospholipid monotay&ith high cholesterol content
(Figure 18-20 and Table 4).

Effect of liposomes-porphyrin interaction on fluscence intensity and quenching

To complete the monolayer data on porphyrin-lipiddefactions, we analyzed porphyrin
penetration into vesicle bilayers by fluorescernpectroscopy.

Porphyrins fluoresce better in an apolar environméman in agueous medium. Their
interactions with membrane lipids can thus be dtiadt by measuring the change in
fluorescence following their addition to a lipososwespension. This approach allows to work
with a very low porphyrin concentration (1x10M) and thus, with a great excess of

phospholipids (1000/1: lipid/porphyrin); these ciimhs are closer to vivo ones.
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Figure 22 : Fluorescence emission spectra é@mpound 1 (1x10° M) upon addition of M2 liposomes with
lipid concentrations ranging from 0 up to 2%X1M, so that [lipid]/[porphyrin] ratios were in thamge [0-2000].

The inset shows the variation of fluorescence peansities Lemission= 653 NM, Aexcitation= 421 NmM) versus
increasing lipid concentration (open circles) asdit line by using Eq. 7.
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Figure 22 shows that the emission spectractompound 1were markedly enhanced upon
addition of M2 liposomes. No shift of the fluoresce emission bands was observed in the
presence of liposomes in agreement with previouslystof interaction betweemese
substituted porphyrins andd-phosphatidylcholine liposomé&&?

Moreover, the fluorescence intensity for the puogppyrin solution (Figure 22, bottom
spectrum) was always lower than that obtained enpifesence of liposomes, due to the well-
known self association of porphyrins in aqueous imedddition of liposomes led to the
dissociation of porphyrin aggregates and bindingreé monomers, which had a stronger
fluorescence. These results indicate that additain liposomes improved porphyrin
solubilization. The same results were obtainedthertwo other porphyrin derivatives (data
not shown).

Spectroscopic measurements allowed calculatinghyoirp membrane partition coefficient
(Kp) using Eq. (7) (see inset to Figure 22 as an el@fopthe M2eompound lassociation).
The results are collected in Table 5. The calcdldg values were all above or close to
2x10/, demonstrating very high affinities the three dendrimeric phenylporphyring. \Kalues

for compounds land 2 were similar for the three models, althouggmpound 2 showed
slightly lower values. However, all differences wavithin the experimental error, except for
the interaction betweecompound 1cand M2, which yielded a Kvalue (3.6 x10 almost
twice that obtained for the other complexes. Thiee most hydrophobic porphyrin,
compound 1c,seemed to exhibit the highest affinity for M2 Igommes, and a comparable
affinity to that of the glyconjugated porphyrinstiwithe two other models. This apparently
contradicted the results obtained with monolayevhich showed thatcompound 1c
penetrated to a lower extent than the other pompéyn the lipid monolayers (Figure 16).
However, it must be noted thabmpound 1calso adsorbed to a lesser extent at the free
air/buffer interface, although it showed the highesllapse surface pressure and smaller
molecular area when spread from organic solvenigu(& 11). This was due to its high
hydrophobicity and tendency to aggregate in theplsabe. The spread lipid monolayer was
insufficient to induce its disaggregation. Convérse liposome suspensions, the vesicles and
porphyrins were both in the bulk and could easiltetiact, thus promotingompound 1c

disaggregation and binding to the liposomes.
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Figure 23 : Stern-Volmer plots for iodide quenching of porphgrin 10 mM HEPES buffer in the presence of
M2 vesicles (lipids/porphyrin ratio = 1000/1) at’87

Porphyrin-liposome interactions were also studigdilorescence quenching, using iodide as
dynamic quencher. The Stern Volmer plots obtaimedhe presence of M2 liposomes are
presented as an example in Figure 23. AccuratevElues could not be calculated in HEPES
buffer (without liposomes) due to porphyrins seifyeegation. However in a methanol:water
50:50 (v/v) mixture (where no aggregation takes@jaksy values were found to be 3.2°M

for compound 1and 3.3 M for compound 1¢ these values are much higher than those in
Table 5, suggesting that in the presence of lip@sothese compounds were inserted into the
phospholipid bilayer and protected from the watdtisle iodide quencher. In another work
(unpublished data), the compounds exhibited sinflleorescence lifetimes, in methanol
(t= 9.4 ns forcompound land 9.5 ns focompound 19, and when associated to DMPC
liposomes (= 12.3 ns at 37°C). Based on these results, tbe Walues for the three
porphyrins were compared. The results in Tabledwsimattheir quenching efficiencies were
similar when they interacted with M1 and M3 liposssnsuggesting similar insertion for the
three compounds. Conversely, when they were booaid2t vesicles, significant differences
in Ksy values were observed between them (TableCbmpound 1c exhibited the lowest
Ksv (0.43 + 0.01 M) whereas focompounds land2, Ksy values were equal to 0.90 + 0.01
M™*and0.61 + 0.01 M, respectively. Apparentljcompound 1cpenetrated deeper into this

bilayer than the two other compounds.
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Porphyrin derivatives
Liposome Compound 1 Compound 2 Compound 1c
Kp (x10) Ksv (M™) Kp (x10) Ksv (M™) Kp (x10) Ksv (M™)
M1 2.0+0.2 1.1+0.2 1.7+0.2 0.98+0.08 2.1+0.2 0.96+0.07
M2 2.2+0.2 0.90+0.01 1.9+0.1 0.61+0.01 3.6+0.5 0.4610.
M3 2.3+0.1 0.80+0.01 1.9+0.1 0.80+0.02 1.8+0.3 0.90%0.

Table 5: Partition coefficients () and Stern-Volmer quenching constantssyjKof liposome-porphyrin
complexes.

Discussion

Effect of cholesterol on phospholipid monolayerd Bposomes

Our results showed that the increase in cholestenmatient from 10 to 30% had no significant
effect on dendrimeric porphyrin penetration intoe tistudied model monolayers and
liposomes. It is well known that the presence aflesterol has a non-negligible effect on the
organization of phospholipid monolayers, and indeedobserved that cholesterol strongly
condensed M1, M2 and M3 monolayers relative to 6,model without cholesterol (Figure
12). Cholesterol is also known to mix differenthithv phospholipids depending on the
saturation degree of their hydrocarbon chains,taadature of their polar headgroups. In our
system, PE, PC and PS molecules coexisted in thgppblipids mixture, and each of them
could interact in a different way with cholestenablecules. Indeed, Cheethanal. ®® have
shown that cholesterol solubility was low in the jonaamino-phospholipids compared to
phosphatidylcholine (PC). This was confirmed by MdMn et al ®* who attributed the
limited lateral miscibility of cholesterol in PEla¢ive to PC bilayers to the relatively strong
inter-headgroup hydrogen bonding and electrostatiteractions of PE, favoring
phospholipid—phospholipid contacts over cholestgrobspholipid interactions.

Cholesterol also showed a limited solubility in ppbatidylserines (PS) inducing phase
separation in monolayers and forming crystalliteX@ao. above 0.3%" %557 Wjith SOPS,
crystallites were even observed from$ = 0.2. The presence of cations such as calcium
contributed to diminish PS-cholesterol miscibiltty rigidifying the head group region and
acyl chains of PS*" %" In our mixed monolayers, the increase in cholested to more
condensed and rigid monolayers with a grainy serf@éigure 12 and Figure 21). In
liposomes, a less negatigepotential was measured when cholesterol contentased from

10 to 20%. However, the reason for this phenomesastill unclear.
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Effect of metal ions on phospholipid monolayerthanpresence of cholesterol

The effect of ions on monolayers and liposomes medsspecifically studied in this work but
should be taken into account since it certainlysat the complexity of the biomimetic
systems. Cations were necessary for the speciécaction with the mannose-receptor, which
is not reported here. If in liposome experimentdciom and nickel ions were added just
before liposome interaction with porphyrins, in m@yer ones, they were present in the
buffer subphase before lipid spreading, and codfdctaboth monolayer formation and
organization. As mentioned above, cations couldl ihkinanionic PS and to a lesser extent to
PC groups. They could also bind to PE groups. Hewetis binding would not be favored
due to the strong interaction between neighborihgsphate and amine groups in PE
monolayers®® Cholesterol could also interfere with cations agpion.

Moreover, the effect of cations might not be lirditéo their interaction with lipids in
monolayers and bilayers. Minnes @t have recently reported that the presence of'Mg
cations induced a clear salting-out process of gdestsitizer molecules from the agueous
phase into neutral liposome bilayef¥) The cations in the presence of our complex and
charged systems could thus play a role in lipidaargation, as well as in porphyrin

penetration into the membranes.

Penetration of porphyrins into phospholipid-choé¥st monolayers

When a soluble amphiphilic compound is injecteddagin a lipid monolayer, the extent of its
adsorption into the monolayer depends on its sarfaoperties, its affinity for the spread
lipid molecules and the surface density of lipidiecoles. In a typical adsorption-penetration
mechanism, as the initial surface pressure is asa@, the available surface area decreases. A
lesser number of porphyrin molecules is expectegdeioetrate into the monolayer. This is
usually supported by a decrease in the surfacesymeshange asg increases. For all three
porphyrin derivatives, such a decrease in the serfaessure change was indeed observed
(Figure 17). Up to 28 mN/m, all porphyrins penetdainto lipid monolayers<Compound 1c
being the most hydrophobic compound of the serias expected to interact more strongly
with the phospholipid monolayers than the glycodenedric porphyrins, especially at high
cholesterol content. Instead, it produced lowerfas@r pressure changes than the other
compounds, due to its aggregation in the subpiseover, at the initial surface pressure of
30 mN/m, a negative surface pressure change waswaas showing that the molecule was
unable to penetrate into a monolayer anymore (Eigi8). Surprisingly, in the same

conditions, both glycodendrimeric derivatives leal & significant increment in surface
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pressure, accounting for the adsorption of theskecutes into the lipid monolayers, even at
the high initial surface pressure. It seems unjyikebwever, thatompounds 1and?2 could
actually penetrate into these condensed monolayeeyy more probably interacted with the
hydrated polar headgroups of the phospholipidaniiog hydrogen bonds with them and
stabilizing the monolayers as disaccharides®8” Indeed, the glycodendrimeric porphyrins
with their three sugar moieties in the same vigigibuld exert the same effect. This would
explain why at 30 mN/m and above, a positive s@rfessure increment was observed for
compounds land2 whereas focompound 1cdevoid of sugars, the surface pressure change

was negative.

Interaction of porphyrin derivatives with liposomes

Fluorescence experiments have shown that the stedimpounds generally exhibited similar
membrane partition coefficients gKwhen incubated with liposomes. (Table 5). This is
consistent with the results obtained at the awmfsmh interface, which showed that all
porphyrins interacted with the phospholipids andenable to penetrate into the monolayers
(Figure 17). No significant difference was apparbetween the model liposomes as if
cholesterol had no particular effect on porphyrmetration, although faompound 1¢ the
interaction with M2 was apparently stronger thathwhe others (Table 5).

Kp and K values forcompound 1cwere higher and lower, respectively, than could be
expected from interfacial measurements. This disorey could be related to the difference in
the experimental conditions between interfacial afhgorescence measurements. In
monolayer experiments, porphyrin molecules werecitgd in the aqueous subphase beneath a
single lipid monolayer. In the fluorescence expemts, lipids were added to the porphyrin
solutions in the form of liposomes with a much laghpid/porphyrin ratio than in monolayer
experiments. Moreover, these liposomes were callodispersions, which could allow a
better dissociation of porphyrins aggregates inbtlk compared to a monolayer spread at the
interface only. This would be particularly favoralib the more hydrophob@ompound 1¢
which was strongly aggregated in buffer. This coombcould thus interact more with the
liposomes, than with the monolayers. Interestintilg, penetration efficiency appeared better
for compound 2 than that forcompound 1 This is in agreement with monolayer
experiments, which showed that when mixed to tpield, compound 2affected much more
M2 and M3 monolayers thasompound 1(Table 4).
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Conclusion
This work showed that the three studied dendrimg@acphyrins could penetrate into

phospholipid monolayers and bilayers mimicking tb&noblastoma cell membrane. If the
increase in cholesterol molar fraction affected dhganization of phospholipid molecules in
monolayers and liposomes membrane, it had almostfeot on the effective penetration of
the drugs into the lipid layers. Conversely, therltal structure of a porphyrin and the
presence of sugars moieties especially, played wiar role. Although the non
glycoconjugated porphyrin penetrated to a highetergx than the glycodendrimeric
derivatives into the liposome membrane, this cdaddachieved at high lipid/porphyrin ratio
only. Glycodendrimeric porphyrins, due to theirtieg hydrophilicity exhibited better surface
properties, and could penetrate into lipid layeveneat low lipid/porphyrin ratios. They
interacted with phospholipid-cholesterol monolayeken at surface pressures where the
packing of lipid molecules was too tight to alloleir effective penetration. However their
interaction with the phospholipid mixtures appeacednplex. Hydrogen bonding between
porphyrin sugar moieties and phospholipid polar dgeaups, as well as hydrophobic
interactions of the macrocycle with phospholipiddigcarbon chains and cholesterol could
control their incorporation and limit their pendiba depth into membranes.
Glycodendrimeric porphyrins have been designedteract with mannose-specific receptors
at the surface of cancer cells. This work showeat ithdependently of their potential
penetration controlled by specific interaction, ytheuld penetrate by passive diffusion as

well.
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Article 4: Evaluation of specific interactions betw een
glycodendrimeric porphyrins, free or incorporated i nto
liposomes, and Concanavaline A by fluorescence

spectroscopy, surface pressure and QCM-D measuremen  ts

Ali Makky, Jean-Philippe Michel, Athena Kasseloulisabeth Briand, Philippe Maillard

and Véronique Rosilio

Article publié dans Langmuir2010, vol. 26, 15, pp. 12761-12768.

Apres avoir démontré le potentiel des porphyriglgsoconjuguées a interagir d’'une
maniere non spécifique avec les modeles membeandir rétinoblastome, nous avons voulu
dans ce nouveau chapitre évaluer la capacité depagshyrines a interagir de maniere
spécifique avec une lectine, la concanavalinella;rméme spécifigue du mannose et choisie
comme modéle pour mimer le récepteur au mannost/me lectinique surexprimé a la
surface des cellules cancéreuses. Pour cela nawss,adans un premier temps, étudié
l'interaction entre les porphyrines et la Con Adaleux sous forme libre en solution par
spectroscopie de fluorescence, en déterminantci@stante d’association, et puis entre les
porphyrines incorporées dans des membranes deofipgssde DMPC et la Con A libre par
diffusion de lumiere. Dans un deuxieme temps, raMos immobilisé la Con A sous forme
d’'une monocouche dense greffée de maniére covasemtene surface d’or, et nous avons
étudié la capacité de nos porphyrines incorporées des liposomes de DMPC a interagir
spécifiguement avec cette lectine par QCM-D.
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Concanavaline A by fluor escence spectr oscopy, surface pressure
and QCM -D measurements

Ali Makky®® Jean-philippe Mich&P, Athena KasseloLfiiElisabeth Briantf’, Philippe Maillard® and
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Introduction
Retinoblastoma is a highly malignant congenital au@rising multicentrically in one or both

retinas.® In the past, external beam radiotherapy and retimacleation were the only
available treatments against {© The recent developments of an alternative treatmen
involving photodynamic therapy (PDT) is of partiauinterest®™ This technique is based on
the administration of a sensitizer devoid of mutag@roperties, followed by the exposure of
the pathological area to visible light. Upon sdmsit photoactivation, active oxygen species
are generated and oxidize the tumor cell componkading to irreversible damage and
consecutive cell death® Most photosensitizers used for both experimental alinical
studies in PDT are porphyrin-based compounds witharocyclic core providing the
required photoactivity, and peripheral substituentstrolling their biodistribution and
pharmacokinetics® However, these compounds are usually poorly wsakrble molecules,
and are prone to form aggregates in aqueous seluBtycoconjugation is considered as a
potential effective way to increase their waterubdity by modifying the amphiphily of
macrocycles® Moreover, it provides the possibility for specifiteraction of the resulting
conjugate with lectin type receptors over-expressebme types of malignant celis!? It is
expected that coupling multivalent carbohydrates the porphyrin core allows their
interaction with more than one receptor binding sit the same time and increases their
affinity, resulting in a better cellular recognitio

New glycodendrimeric porphyrins have been syntleesizn order to improve tumor
selectivity by targeting sugar receptors specifycakposed at the cell surface of neoplasic
retinal tissues™® Although the structure of these receptors hasheen yet determined,
Griegelet al. and Lavilleet al. have showrevidence that they are lectin-like receptors with
specific affinity for mannose and galacto$&™® The glycodendrimeric porphyrins described

in this work are aimed at targeting the receptoo4mannose. In a previous work, we have
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analyzed their non-specific interactions with pHuadpids and cholesterol in monolayers and
bilayers mimicking the lipid matrix of the retin@istoma cell membran€® In the present
study, we have focused on the ability of these glgndrimeric porphyrins to interact
specifically with Concanavalin A (Con A), a welldwn mannose-specific lectin. Although
they are more hydrophilic than non-glycoconjugatedvatives, glycodendrimeric porphyrins
are still poorly soluble in water. To overcomesthroblem, the molecules were solubilized in
liposomes, usable as drug delivery systems. It exgeected that they would orient in the
bilayers and expose their sugar moieties outwdhilss, remaining able to interact with their
target, as previously show

The specific interaction was first assessed framrscence experiments in which both Con
A and porphyrin derivatives were free to move inieaps solution, by evaluation of binding
constant values, and fluorescence quenching byyinetB-mannopyranoside, a high Con A
affinity substrate. In a second step, free Con A mgected beneath mixed DMPC-porphyrin
monolayers spread at the air/buffer interface amthse pressure increments were measured.
Many works have shown that porphyrins can form oiEd monolayers at the air/liquid
interface with specific orientation depending obstituted groups on the macrocycfé;*
and can interact with surfactant or lipids formimixed monolayers or complexé¥’ 2629t

is then possible to inject the soluble lectin aios initial surface pressures and analyze the
extent and kinetics of protein adsorption into th&ed lipid-porphyrin monolayer. The
changes in the size of porphyrin-bearing DMPC Iggoss upon addition of free Con A into
the aqueous phase were measured by dynamic ligittesng. Finally, Con A was
immobilized as a monolayer covering a QCM-D goldsse whose frequency and dissipation
changes were measured in real time, following tgpacof porphyrin-bearing liposomes in

the measurement cell.

Materials and methods

Chemicals

The glycodendrimeric porphyri@mpound 1 (Mw = 1692.81 g/mol) andompound 2 (Mw

= 1823.8 g/mol) were prepared as described prelyidusBallut et al.** 2Y Both were tri-
mannosylated with a DEG (diethylene glycol) and BGT (triethylene glycol) spacer for
compound 1 and compound 2, respectively. We also studied a non-glycococaated
porphyrin (compound 1c, Mw = 1236.09 g/m@f), which had the same structure as

compound 1, except for the mannose residues replaced by ©Hjpgr It was thus considered
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as an appropriate control foompound 1 and to a lower extent faompound 2. These three

porphyrin derivatives were insoluble in pure watéyt soluble in the mixtures of
chloroform/methanol (9/1, v/v) used for spreadinghee air/buffer interface and liposomes
preparation, and in the methanol/pyridine (98/2;) vhixture used for their dissolution in

fluorescence experiments. Their structures are showigure 24.

H
H
HO
HO
O~
Compound 1¢c Compound 1 Compound 2 Methyl-c-mannopyranoside

n=2 n=2 n=3

R=H R = a¢-mannose R =a-mannose

Figure 24: Chemical structures of the studied porphyrins aethii a-D-mannopyranoside.

Concanavalin A (Type V), methy-D-mannopyranoside>(99% pure, Mw = 194.18 g/mol),
HEPES (99.5% pure, Mw = 238.31 g/mol), sodium dbdNaCl, 99% pure, Mw = 58.44
g/mol), calcium chloride (CagPH,O, 98% pure, Mw = 147.02g/mol), nickel chloride
(NiCl,.6H,0O, 98% pure Mw = 237.69 g/mol), 11-mercaptoundeiraacid (MUA), 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochldeé (EDC), N-hydroxysuccinimide
(NHS) and ethanolamine were purchased from Signani{3.ouis, USA). Human serum
albumin (HSA) was furnished by Behring (Marburg,r@any). Pyridine and methanol (99%
pure) provided by Merck (Germany) were analyticgaldg reagents. The ultrapure water(
72.2 mN/m at 22°C, resistivity: 18.2Mcm) produced by a Millipore Synergy 185 apparatus
coupled with a RiOs™®' was used in all experiments. All glassware wagetdor an hour in
a freshly prepared hot TFD4 (Franklab) detergehitmm (15% v/v), then rinsed with milli-Q
water and finally oven-dried.

The aqueous buffer contained 10 mM HEPES, 150 miZINEmM CaC}.2H,0 and 1 mM
NiCl,.6H,0, pH 6.5. The presence of divalent ions{Cand Nf") was required for Con A

activity. %2
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Spectroscopic measurements

Fluorescence emission spectra were recorded at 8i°& Perkin-Elmer LS-50B computer
controlled luminescence spectrophotometer (Massatts) USA) equipped with a red
sensitive R6872 photomultiplier. Excitation wasfpened at the maximum of the Soret band

at a wavelength Ofexcitation= 421 nm, and emission was measured@sion= 653 nm.

Determination of porphyrin-Con A binding constants

Due to their poor-water solubility, most porphynolecules aggregate in solution. Porphyrin
- protein association is a two-step process, wjthheé regeneration of porphyrin monomer
and (ii) its association to the protein. The dstaif the process cannot be established, and
only an apparent “macroscopic” binding constant dsmn calculated from the induced
fluorescent enhancement. When Con A is in a greaess with respect to porphyrin
molecules, the probability that two or more porphymolecules bind to the same Con A
(23)

molecule is negligible. Therefore, we assumed astaithiometry:

K
Porphyrin + Con A S N Porphyrin-Con A

_ [Porphyrin - ConA]
® " [Porphyrin][ConA]

where [Porphyrin-Con A], [Porphyrin], and [Con A]ewe the concentrations of the
porphyrin-Con A complex, and pure porphyrin delivatand lectin, respectively. The
corresponding apparent binding constaptckuld be determined by fitting the experimental

fluorescence intensity (F) versus Con A concertnaéiccording to equation 2:

S S
where kg and Faxwere the fluorescence intensities of porphyrinhi@ absence and presence
of the total Con A amount, respectively.

Experimentally, a 1& M porphyrin stock solution in methanol/pyridine (28 v/v) was
prepared and diluted to 2x10 with the aqueous buffer just before the experiteeThen, 1
ml of this diluted solution was added to 1 ml of IC& solutions with increasing
concentrations. The final porphyrin concentratioaswix10' M and [Con Al/[porphyrin]
ratios were in the range [0-1000]. The mixed sohsiwere kept in darkness at 37°C for 2

hours, and fluorescence measurements were theoripexd at the same temperature.
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Kinetic measurements were achieved in the sameitcamsl and showed that association of
porphyrins to Con A had reached equilibrium aftehdurs incubation (data not shown).
Protein concentrations were expressed on the lodstae monomeric subunit molecular
weight (25 500 g/mol)?¥

Fluorescence quenching studies

When an excess of porphyrin is used, multiple pgriphCon A binding can occur, due to the
presence of multiple binding sites on the lefihindeed, it has been demonstrated that
lectins have additional hydrophobic sites closéhtr primary carbohydrate binding sité.
We assessed the specific interaction of porphynite Con A by fluorescence quenching
using methyl a-D-mannopyranosidea(MMP), a high affinity Con A substraf&” This
substrate has been widely described as an effemtivgetition inhibitor in carbohydrate-Con
A interaction studie€®?® Our quenching strategy was first based on the dtion of weakly
fluorescent complexes of Con A and the glycodenerion porphyrins, followed by the
addition of a-MMP, leading to the release of the weakly boundppgrins, their re-

aggregation in the aqueous phase, and consequerggtence quenching (Figure 25).

X

>0 ©
L %

»

Aqueous Solution g

Aggregated porphyrins
Low fluorescence

Porphyrins -Con A complexes
High Fluorescence

Aggregated porphyrins
Low fluorescence

Figure 25: Expected mechanism of porphyrin fluorescence iitgrtchanges upon addition of methyiD-
mannopyranoside to the complex lectin-porphyrin.
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For this purpose, 5x10M porphyrin stock solutions in methanol/pyridine8(2, v/v) were

prepared and diluted to 8x201 in the aqueous buffer just before the experimehinl of the
porphyrin solution was added to 1ml of the Con Auson (1mg/ml). The final porphyrin
concentration was 4x10M, a much higher concentration than that usedfodetermination
to ensure the saturation of all Con A specific bigdsites prior toa-MMP addition. The
mixed solutions were kept in darkness at 37°C ftwofrs. 100 pl oti-MMP solution with

increasing concentrations were then added so hleajptMMP]/[porphyrin] ratios varied in

the range [0-1000]. Measurements were perform&d &t after 2 hours incubation.

Monolayer experiments

The interfacial behavior of phospholipid-porphyrmonolayers was analyzed using a
homemade auto-recording Langmuir-type film trou@BQ( cni, 217.2 cm) equipped with a
R&K Wilhelmy pressure transducer (Riegler and Kansf GmbH, Germany) enclosed into a
Plexiglas box to limit surface contamination. Prtor monolayer spreading, the subphase
surface was cleaned by suction. Monolayers wereféef 15 minutes to allow complete
evaporation of the solvents. Compression was tleeiopned at the speed of 9.57 Thmin.
Interaction of Con A with mixed DMPC-porphyrin mdagers was inferred from the change
in the surface pressure measured by the Wilhelmtepinethod, using a K10 tensiometer
(Kruss, Germany). Phospholipid-porphyrin mixture®:1( mol/mol) were spread from
chloroform/methanol (9/1, v/v) solutions onto thefbr subphase (20 ml, 11.9 &rand left

for 3 hours to reach equilibrium at the chosenasefpressure. 100 uL of Con A solution (10
mg/ml in buffer) were then injected through a saen beneath the mixed monolayer. The
final Con A concentration in the subphase was @dml. All experiments were performed
at 22°C to limit water evaporation and temperainduced-lectin aggregation effects. The
results reported are mean values of at least thesesurements. The experimental uncertainty

was estimated to be 0.2 mN/m.

Liposome preparation

Liposomes were prepared according to Bangham'’s adetbllowed by the extrusion of
vesicles suspensioff® G2 brief, DMPC-porphyrin mixed solutions (500:1 imoratio)

in chloroform/methanol (9/1, v/v) were evaporated 3 hours under reduced pressure. The
resulting dry lipid film was then hydrated with thgueous buffer until reaching a final lipid

concentration of 2 mM. The presence of divalensi@@&" and Ni*) was required for Con A
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activity.?® The pH was chosen to match that reported in caissres. The lipid suspension
was then extruded 15 times through a 200 nm-paaenelier polycarbonate membrane at
50°C (Avestin Lipofast extruder, Ottawa, California

DLS measurements

The liposome diameter was measured using a Zeta-gNano ZS90, Malvern). The
measurements were performed after dilution of gh@esbme suspension in deionized water.
To evaluate Con A-induced aggregation of liposornearing porphyrins, 1 ml of fresh
DMPC vesicles (2mM) bearing (or not) the glycodemedric porphyrins were left in contact
with Con A solutions (1 mg/ml) for 1 hour at roomntperature. Vesicles diameters were
measured before and after addition of Con A. Albmeements were carried out at 25°C.

Quartz crystal microbalance with dissipation measuanents

Experiments using the quartz crystal microbalanc¢h vdissipation monitoring were
performed at 25°C using a QCM-D E4 from Q-Sensetl{@dburg, Swedenhe QCM-D
sensor allows the measurement of oscillation fraqueshift (Af) of the quartz crystal and
simultaneous energy dissipation chang®); Whereas changes in resonance frequency are
related to the mass of the material deposited oremroved from the sensor, changes in
energy dissipation provide information on the vedegtic properties of the adsorbed material.
Au-coated crystals were provided by Q-Sense ABorRa their use, they were cleaned in a
mixture of HO/NH;z; (25%)/H,0, (30%) in a 5/1/1 ratio at 70°C for 10 minutes. Thesre
then thoroughly rinsed with ultrapure water ancedrunder a blstream. After cleaning, the
crystals were incubated for 12 hours in a 5 mMmhia MUA solution, rinsed and sonicated
in ethanol for several seconds to remove all uoh&d thiol groups. Finally, they were
thoroughly rinsed with ultrapure water and driedaiagunder a stream of ;N Lectin
immobilization on the gold sensor was achieved bwversion of the carboxylic acid
functions of MUA into N-hydroxysuccinimide esterg feaction with N-hydroxysuccinimide
(NHS) in the presence of a water-soluble carbodie{EDC), followed by reaction with Con
A (Img/ml in HEPES buffer with 150 mM NacCl, pH 6.5

Results
Fluorescence Spectroscopy:

Porphyrins are fluorescent macrocycles. Howevegir ttendency to aggregate in aqueous

media generally results in a low fluorescence isitgt¥® Conversely, in the presence of
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apolar molecules such as lipids or proteins (allyreictin), disaggregation may occur upon

formation of a non covalent complex and a stromgease in fluorescence follows: 3
600

500 400 | e ——T
400

conat | fiin\
300

o Z107 4107 5107 810 o.com
[ConA] M

200

Fluorscence Intensity (a.u)

100
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Figure 26: Fluorescence emission spectracofpound 1 (1x10” M) upon addition of increasing concentrations
of Con A, with ConA/porphyrin ratios ranging fromup to 1000(Aeycitation= 421 nm). The inset shows the
variation of fluorescence peak intensitigg(sion= 653 Nm) versus increasing Con A concentratiopelio
circles) and its fitted line using eq. 2.

Figure 26 shows that the emission spectraoofipound 1 were indeed markedly enhanced
following addition of increasing concentrations 6bn A. No shift of the fluorescence
emission bands was observed. Fluorescence intdositige pure porphyrin solutions (Figure
26, bottom spectrum) was always lower than thahixed porphyrin-Con A ones. The same
results were obtained for the two other porphy(deta not shown).

From these spectra, porphyrin-Con A binding constdK,) have been calculated using
equations 1 and 2 (see inset to Figure 26 as am@e for Con Acompound 1 binding).

The results are presented in Table 6.

] Con A HSA
Porphyrin Kpx10° (M™) Kpx10° (M™)
Compound 1c 0.18+0.01 1.26+0.01
Compound 1 1.74+0.10 0.62+0.05
Compound 2 1.67+0.08 0.80+0.14

Table 6: Binding constants values for the porphyrin derixed in mixtures with Con A or HSA

Whereas the Kvalues for bottcompound 1 andcompound 2 were similar (1.74 x10and
1.67 x19 M respectively), that for the non-glycoconjugatechpound 1c appeared 10-fold

lower. This difference is consistent with a distibending mechanism between mannosylated
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and non-mannosylated porphyrins. Althougbmpound 1c is devoid of any mannose
moieties, it could still bind to Con A through hgghobic interactions. Non-specific
interactions of porphyrins with lectins are welsdebed in the literaturé® The binding of
the three compounds to human serum albumin (HSAgwis non-specific to mannose, but
contains several hydrophobic binding sites, was alsluated for comparison (Table 6), K
values obtained with HSA showed a different trdmghtthose obtained with Con A, and were
more consistent with the relative hydrophobicitytld studied compounds.

Isothermal titration calorimetry studies have shdtat Con A binds--MMP with a K, value

of 0.82 x1d M%,5%3" 3 value 20-fold lower than those found with oupmach for the two
mannosylated porphyrins. The highep For the glycodendrimeric porphyrins cannot be
solely due the three mannosyl groups. As descrilmegrevious studies, hydrophobic
interactions contribute to the overall interactiteading to sugar—lectin bindiritf: ®
Moreover, the highly specific saccharide recognitgites of many lectins bind to sugar
derivatives containing large hydrophobic or aromaithgs such as a porphyrin macrocycle,
much better than they do to simple mono- or disaddas®® Hydrophobic sites play a
significant role, which has to be taken into acdanrthe interpretation of experiments aiming

at the evaluation of the specific interaction.

Fluorescence quenching by a-MMP after Con A-porphyrin interaction:

The spectra in Figure 26 show thampound 1 exhibited a weak fluorescence with an
emission maximum at 653 nm due to its extensiveeggdion in aqueous media. Addition of
Con A caused porphyrin disaggregation and conselyuen significant increase in
fluorescence. The subsequent additionodfiMP induced a decrease in the fluorescence

intensity with a concentration dependent fluoreseeguenching (Figure 27,28).
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Figure 27: Con Acompound 1 fluorescence spectra uparMMP addition (0-4mM) in HEPES buffer.

Compound 2 exhibited the exact same behavior. The fluoreseasfcboth mannosylated
porphyrins was quenched due to their displacememb f{Con A binding sites by-MMP.
However, no complete fluorescence quenching coeldldtained even with large excessiof
MMP. Some porphyrin molecules remained bound to lain through non-specific
interactions. A similar result has been reportedni@nnosylated sapphyrins and porphyrins

used for non-covalent fluorescent labelling of pias.#®

1.1

“O-Compound 1c
=“Compound 1
Compound 2

n,

0.9 A

08 T T T T T T T 1
0 0.5 1 1.5 2 25 3 3.5 4
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Figure 28 : Fluorescence quenching induced by addition-&MP (0-4mM) to Con A-porphyrin complexes.

For compound 1c as inferred from the upper curve in Figure 28, ittoeease in fluorescence

intensity in the presence Con A was not alterethbysubsequent addition @fMMP.
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These differences suggetitat the binding modes of the glycoconjugated arwh-n

glycoconjugated porphyrins to the lectin were ddfg.

Interaction of Con A with porphyrin-bearing monolayers:

The surface tension measurements allowed analysikeointeraction of Con A with the
porphyrinsin situ. In these experiments, the porphyrins were digsblwith DMPC in a
chloroform-methanol mixture and then spread atdhébuffer interface as a mixed (1:9)
monolayer with an initial surface pressure of 20/mNThe surface tension of the mixed

monolayers was stable for at least 8 hours.
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Figure 29 : Surface pressurer) or surface pression changerj at 25°C induced by Con A adsorption at the
air/solution interface and into DMPC-porphyrin (Prihonolayers at the initial surface pressure off®'m;

Figure 29 shows the surface pressure change waith tollowing Con A injection into the
subphase. At the concentration of 0.05 mg/ml, Cofoined a stable monolayer with a
surface pressure of 22 mN/m at equilibrium. Wheedied beneath pure DMPC and DMPC-
compound 1c (9:1) monolayers, a maximum increase in surfaesqure of 5.6 mN/m and 3
mN/m, respectively was recorded. It is interestiognote that the kinetics of the surface
pressure increases were different for the two obmntronolayers. Whereas the maximum
surface pressure change for the DM&@pound 1c monolayer was reached in less than an

hour, for the pure DMPC one, it took about 4.5 BouFhis is due to the difference in
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compressibility of the two monolayers as may beuded from the shape of the isotherms in
Figure 31.

Con A injection beneath mixed monolayers of DMP@ arannosylated porphyrins induced a
higher surface pressure change of 7 and 6.7 mNmDMPC-compound 1 and DMPC-

compound 2, respectively. Equilibrium was reached after at®hours.

Surface pressure change (mN/m)

-10
0 3 10 15 20 25 30 3a

Initial surface pressure (mN/m)
—DMPC -O-DMPC-compound 1c —&DMPC-compound 1 -BFDMPC-compound 2

Figure 30 : Surface pressure changes induced by Con A adsorgtizarious initial surface pressures.
In Figure 30, the surface pressure changes indiigedCon A adsorption into mixed
monolayers with increasing initial surface presswgigows that above 25 mN/m, adsorption of

Con A increased the surface pressure of mixed DNR€adendrimeric porphyrins only.
The effect was a little more pronounced for the alayer containingompound 2.
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Figure 31 : n-A relationships for DMPC and DMPC-porphyrin (9rhjxed monolayers.

Figure 31 shows the compression isotherms for DM#P@G its mixtures with porphyrins
spread at the air/buffer interface. The molecutaas at 20 mN/m were very similar for the
mixed monolayers: 74.3, 77.8 and 78.4, for DMPC-compound 1c, DMPC-compounds 1
and 2, respectively. It was smaller for pure DMPC (63.2).AAlthough the difference in
molecular area was 3.5 to 4 hetweencompound 1c and compounds 1 and 2, the
increment in surface pressure was two-fold higheese results show that Con A interacted
more with the glycoconjugated porphyrin-containmgnolayers. However, no difference in
the extent and kinetics of Con A adsorption cowddbserved betweaompounds 1 and 2,

despite their different spacer lengths (Figure 29).

Interaction of Con A with porphyrin-bearing liposomes:

In a previous work!” we have shown that the porphyrins could be incateat into the
bilayers of DMPC liposomes. These liposomes cowdubed as efficient carriers for drug
solubilization and possibly targeting.

We formed mixed DMPC-porphyrin liposomes at the:%Q@tio, and measured their size by
DLS before and after Con A addition. Results aesented in Table 7.
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Liposomes Before Con A addition After Con A addition
Composition Diameter (nm) Volume (%) Diameter (nm) Volume (%)
DMPC |“| 164 100 I“l 175 100

DMPC-Compound 1c

|‘|| 173 100 |‘|l 177 100
*
168 100 * 1090 66.2

*
169 100 * 1690 81.9

Table 7 : Liposomes size before and following addition of Goilmg/ml) to liposome suspensions of varying
compositions. Measurements were made after 1 lbatmn at room temperature.

DMPC-Compound 1

DM PC-Compound 2

Apparently, the size of pure DMPC and DMRGrmpound 1c liposomes was not affected by
Con A addition. Conversely, for DMPCsmpound 1 and DMPCeompound 2 liposomes, a
dramatic increase in vesicles diameter was obsemitbdvalues as high as 1090 nm and 1690
nm, respectively. This striking result demonstrdteg mannosylated porphyrins were able to
interact with Con A when incorporated into the Bpmes membrane through the outward
exposure of their mannoses moieties into the acupbase. The existence of Con A dimers
and tetramers at the studied P, probably allowed lectin interaction with more thane
porphyrin molecule, possibly borne by differentoljemes, leading to the formation of
liposome aggregates. This could explain the higls Dalues measured, and the emergence of
another vesicles family as shown by the two peakbke size distribution for these liposomes
(Table 7). Moreover, after addition of Con A, liposes bearingompound 2 were able to
form populations of slightly larger size than thdssaringcompound 1. The percentage of
larger aggregates was higher for the former. Téssilt can be explained by the longer spacer
in compound 2, which offered to the lectin a better accessibilityhe sugar moieties.

Interactions of porphyrin-bearing liposomes with an immobilized Con A monolayer:

In the experiments described above, we studiedinttexaction of free Con A with the

porphyrin derivatives immobilized in a phospholipidonolayer then in a phospholipid
bilayer. As Con A was free in the agueous phaseqiitding sites were easily available, for

both the hydrophobic and specific interactions. lde&r, for a mannose receptor embedded in
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a cell membrane, the binding sites might not beaasly accessible to a large molecule such
ascompound 1 or 2 as to a small molecule like MMP.

In a previous work! we have shown that the two glycodendrimeric porpisyinteracted
with phospholipids to a higher extent than the gtyzoconjugated dendrimeric one. In order
to study specifically the Con A-porphyrin interacts, we focused on the interaction of
DMPC-porphyrin liposomes with an immobilized purerCA monolayer.

Following the immobilization of Con A onto the MUgurface, we have injected under flow
conditions the various liposomes (DMPC, DME&npound 1c, DMPC-compound 1 and
DMPC-compound 2). Figure 32 shows the evolution af and AD, respectively, as a
function of time resulting from these injections.

A fast decrease in frequency change was observeécféer 10 to 20 min depending on the
composition of the liposomes, a quasi steady staie reachedlThe immediate decrease in
resonant frequency can be explained by the incdeafiective mass onto the QCM-D
electrode, due to liposomes adsorption. There wasorecomitant increase in energy

dissipation as more liposomes adsorbed, indicaingre viscous behaviour.

105



Chapitre 2 : Etude de l'interaction spécifique desrphyrines avec une lectine spécifique de mannose

d
d

S 40 -

X 30 -

320- C‘_a

10 - 0
0 [ [ ] : , f ] : : |
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Figure 32: Af (n=11) (a) andAD (n=11) (b) following liposomes injection into t@CM-D cell containing
immobilized Con A onto the SAM functionalized gddrface. a: pure DMPC liposomes, b: DMBE@apound
1c, ¢c: DMPCeompound 1, and d: DMPCeompound 2. Arrows indicate the times at which the electrodese
rinsed with HEPES buffer.

As shown in Figure 32, the amplitudes of the signatre highly dependent on the chemical
structure of the porphyrin embedded in a liposona@yér. Vesicles bearing mannosylated
porphyrins induced the higher magnitudesAbfand AD compared to DMPC artompound
1c-bearing liposomes. This would mean that the forradsorbed more to the Con A
monolayer than the latter and altered its viscoielgsroperties to a larger extent. For
liposomes bearing mannosylated porphyrkfisvalues were -130 and -186 Hz for DMPC-
compound 1 and DMPCeompound 2, respectively. These frequency shifts are in good
agreement with those reported for liposome adsmptanging from -90 to -400 Hz,
depending on the liposome size and adhesion prdé&&2 Conversely, for pure DMPC and
compound lc-bearing liposomes, frequency shifts of -17 and FHZlonly were observed,
respectively. These frequency shifts were lowantthose obtained for a supported planar
bilayer (Af ~ -26 Hz andAD ~ 0.3x10°) “*** or a complete layer of intact vesiclesf ¢ -90

to -400 Hz). Furthermore, the normalized changeeaquency Af/n) and dissipationAD) for
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the three overtones (n=3, 5, 7) did not overlapga/deot shown). This indicates that the
adsorbed liposomes formed a non-rigid incomplegerlaf intact liposome$!®4"

The liposomes bearingpmpound 2 induced the largest variations i&f and AD. These
results confirm those obtained by DLS when thedguoes were in contact with free Con A.
The following washing step with buffer resultedanly a slight increase in frequency5(
Hz), which showed that adhesion of the liposomdakédectin monolayer was stable.

In order to relate the observed changes in digsipad changes in frequency, we have plotted
in Figure 33 the variation of dissipationld) energy as a function of frequency shifif)(

which eliminates time as an explicit parame'ét.
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45 ~

40 \\{\/é 1
35 | ?/\“ f(*

30 A

25 Ve |
20 | TN
15 -

10 ~

AD (x107%)

5,

o T T T
-200 -150 -100 -50 0

Af (Hz)

Figure 33: Dissipation change versus frequency shift for tijedted liposomes in the presence of immobilized
Con A onto the SAM functionalized gold surface.

The different slopes in th&D-Af plots reveal the different liposome behaviorsimgitheir
adsorption. Pure DMPC andompound 1c-bearing liposomes exhibited the highest
dissipation at a same given frequency. This rasulbt surprising since these liposomes were
probably simply adsorbed onto the Con A surface @mig weakly attached. Therefore, they
could move freely during quartz crystal oscillasorConversely, liposomes bearing the
mannosylated porphyrinecdmpounds 1 and 2) induced lower energy dissipation. These
liposomes were strongly bound to the Con A monalgy®bably by several attachments, and

could not move as well as DMPC apmpound 1c-bearing liposomes. Moreover, the
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significant increase in dissipation caused by lposes bearinggompound 2, compared to
those bearingcompound 1 would result from the higher mobility of mannoseieties
provided by the longer spacer dcompound 2. Indeed, this spacer would not only enhance
porphyrin interaction with Con A, but also allow ri@gn mobility to the liposomes
subsequently bound to the lectin layer. Thus, tttached vesicles would not hinder the
movements of the immobilized protein layer, and ldoeven contribute to them during
quartz crystal oscillations.

It is noteworthy that the measured signals weightty affected after buffer rinsing,
whatever the type of injected liposomes. To anatieestrength of the specific interaction in
the mechanism of mannosylated porphyrins adhesitimet Con A monolayer, we injected

MMP (0.004 M) after rinsing.

-100 50
AD
-110 A + 45
-120 A \ + 40
-130 - g R T 35
-140 A +30 &
~~ O
N —
L 150 | +25 X%
< a)
-160 T+20
-170 A T +15
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Figure 34: Changes in frequencyf) and dissipationAD) as a function of time upon injection afMMP
following adsorption of DMP@ompound 2 liposomes to the immobilized Con A. Arrows indiathe
injections ofa-MMP (0.004 M in HEPES buffer).

As shown in Figure 34, there was a rapid frequenciease (+24 Hz) upon the first injection
of a-MMP, corresponding to a mass loss. This was faidwy much less significant
frequency increases after the second and thirdtiojes. Although the increase in frequency
change would indicate the replacement of mannaylabrphyrin-bearing liposomes by
MMP molecules, it is apparent that the excess itdgrildid not allow the release of all

adsorbed mass. So, when porphyrin molecules webedaed into a liposome membrane, it
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would be more difficult fora-MMP to displace them from Con A binding sites thanen
they were free in solution, as we observed in theréscence experiments (Figure 27 and
Figure 28).

Discussion
We have previously studied the non-specific intkoas and penetration ability of the

glycodendrimeric porphyrins into phospholipid mixeanolayers or liposome bilayers with
increasing cholesterol contents. These membrare®dathe lectin-like receptor at their
surfaces™¥ We have clearly shown that the cancerous-deperafeisterol changes in the
retinoblastoma cell membranes did not modify thenepetion ability of the studied
porphyrins. Conversely, we have observed that trennose moieties grafted to the
porphyrins reinforced their amphiphily and promotdeeir interaction with the model
membranes. This demonstrated that the glycodendanperphyrins were able to interact
more significantly with the lipids than the non-gbconjugated dendrimeric one, even in the
absence of a mannose receptor in these membrant® present work, we have focused on
the specific interaction between glycoconjugatedhddeneric phenylporphyrins and the
mannose receptors, using concanavalin A as a mbddedvoid the non-specific interactions
with the lipids observed in our previous work, Chmwas studied alone, free in the aqueous
medium or immobilized onto a SAM-functionalized Q&M gold sensor. Although the
conditions were not those of a receptor embedded membrane since Con A was not
incorporated into a lipid monolayer or bilayer, tresults obtained in this work allowed
comparing the three porphyrin molecules with respectheir potential specific and non-
specific interactions with a lectin-like protein.

When Con A was mixed to a dendrimeric porphyriry¢gtonjugated or not) solution, the
fluorescence intensity of the porphyrin increasedicating a more favorable environment for
the porphyrin. The aggregated porphyrin molecufesiqueous solution disaggregated and
associated to the protein. This association apgeiagependent of the presence or not of
sugar moieties and was certainly driven by hydréyphointeractions between the
phenylporphyrin macrocycle and the hydrophobic dosaf the lectin. However, as shown
in Table 6, the Kvalues calculated for the glycodendrimeric porpts/evere higher than that
for the dendrimeric porphyrin devoid of sugamonipound 1c). The glycoconjugated
porphyrins are more amphiphilic thamompound 1c and adsorb better at the air/buffer
interface.™ In order to verify that the higher,Kor the former were due to their interaction
with both hydrophobic domains and sugar recognisioes of the lectin, the association of the
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porphyrins to the lectin were compared to that \kiiman serum albumin, which contains no
binding site for mannose, but several hydrophobiess It was thus expected that the
porphyrins would interact with it in a non-specifiay. This was indeed confirmed by our
measurements (Table 6), which showed that thevddue was much higher for the non-
mannosylated porphyrin than for the mannosylatedsonhese results confirmed that
compound 1c was more hydrophobic thaempounds 1 and2, and that in the presence of an
ordinary circulating blood protein it would assdeiavith it more than the other porphyrins.
The similar binding constants obtained for the gtlendrimeric porphyrins accounted for
their similar hydrophily.

The addition of excess-MMP following interaction of the porphyrins witha@ A,
led to significant quenching of the fluorescenceahaf two glycoconjugated porphyrins, but
barely affected the fluorescence intensitycofpound 1c. This would demonstrate that the
glycoconjugated porphyrins did not associate tdeh&n merely due to their amphiphily, but
also through specific interactions, and that the p&it would be significantly high to be
noticed when a competitor for the sugar recognisibes was added to the mixture.

In the fluorescence experiments, no significanfedénce was observed between
compound 1 andcompound 2 in the presence of the lectin. All the moleculeseviree in the
medium and could easily change their orientatiorinteract with the specific sites. The
difference in only one ethylene oxide group in #gacer of the two porphyrins, although it
improved the amphiphily ofompound 2 compared tacompound 1,"* did not affect the
specific sugar-lectin interaction.

Results could be different if the lectin or a pomh, or both of them, were
immobilized in a membrane, as expected if porplsyrirere delivered after solubilization in
liposomes. To analyze this aspect we studied ttexacation of the porphyrins incorporated
into a monolayer with free Con A injected into teabphase. The comparison of the
interaction of the lectin with the three porphyricenfirmed that the lectin interacted more
with the glycoconjugated porphyrins that wabmpound 1c. Again, no particular difference
was observed betweeompound 1 andcompound 2. However, the porphyrins were diluted
in the mixed monolayer (10 mol%) and the monolaygelf was not too much condensed
(about 20 mN/m). Therefore, the lectin could repophyrin sugar moieties and the spacer
length was not too critical. Additional experimehsve indicated that above 25 mN/m, the
lectin did no longer penetrate into DMPC and DMé&mipound 1c monolayers contrarily to
DMPC-glycodendrimeric porphyrin ones (Figure 3Me%-A isotherms in Figure 31 showed

that the three dendrimeric porphyrin molecules $iadlar packing between 20 and 30 mN/m.
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To better model the delivery system, porphyrin-gitnadipid mixtures were studied in
another context, in which the porphyrins were endieedin the bilayer of DMPC liposomes
and the changes in vesicle size upon Con A addwiere measured. A clear difference was
observed between DMPC and DME@npound 1c liposomes on one hand, and DMPC-
glycodendrimeric porphyrins on the other hand, vamich two size distributions were
obtained. Although the difference in size of theyragates was not very significant, the
percentage of larger aggregates was highesdmpound 2-bearing liposomes (Table 7).

The favorable effect of the spacer on the sugdirleateraction was even more
apparent when both the lectin and the porphyringewiexmobilized. In the QCM-D
experiments where no change in orientation of téeaules was possible, especially for the
porphyrins in the liposomespmpound 2 appeared to be more effective thmmpound 1.
There might be another reason than the length efstigar groups exposed to the aqueous
medium. In the preparation of liposomes, phosplind porphyrins molecules were mixed.
They could be embedded in the inner or the outerspiolipid leaflet of the liposome
bilayers. Due to the larger molecular area thay thecupy at the interface, as shown in our
previous work!¥ molecules ofcompound 2 might be preferentially exposed to the outer

surface compared to thoseasimpound 1.

Conclusion
The glycodendrimeric porphyrins proved to intergimecifically with Concanavalin A.

Compound 2 with a longer spacer appeared more efficient tbampound 1. In all
experiments and for all studied systems (monolayBposomes, free or immobilized
molecules), the specific interaction appeared totrdmute to a higher extent to the overall
interaction with the lectin than the non-specifiteo Added to our previous results, which
showed that the sugar moieties of the glycocongdyaendrimeric porphyrins favored their
non-specific interaction with phospholipids-chobgst model membranes compared to
compound 1c, the glycodendrimeric porphyrins appear as vergnpsing drugs. Their
evaluation on mixed phospholipid-Con A model systeand on the retinoblastoma Y79 cell

line is currently in progress.
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exposant a sa surface une lectine spécifigue de man  nose
et interaction avec les porphyrines incorporées dan s des
liposomes
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Article 5: Biomimetic liposomes and planar supporte d
bilayers for the assessment of glycodendrimeric
porphyrins interaction with an immobilized lectin.

Ali Makky, Jean-philippe MicheRhilippe Maillard, and Véronique Rosilio

En attente pour publication dans BBA-Biomembranes

Jusqu’a maintenant, nous avons démontré que lgghyrines glycodendrimériques
libres sont capables d'interagir d’'une maniere spgcifique avec les membranes et dy
pénétrer, au moins partiellement. Nous avons aussitré qu’une élévation du cholestérol
membranaire ne favorise pas une meilleure péngtrates molécules. Par la suite, nous
avons évalué leur capacité a interagir de manigéeifique, sous forme libre ou véhiculées
par de liposomes, avec la Con A, elle-méme sousddibre en solution ou immobilisée sur
une surface. Mais ces configurations expérimentaesont pas suffisamment représentatives
d'une interaction des porphyrines avec un modélemibnanaire biomimétique du
rétinoblastome. Dans ce troisieme chapitre, nowmavranchi une étape supplémentaire
importante en construisant et en caractérisant odéfle membranaire de rétinoblastome
completement original qui se rapproche dun modéembranaire véritablement
biomimétique pour deux raisons: (i) sa structurebauche (plane ou liposomiale) et sa
composition quaternaire miment mieux celles des bmanes naturelles du rétinoblastome
gue tous les modeles présentés dans la littérafiirel expose a sa surface une lectine
modélisant le récepteur a mannose surexprimérfiace des cellules de rétinoblastome.
Apres avoir décrit I'élaboration de nos modéles ssdorme de protéoliposomes et de
bicouches planes supportées exposant a leur suaf&en A, nous avons étudié I'interaction
globale (spécifiqgue et non-spécifique) des porptegiincorporées dans des liposomes de

DMPC avec ces deux systemes, par des mesureduatifde lumiere et de QCM-D.
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Introduction
Photodynamic therapy (PDT) is a relatively new tireant modality for various diseases

including superficial tumours such as basal celicicamas of the skin, head and neck
tumours as well as tumours accessible to endosli@yesophageal and lung cancéts
Moreover, due to its therapeutic efficacy and éwdr side effects compared to chemotherapy
and radiotherapy, this technique would be consdler® one of retinoblastoma alternative
treatment$®®. PDT involves a nontoxic photosensitizing ageat th activated by light at an
appropriate wavelength generally in the presencexgfien. This results in the release of
organic radicals or reactive oxygen species (R@S§)ecially singlet oxygen that oxidize the
target tissue, lead to irreversible damage andemutive cell death (necrosis, apoptosis or
autophagy)®. However, because of its short half life (~ 4psihglet oxygen induces
photodamage in its immediate vicinity on{). Therefore, the phototoxicity efficiency is
highly dependent upon photosensitizers intracellueccumulation and subcellular
localization®”.

Most photosensitizers used for both experimentdl @dmical studies in PDT are porphyrin-
based compounds with a macrocyclic core providihg tequired photoactivity, and
peripheral substituents controlling drug biodisitibn and pharmacokinetic®. However,
these compounds are usually poorly water-solubleecotes, and tend to form aggregates in
aqueous solutiof Y. Hence, to improve the efficacy of porphyrins mitlynamic activity,
many authors have used the glycoconjugation siyatesga potential effective way to (i)
increase drug water solubility by modifying macrdeg amphipathy™>'?, and (ii) target
lectin-like receptors over-expressed in some typésmalignant cells®?) such as
retinoblastoma cell€>?. with this aim, Ballut etl. “> ? have recently synthesized new
glycodendrimeric porphyrins as drugs with higheregficity in the treatment of
retinoblastoma by PDT. The specific receptors oymessed at the surface of cells have not
been identified yet, but it is known that they sreeptors to mannose and galactés&23.
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Because membranes are considered as the primamstdanf cell photodamage for most
photosensitizers used in PI¥P, studying the mechanisms of phostosensitizerraethbrane
interaction is of great interest. The elaboratiérbiomimetic membrane models mimicking
thein vivo situation would account for a real progress allmpbetter comprehension of such
mechanisms. Many research groups have used diffeseganized systems, such as
monolayers®®?” or liposomes?*3" for modeling a cell membrane and studying porphyri
interaction with it. However, these model systerostaining a single lipid or even a binary
lipid mixture were not biomimetic enough of canaesa@ell membranes, and they lacked the
lectin-like receptors at their surface. In a pregiavork, we have focused on the non-specific
interactions and penetration ability of glycodengsric porphyrins into mixed phospholipid
monolayers and liposome bilayers having similaridlgpp composition to that of the
retinoblastoma cell membran&$*?, with increasing cholesterol content from 10 ton361%

42 We have shown that cholesterol changes in refistima cell membranes did not
modify the penetration ability of the studied poyphs. Moreover, we have demonstrated
that glycoconjugation of porphyrins reinforced the@mphiphathy and promoted their
interaction with those membrané®. In a more recent work, we have analyzed more
specifically the ability of the porphyrin derivagis to be recognized by a mannose-specific
protein, Concanavalin A, mimicking some of the poes over-expressed at the surface of
retinoblastoma cell§* *¥. Our results showed that only mannosylated poipkycould
specifically interact with Concanavalin A (Con And that the spacer length between a
porphyrin core and its mannose moieties playeduaiar role in this interaction. To avoid
non-specific interactions with the lipids, Con Ashiaeen studied alone, free in the aqueous
medium or immobilized onto a SAM-functionalized Q&Mgold sensor. Herein, we have
built and characterized liposomes and supportedapldilayers having a similar lipidic
composition to that of retinoblastoma cell membsaas previously describé®, on which
Con A has been grafted. This more complete modelvatl us to better mimic thi& vivo
conditions and to get a better insight into the maetsms of interaction between
glycoconjugated porphyrins and retinoblastoma clla pH of 6.5, close to that reported for

tumorous tissueé?.

Materials and Methods
Chemicals

The glycodendrimeric porphyri®@mpound 1 (Mw = 1692.81 g/mol) andompound
2 (Mw = 1823.8 g/mol) were prepared as describedipusly by Ballutet al. “> ) They
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were tri-mannosylated with a DEG (diethylene glyand a TEG (triethylene glycol) spacer,
respectively. We also studied a non-glycoconjugataghyrin (compoundc, Mw = 1236.09
g/mol), > ?? which had the same structurecasnpound 1, except for the mannose residues
replaced by OH groups. This non-glycoconjugatemipound 1c was considered as a control
for compound 1 and to a lower extent fmompound 2. The three porphyrin derivatives were
poorly soluble in water but soluble in a (9:1 vi)xture of chloroform/methanol used for
liposome preparation. Their chemical structurespaesented in Figure 35.

o HN/\HN( SN

0 O
O
n
R n

Compound 1c = Compound 1 Compound 2
n=2 n=2 n=3
R=H R = a-mannose R = a-mannose

Figure 35: Chemical structures of the studied porphyrins.
The phospholipids used for building the biomimetiembrane: 1-stearoyl-2-oleoyl-sn-

glycero-3-phospho-L-serine (sodium salt) (SOPS, M&12.05 g/mol), 1-stearoyl-2-oleoyl-
sn-glycero-3-phosphocholine (SOPC, Mw = 788.14 ¢)niestearoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (SOPE, Mw = 746.06 g/mol) an@-dibleoyl-sn-glycero-3-
phosphoethanolamine-N-(glutaryl) (sodium salt) (E3futaryl, Mw = 880.12 g/mol) were
purchased from Instruchemie (Delfzijl, The Netheds). They were 99% pure and were used
without any further purification. Concanavalin Ay@e IV, Mw: 25500 g/mol per monomer),
Sepharose 4B gel, methydlD-mannopyranoside>(99% pure, Mw = 194.18 g/mol), mannan
from Saccharomyces cerevisiae (> 95% pure), 1,2-dimyristoyl-sn-glycero-3-phosphduoie®
(DMPC, 99% pure, Mw = 677.93 g/mol), cholesteroH@L, 99% pure, Mw = 386.66
g/mol), HEPES (99.5% pure, Mw = 238.31 g/mol), sadichloride (NaCl, 99% pure, Mw =
58.44 g/mol), calcium chloride (Ca2H,0, 98% pure, Mw = 147.02 g/mol), nickel chloride
(NIiCl2.6HO, 98% pure Mw = 237.69 g/mol), 1-ethyl-3-[3-(dirngiamino)propyl]
carbodiimide hydrochloride (EDC), N-hydroxysuccimi@ (NHS), ethanolamine (99.5%
pure, Mw = 61.08 g/mol) and glutaraldehyde (25%HyO, Mw = 100.12 g/mol) were
purchased from Sigma (Saint-Louis, USA). Sodium tatee NORMAPURY AR
(CH3COONa, Mw = 82.03 g/mol) was purchased from VWR |&yo (Briare, France).

119



Chapitre 3 : Etude de l'interaction des porphyrin@sec un modele membranaire du rétinoblastome exgms
a sa surface une lectine spécifique de mannose

Chloroform and methanol (99% pure) provided by MefGermany) were analytical grade
reagents. Ultrapure watey € 72.2 mN/m at 22°C) produced by a Millipore Syged85
apparatus coupled with a RiC¥5with a resistivity of 18.2 Mb.cm, was used in all
experiments. All glassware were soaked for an low freshly prepared TFD4 (Franklab)
detergent solution (15% v/v), then abundantly mhseéth milli-Q water and finally oven-
dried.

Methods

Preparation of liposomes for porphyrin solubilization, Con-A coupling, and supported bilayer

formation

Liposomes were prepared according to Bangham'’s adetbllowed by the extrusion of

vesicles suspensiot§“”. In brief, phospholipid solutions in chloroform/thanol (9:1 v/v)

were evaporated for 3 hours under reduced presauntkthe resulting dry lipid film was

hydrated by the corresponding buffer to achieve dtasired concentration. The lipid
suspension thus obtained was then extruded 15 tthmesigh a 200 nm polycarbonate
membrane at 50°C for DMPC liposomes and 60°C ferathmers (Avestin Lipofast extruder,

Ottawa, California).

In this work, 3 types of liposomes having differ&pid compositions were prepared:

(i) Liposomes of DMPC bearing porphyrins (500:1 moétro) at 2mM were prepared as
previously describe?. In brief, DMPC and the porphyrin were solubilizeda (9:1)
chloroform-methanol mixture. After complete evaimna of the organic solvents in a
rotatory evaporator under reduced pressure, thdtires dry film was hydrated by
HEPES buffer (HEPES 10 mM, 150 mM NaCl, pH 6.5)wdivalent ions (ImM CA
and 1mM Nf). The divalent ions were required for Con A a¢}ivf® and the pH was
chosen to match that reported in cancer tissuesselHiposomes were meant to
“solubilise” and carry the porphyrins toward therget.

(i) 10 mM liposomes formed of SOPC, SOPE, SOPS anckstanbl (4.5:3.5:1:1 molar
fractions) in HEPES buffer (10 mM HEPES, 150 mM NgiH 7.4). Concanavalin A
was then grafted onto the surface of these liposoimestudying their interaction as
models of the retinoblastoma cell membrane, witlppgrin-bearing DMPC vesicles.

(i) 2 mM carboxylated liposomes (SOPC/DOPE-glutaryl/S@MOL: 4.5:3.5:1:1 molar
fractions) for the formation of planar bilayers orthe SiQ surface of the QCM-D
sensor, and subsequent coupling of Con A. Thesadipes were prepared in sodium
acetate buffer (10 mM sodium acetate, 150 mM NaEl, = 4) to facilitate their
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adsorption onto the Sgurface, by avoiding electrostatic repulsion whk negative

charge of COOH moieties at higher pH.

Conjugation of Concanavalin A to SOPC/SOPE/SOPS/CHOL liposomes

Con A immobilization onto the surface of liposonveas achieved according to the method
described by Nakanet al. “*® and Liuet al. ®@ with some modifications. Briefly, 1 ml of
SOPC/SOPE/SOPS/CHOL liposomes was added slowly{iin) to 0.6 ml of 5% aqueous
glutaraldehyde solution with gentle stirring fohaur at 4°C. Glutaraldehyde in excess was
removed by dialysis (MWCO 15 kD) overnight at 4hen 0.2 ml of a Con A solution (10
mg/ml in HEPES, pH 7.4) was added under gentlerggiiat 4°C. After 1 hour of incubation,
0.5 M ethanolamine-HCI (0.2 ml, pH 7.4) was addedigosomes to block excess aldehyde
groups on the liposomes surface. The system wiatel hour at 4°C.

The Con A-conjugated liposomes thus obtained weparsted from uncoupled Con A by gel
permeation chromatography on Sepharose 4B colunthsHEEPES buffer (HEPES 10 mM,
NaCl 150 mM, pH 7.4) as eluent The elution profilgsCon A and the liposomes were
monitored using the BCA' Protein Assay (Sigma St. Louis, UBAnd phospholipid assay
kit (Diagnostics Partners, France). Samples ofefnéed fractions (2ml) were collected and
analyzed using a CARY 100 Bio UV-visible spectrofgmoeeter (Varian, USA) at 562 and
500 nm for protein and lipid assays, respectively.

Vesicle size and zeta potential measurements:

The analysis of the size and zeta potengabf the liposomes was carried out at 25°C
using a Zeta-sizer (Nano ZS90, Malvern). Themeasurements were performed after
redispersion of 50 ul of 4 mM liposomes in HEPE®fdsuat pH 6.5 in 1 ml of deionised
water. Dilution had no effect on liposome size.

Liposomes aggregation assay with immobilized Con A

To verify that the specific activity of Con A wasamtained when it was coupled to
liposomes, we have performed a similar aggregadissay to that of Cheet al. ® using
mannan, a Con A polyvalent substrate. In this gs3a | of a mannan solution (Img/ml in
HEPES buffer (10 mM HEPES, 150 mM NaCl, 1 mM GaZH,0 and 1 mM NiCl.6H0,
pH 6.5) was added to 500 pl of fresh Con A-lipossrfgmM) saturated (or not) beforehand
with methyl o-D-mannopyranosideas{MMP), a substrate with a high affinity to Con ®.

Con A activity was considered as preserved if podome aggregation occurred when Con A

121



Chapitre 3 : Etude de l'interaction des porphyrin@sec un modele membranaire du rétinoblastome exgms
a sa surface une lectine spécifique de mannose

specific sites were saturated withMMP. The mixture was vortexed for 10 min and
incubated for 1 h at room temperature. Vesiclesndiars were measured before and after
addition of mannan using the Zetasizer. All measi@r@s were carried out at 25°C.

Formation of a Con A conjugated-planar lipid bilayer

Experiments using the quartz crystal microbalanc¢h vdissipation monitoring were
performed with a QCM-D E4 (Q-Sense, Gothenburg, dang The QCM-D sensor allows
the measurement of the oscillation frequency g of a quartz crystal and simultaneous
energy dissipation changald). Whereas changes in resonance frequency aredeiatthe
mass of the material adsorbed on or removed frarséimsor, changes in energy dissipation
provide information on the viscoelastic properte#sthe adsorbed material. AT-cut SO
coated quartz crystals with a fundamental frequerid/MHz were provided by Q-Sense AB.
These crystals were stored in 10 mM sodium dodecyfate (SDS) solution between
measurements. Prior to their use, they were thdigugnsed with ultrapure water, dried
under a Nstream and treated in an UV-ozone chamber for 2ites.

A supported planar bilayer (SPB) was easily obthibg spreading and then spontaneous
breaking of phospholipid-cholesterol vesicles ottte SiQ quartz. However, it was not
possible to subsequently graft the lectin onto tBBB by in situ activation of the
phosphatidylethanolamine (PE) headgroups by gldeingde, as described for the Con A-
conjugated liposomes. Indeed, the addition of ghltlehyde probably created a network
between free PE headgroups, hindering Con A graftinthe surface. The alternative method
consisted in replacing SOPE in the liposomes foatah by DOPE-glutaryl, a commercially
available phospholipid derivative. As such, PE gowere already activated and presented a
free COOH group for Con A coupling. Lectin immobdtion on the preformed supported
bilayer was further achieved by conversion of tadoxylic acid functions of DOPE-glutaryl
into N-hydroxysuccinimide esters by reaction withhjdroxysuccinimide (NHS) in the
presence of a water-soluble carbodiimide (EDC)oWéd by reaction with Con A.

Results
Elution profiles of Con A-conjugated liposomes

After conjugation, Con A-bearing liposomes wereasaped from the unbound lectin by gel
permeation chromatography, and the various frastwere analyzed. As shown in Figure 36,

the free Con A was collected in one peak. Thisltasuconsistent with the elution profile
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described by Santaet al. for this lectin®. When Con A was incubated with pre-activated
liposomes, its elution profile drastically changad two peaks of Con A were observed
(Figure 36). The first one appeared in the fourtittion, in which liposomes were totally
eluted, and the second one in the eighth fractormresponding to the unbound Con A.

Using the immobilization procedure, lectin-liposonecenjugates were obtained with a
lectin/lipid molar ratio of 6.7 + 1.0 xI%) in good agreement with those (up to 5%10
obtained by Bogdanoet al. ®¥ for Ricinus communis agglutinin (RCA) and wheatnge

agglutinin (WGA) immobilizations onto a liposomerface, using carbodiimide chemistry
(54)
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Figure 36 : Elution profiles for (a) the free Con A, and (b)rCA after reaction with pre-activated liposomes.

Aggregation assay of Con A-conjugated liposomes with mannan

No liposome aggregation was observed upon addii@amannan solution to non-conjugated
liposomes. Their size measured by DLS remainedanmgdd (Table 8). Conversely, addition
of the polysaccharide to Con A-conjugated liposomdsced a dramatic increase in vesicles
diameter accounting for their aggregation. Thisiitgzroved that mannan was able to interact
with the lectin immobilized onto a vesicle surfadée multiplicity of binding sites on the
polysaccharide probably promoted the interactiomahnan with more than one conjugated
lectin molecule, leading to liposomes bridging &mination of large aggregates. This would
explain the high diameter values measured, anditmedal size distribution observed for
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these liposomes. In the presencerdfIMP, which saturated the specific sites of Contlfe
addition of mannan did not induce any liposomeseggtion: their size remained unchanged.
These data demonstrated the effective conjugaticdDoo A to the liposomes outer surface

and the preservation of Con A functional bindingwaty to mannose moieties.

Liposomes Before mannan addition After mannan addition
s Diameter Volume Diameter Volume
Composition

£ (nm) (%) (nm) (%)

139 140
SOPC/SOPE/SOPS/CHOL 100 100

100 100
* 3780
Liposomes-Con A 148 100 *43.3
0 i v

Liposomes-Con A 164 166

saturated with a-MMP o W
”::u:

Table 8: Liposome diameters before and following additior200 ul of a 1 mg/ml mannan solution to 2mM of
unmodified liposomes, Con A-conjugated liposomes @an A-conjugated liposomes saturated wiHkMP.

Zeta Potential measurements

We have also evaluated the effect of Con A on #ta potential of vesicles suspension.

L iposomes Zeta (mV)
Non conjugated liposomes -66.8+2.9
Free Con A -14.2+0.3
Con A-conjugated liposomes -79.41£2.5
Con A mixed with liposomes -62.2+2.5

Table9: Zeta potential{) values for liposomes and Con A samples.

Non-conjugated liposomes and free Con A exhibiteté potential values of -64.5 £ 2.3 mV
and -14.2 £ 0.3 mV, respectively (table 9). WhesefiCon A was mixed with unmodified
liposomes in the buffer solution, no significantanbe in zeta potential was observed (-62.2
+2.5 mV). Conversely, when the lectin was graftediposomes surface, the zeta potential

was significantly lowered to -79.4 £ 2.5 mV. Thissult is consistent with the effective
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grafting of Con A to the surface of liposomes, magkit more negatively charged than the
unmodified liposomes. A similar result has beerorsggl by Santost al. with doxorubicin-
loaded Con A-Liposomées?.

Interaction of porphyrin-bearing DMPC  vesicles with Con  A-conjugated
SOPC/SOPE/SOPSCHOL liposomes

In a previous work’?, we have shown that compountts 1 and2 could be solubilised into
the bilayer of DMPC liposomes. The liposomes beprmannosylated porphyrins were able
to interact significantly with free Con A throughet outward exposure of their mannoses
moieties into the aqueous phase. Herein we hadgestthe ability of these porphyrin-loaded
liposomes to interact with Con A immobilized ont®@BC-SOPE-SOPS-CHOL liposomes

surfaces, mimicking more efficiently th@ vivo conditions than did the free Con A in

solution.
Before interaction with After interaction with
Liposomes Con A-conjugated Con A-conjugated
liposomes 148 nm (100%) liposomes 148 nm (100%)
Composition Diameter (nm) Volume (%) Diameter (nm) Volume (%)
DMPC-
Compound 1c 146 100 157 100
- — *
5180
DMPC- *
Compound 1 160 100 35.6
*
DMPC- 5090 .
Compound 2 161 100 33.6
o P R D P S S

Table 10: DLS measurements of Con A-conjugated liposomes Is&fere and after addition of porphyrin-
bearing liposomes.

The size of Con A-conjugated liposomes was notifsogmtly affected by the addition of
DMPC-compoundlc vesicles (148 nm versus 157 nm). Conversely, afteling DMPC-
compoundl and DMPC-compound liposomes, a dramatic increase in vesicles dianmeds
observed with emergence of new vesicle familiesritaa diameter of about 5000 nm (Table
10). This striking result demonstrates that manlabsg porphyrins borne by DMPC
liposomes were able to interact specifically withultipple Con A-conjugated liposomes,
leading to the formation of liposome aggregateguf@ 37), even if Con A was immobilized
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onto the vesicles surface at a low density (Conas grafted to superficial PE head groups
only). However, no significant difference in thegaggates size between DMPC-compodnd
and DMPC-compound liposomes could be drawn, because the obtainesgsyalere beyond
the detection limits of the DLS apparatus. Theue@fice of the spacer length was thus not

apparent from these measurements.

Figure 37 : schematic representation of aggregates formatibowfimg mixing mannosylated porphyrin-bearing
vesicle and Con A-conjugated liposome suspensions.

Formation of a biomimetic supported planar bilayer (SOPC/SOPSCHOL/DOPE-glutaryl)
Solid-supported membranes are widely used as \eéiteld model systems for fundamental
biophysical research and have been proposed asratim surfaces to elucidate the physical
behaviour of cell membraneé$? and membrane-bound macromolecuf®& To create
supported planar bilayers, a multitude of methods been proposed, including Langmuir-
Blodgett technique§™® and spreading of vesicles on various preconditisweports®™ >

%) In this work, we have used the latter approachspmeading small lipid vesicles onto
hydrophilic solid SiQsubstrates (Figure 38).
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Figure 38: Deposition and rupture of COOH-liposomes onto th@,Surface ([lipids] = 2 mM in acetate
buffer, at pH = 4, vesicles size ~ 146 nm): A&AlandAD change with time at 15 MHZArrows indicate buffer
rinsing. (b) Dissipation vs. frequency shift.

Figure 38a showshe process of planar bilayer formation on the ;SiQartz followed by
QCM-D measurement at the third overtone (15 MHZjeAinjection of the 2 mM COOH-
liposome suspension, the frequency decreadedm@ss uptake) and simultaneously the
dissipation increased (indicating that the film do®e more viscous) until a critical density of
adsorbed intact vesicles was reached. This critieabity of vesicles relates to the minimum
in frequency (~ -53Hz) and the maximum in dissipat{7.5 x1&). At this point, and as
described by many authof¥ ®, the vesicle rupture usually starts. Followingsthipture
onto the quartz surfacaf increasedd), indicating a mass loss, an@® decreased accounting
for the presence of a more rigid adsorbed filmafyn(3), Af andAD curves stabilized atf ~

- 25.3 Hz andAD ~ 0.2x10°%, and no significant change in the baseline wagmies upon
rinsing with HEPES buffer (arrows in Figure 38ahid result demonstrated the formation of
a stable supported planar bilayer (SPB). IndeesiAtrand AD values corresponding to the
breaking of COOH-liposomes fully matched those regub for a complete homogeneous
supported planar bilayeA{ ~ -26 Hz andAD ~ 0.3x10°) © 5% Moreover the final low
dissipation shift4D ~ 0.2x10°) attested the good quality of the supported biléyemed©?.
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The Af-AD plot in Figure 38b allows discarding time as apliex parameter and highlights
the mechanistic details of bilayer formation foliog liposomes deposition. After a
simultaneous\f decrease andD increase from the zero coordinate, the plot sh@wssp at
Af = -52.3 Hz and\D ~ 7.8x10°. This cusp corresponds to maximal liposome ad&orpThe
following phase of vesicles rupture is indicated thg simultaneoudf increase and\D
decrease, until they both reach stable values.|&imiots have been obtained by many
authors describing supported bilayer formatforf®.

Con A immobilization onto the phospholipid-cholesterol planar bilayers

The time-dependent frequency and dissipation shifexe recorded during Con A
immobilization on the supported planar bilayer (Fag 39). At t = 20 min after SPB
formation, the Con A solution was injected into @EM-D cell. This induced a decrease of
the crystal resonance frequency below -40 Hz asithaltaneous\D increase up to 12x10
corresponding to the adsorption of a viscous lafe€on A onto the bilayer surface. Three
rinsing steps were applied as shown by the arrowSgure 39, first with HEPES buffer to
eliminate weakly bound Con A then one with the ethamine solution to inactivate the free
glutaryl groups. Finally the cell was rinsed witlePES buffer and the measurstland AD
signals were only slightly affected, indicating tthlhe covalently bound Con A molecules
remained firmly attached to the bilayer surfacee Bbtained final values werd ~ -36.7 Hz
andAD ~ 10.6x10.
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Figure 39: Af andAD (n=11) following Con A immobilization onto actived COOH-supported planar bilayer
by EDC/NHS.
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Interactions of porphyrin-bearing DMPC liposomes with the biomimetic Con A-conjugated
supported bilayer

After formation onto the quartz surface of a plabamimetic bilayer with similar lipidic
composition to that of the retinoblastoma cell meamke “?, with Con A - mimicking the
sugar receptor- covalently bound to the upperdgafle have injected under flow conditions
DMPC, DMPC-compoundc, DMPC-compoundlL and DMPC-compoun@ liposomes into
the measurement celkigure 40shows the following evolution aff andAD as a function of

time.

'120 T T T T

0 20 40 60 80 100
Time (min)

Figure 40: Af and AD (n=11) evolution following liposomes injection inthe QCM-D cell containing
immobilized Con A onto the supported planar bilayerpure DMPC liposomedy: DMPC-compound 1c, c:
DMPC-compound 1, andd: DMPC-compound 2. Arrows indicate the times at which the electrodese rinsed
with HEPES buffer.

As shown in Figure 40, whatever the compositiothef liposomes injected into the QCM-D
measurement cell, variations M andAD signals were always observed. In all cases, a quas
steady state was reached after 20 to 30 iitie. immediate decrease in resonant frequency
can be explained by the increased effective mass thie QCM-D sensor, due to vesicles

adsorption. A simultaneous increase in energy phk$®sin would indicate a more viscous
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behaviour as more liposomes were adsorbed ontbildnger. However, the amplitudes of the
signals appeared highly dependent on the porpldenivative embedded into the DMPC
liposomes bilayer. Upon injection, vesicles bearmgnnosylated porphyrins induced the
highest magnitudes aff andAD compared to pure DMPC and compouttdiposomes. A
difference in frequency shift between the manndsglaporphyrin-bearing vesicles was
observed only in the first part of the curve, andld be related to a different distribution of
grafted Con A onto the supported planar bilayer.egtilibrium, after buffer rinsing, the
glycodendrimeric porphyrin-bearing vesicles ledhe same\f value (~ -72 Hz), but different
AD ones, 27.8 and 33.7 xi@or compoundl and compoun@, respectively. The maximal
frequency shift value (-72 + 3 Hz) was lower thhattreported for the adsorption of a layer of
intact liposomes, which usually ranges from -904@0 Hz, depending on liposome size and
adhesion proce<& %) Conversely, it was much higher than that obtaifoech supported
planar bilayer 4f ~ -26 Hz). Also, theAD values were very high, 27.8 and 33.7 R6r
liposomes bearing compounti&nd?2 respectively, compared to that for a planar bilgy®

~ 0.3x10°). Moreover, the normalized change in frequendyn) and dissipationAD) for the

six overtones (n=3, 5, 7, 9, 11, 13) did not oy data not shown). This would indicate that
the adsorbed liposomes formed a non-rigid incoregketer of intact liposomé& ™.
Conversely, for pure DMPC and compoutwbearing liposomes, very small frequency and
dissipation shifts were observed after their ingcttinto the measurement cellsf(= -5 Hz
only, andAD = 5 to 6 x10). Moreover, the following washing step with buffieduced
complete removal of the liposomes from the bilagaface, as inferred from the evolution of
the Af value towards zero. The non-nlif and AD values measured after a single buffer
rinsing could indicate the presence of residuadgmes or remains of them weakly bound to
the bilayer.

To get a better insight into the mechanisms ofradgon of the various populations of
liposomes with the Con A-conjugated planar bilayee have plotted the variation of
dissipation energy as a function of the frequeniijt,swhich allowed us analyzing the
relationship between changes in rigidity and addsti/mass for the various porphyrin-

bearing liposome systems (Figure 41).
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Figure 41 : Dissipation change versus frequency shift for DM&@ DMPC-porphyrin liposomes injected in
the cell containing the immobilized Con A onto tllanar phospholipid-cholesterol bilayer.

The comparison between the liposomes bearing fifereht porphyrins clearly showed that
they did not interact in the same manner with timenbmetic planar bilayer. Indeed, DMPC
and compound 1c-bearing liposomes, exhibited the highest dissgpatt a same given
frequency shift (-5 Hz) compared to liposomes lmgpmannosylated porphyrins. Moreover,
after buffer rinsing Af and AD values became null. These data indicate thatipesdmes
were simply adsorbed onto the Con A-bilayer surfadeerefore, they could move freely
during quartz crystal oscillation€onversely,compounds 1 and2-bearing vesicles induced
lower energy dissipation at the same frequencyt di§ Hz). These liposomes were
apparently strongly bound to the bilayer, and cawdtimove as well as DMPC oompound
lc-bearing liposomes. Moreover, at a higher frequestuft (~ -72 Hz), liposomes bearing
compound 2 showed a much higher increase in dissipation coetb&o those bearing
compound 1. Final parts of the curves show that most of thedgmes remained firmly
bound to the bilayer despite the successive rinstegps with buffer. This difference in
behavior between liposomes bearing mannosylatephygdans and non-mannosylated ones,
indicates that vesicles bearing mannosylated pomhywvere able to interact significantly
with Con A covalently bound to the phospholipid-&sterol bilayer although Con A was
grafted at a low density.

Considering the small difference in spacer lengthwieen compound$ and 2 (only one

ethylene oxide) and the similar size of all studipdsomes (~ 146 nm), superimposition of
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the curves in Figure 41 for the two compounds c@dexpected. However, this was not the
case. The discrepancy in dissipation could origifadm the greater mobility of mannose
moieties provided by the longer spacers in compdumdMPC-2 liposomes would be less
tightly bound to the bilayer surface and would fatrmore viscous layer than DMPKanes.
The spacer length would therefore play a significate in the binding process of compound

1- and compoun@-bearing liposomes with the biomimetic bilayer.

Interactions of porphyrin-bearing DMPC liposomes with the supported bilayer devoid of Con

A

To analyze the predominance of the specific inteacover the non-specific one in the
adsorption process of mannosylated porphyrin-bgdrposomes to the biomimetic bilayer,
we have repeated the same experiment with a pfra@pholipid-cholesterol bilayer lacking
the Con A. As shown in Figure 42, only a small dase in frequencyA{ ~ -5 +1 Hz) and
short increase in dissipation® ~ 5 x10° occurred upon injection of liposomes bearing
mannosylated porphyrins. Moreover, badthand AD returned to their initial values\{ = 0
and AD ~ 0) after buffer rinsing. This clearly indicatésat this time, liposomes were only

weakly bound to the bilayer surface.
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Figure 42: Af (a) andAD (b) (n=11) following DMPCeompound 1 and DMPC-compound 2 liposomes
injection into the QCM-D cell containing the phosjipid-cholesterol supported planar bilayer with@gn A.
Arrows indicate the times at which the sensors wiereed with HEPES buffer.

Discussion
In this study, we have built and characterized tler first time, a complex membrane model

including three phospholipids, cholesterol, andeaognition protein, for assessing drug-
membrane interactions. This membrane has beenfispéigibuilt for studying the ability of
glycodendrimeric porphyrins carried by DMPC liposgsmo be recognized by a mannose
specific receptor overexpressed at the surfacéhefrétinoblastoma cell§>. Prior to the
analysis of the full system, we have studied the-sypecific interactions of the porphyrins
with the lipid bilayer without the lectin, but withcreasing cholesterol contéff. This first
model showed that if the presence of cholester®-30 mol%) strongly affected the
viscoelastic properties of the lipid matrix, it dibt particularly attract the porphyrin
derivatives or hinder their penetration into thenmbeane. Since no difference in porphyrin
penetration behaviour could be observed betweeth hiydels with the different cholesterol
contents, we chose to build our model with 10 mol8ty. The reason for this choice was that
the liposomes containing 30 mol% cholesterol haerg rigid membrane, and did not easily

break and form a complete and homogeneous suppueedr bilayer.
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The study of the interaction of the glycodendrimagrorphyrins with the mono- and bilayer
lipid models have shown another interesting treshespite the absence of the recognition
protein, the sugar moieties of glycoconjugated pgrips were able to strongly interact with
the mixed lipid monolayer, at the level of phosppidl headgroups. Thus, beside the expected
hydrophobic interaction between the tetrapyrroliacnocycle and phospholipid acyl chains,
there was another non-specific interaction betw&englycodendrimeric porphyrins and the
lipids that had to be taken into account. In ortdeassess the purely specific interaction with
the mannose-receptor, we have then used Concamavalree in the aqueous medium or
immobilized onto a SAM-functionalized QCM-D goldnser“®. We have demonstrated that
the glycodendrimeric porphyrins incorporated irtte bilayer of DMPC liposomes exposed
their mannose moieties outwards and were able teract specifically with the free or
immobilized Concanavalin A. By comparing the bebaviof the three porphyrin derivatives
in the presence of Con A and human serum albungrhave observed that the binding of the
glycodendrimeric porphyrins to Con A was mostly @pe and did not merely result from
hydrophobic interactions. Furthermore, we have shthat the spacer length played a crucial
role in this interaction since compoug@dnteracted more significantly with the lectin than
compoundl. However in this latter study, Con A was studiémha without the lipid matrix
and was in large excess comparedntaivo conditions. This could lead to an overestimation
of the strength of the specific interaction compaiethe non-specific one. To achieve a more
biomimetic model, we have in the present work @afthe lectin to the phospholipid-
cholesterol matrix and studied the interaction hd twhole model system with the various
compounds. Compared to tha vivo system, it could have been more appropriate to
incorporate the lectin into the lipid bilayer raththan graft it at the surface. Partial
penetration of the protein in the membrane mighnbeded for optimal functionalit{/?.
However even after grafting, such a penetrationdcoacur depending on the hydrophobic
character of the lectin and the fluidity of thealg#r. Ramsden has shown that the fluidity of a
lipid bilayer can allow protein post-binding reargg@ment within the plane of the membrane
("2 We have studied the penetration of Con A into atayers of SOPC/SOPE/SOPS/CHOL.
The An-w; relationship (withm;, the initial pressure of the mixed monolayer) sedwhat the
maximum insertion pressure was 27.0 mN/m (data smawn), lower than the pressure
expected in membranes (30-35 mN/fit) Penetration of Con A into the bilayer after graft
seems thus unlikely. The actual receptor is shknown, and it is unclear if it is solely a
recognition protein or a real transportEt. It appeared, therefore, both time-consuming and

useless to try to incorporate Concanavalin A ih®ratrix, with a risk to lose its recognition
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activity. Several trials have been made, howewefoitm mixed lipid-Con A monolayers with
controlled surface density at the air-water integfdhat could be transferred on the SiO
quartz surface. They were unsuccessful, becauseACatas partially solubilised into the
subphase. Thus, we have developed one protocahfbthe lectin to liposomes and another
to conjugate it to the supported bilayer. The pagoof using the two models was to study the
interaction first in conditions where the systend ha certain degree of freedom (both
liposome systems being mobile in the medium), &ed in conditions where the probability
of interaction would be more limited (liposome-@arbilayer interaction). The liposome-
liposome interaction producing multiple vesicle eaggtion, the signal measured by DLS
could be high, but was insufficient to get an ihsimto the kinetics of the interaction process
or to monitor the changes in the organization & #ystem when the conditions were
changed, as was allowed by QCM-D. The two systesrs thus complementary.

In the liposome-liposome interaction experimergpsiomes bearing Con A as well as those
bearing glycoconjugated porphyrins were in suspensi the bulk. The experiment allowed
discrimination of the porphyrin derivatives deperglion the presence or absence of sugar
moieties. It confirmed that liposomes could be uaedarriers for the studied compounds as
previously suggestef?, because the glycodendrimeric porphyrins were eiaée in the
liposome bilayer with their glycodendrimeric armpeged outward at the liposome surface,
allowing recognition by the receptor.

These results could appear much less significgantivo, where cells are not free in
suspension. Using the QCM-D, we have shown that srannosylated porphyrins borne by
DMPC liposomes were strongly bound to the Con Apegatted supported bilayer, although
the Con A density on the bilayer surface was mwetet than that in our previous study,
where there was full coverage of the sensor surfdteln the present study, the Con A
surface density could not exceed 35%. If the reitimgn process worked well for both
mannosylated dendrimeric porphyrins, discriminati@ween compountl and compoun@
was more delicate, as also inferred from the DLBedrents.This could be due to the fact
that the difference in the spacer length in the peophyrins was only one ethylene oxide
group, insignificant when the lectins were expossdlow density at the biomimetic
membrane surface. There was enough space for manmasties to reach the lectin-binding
site, without a long spacer. The situation wased#ht when lectin molecules were grafted at
high density and covered the entire sensor suff3c&on A molecules were closer to each
other, and the longer spacer in compo@nubuld allow cross-linking of lectin molecules at

the surface, strengthening porphyrin attachmetitem.
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The specificity of the lectin-porphyrin interactidrad a predominant effect in the overall
interaction. The comparison of the results in Fegud0 and 42 shows that this specific
interaction not only would drive the porphyrins & their target, but also that it would
allow porphyrin persistence at the cell surfacej aauld eventually favour its penetration
into the membrane. A recent analysis by fluoreseemeasurements” has shown that
compared to other series of tetraphenylporphyrinvdgves, dendrimeric compounds were
able to penetrate deeper into a liposome bilayewd¥er within the dendrimeric porphyrin
series, despite the stronger non-specific intewactiith a monolayer of the glycoconjugated
porphyrins compared to the non-glycoconjugated @lnerescence quenching did not show
any significant difference in penetration depthamsn the three compountis, 1 and2 when
Con A was absert?. Conversely, with respect to the specific intdmagtboth compounds

and?2 proved to be interesting molecules.

Conclusion
The glycodendrimeric porphyrins borne by DMPC lipoes proved to interact specifically

with Con A grafted on a retinoblastoma biomimetiemiorane model. No effect of the spacer
length on the interaction has been observed beta@®poundl and compouna@ for the two
studied systems (liposomes and supported plareydn)l. The specific interaction appeared to
be crucial to the overall interaction with the biamtic membrane since only liposomes
bearing mannosylated porphyrins were able to bintheé membrane model surface. Their
evaluation on the retinoblastoma Y79 cell lineusrently in progress to confirm their activity
as well as the relevance of our biomimetic membraonéel. Added to our previous results,
which showed that the sugar moieties of the glyopamted dendrimeric porphyrins
favoured their non-specific interaction with phosjghids-cholesterol model membranes
compared to compoundc as well as their specific interaction with Con Aeé or
immobilized on SAM surface), the glycocodendrimgrarphyrins appear as very promising

drugs.
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Une photothérapie dynamique efficace repose saclimulation préférentielle d’'un
photosensibilisateur au niveau des tissus tumor@ette accumulation préférentielle est
souvent observée, mais demeure insuffisante pouiteli la photosensibilisation souvent
déplorée lors de I'application de cette thérapieque reste un effet secondaire redouté des
médecins et patients. Certains chercheurs ont sfigygée I'altération de la composition
lipidique des membranes cellulaires tumorales, artiqulier le changement du taux de
cholestérol, pourrait favoriser la diffusion passdes photosensibilisateurs (PS). D’autres ont
relié 'accumulation sélective de ceux-ci a l'affén élevée des PS hydrophobes pour les
particules de LDL qui sont, par la suite, reconnp@sles récepteurs Apo B/E surexprimés a
la surface des cellules tumoral&s? D’autres observations vitro ont montré que les PS
glycoconjugués pouvaient interagir de maniere $ijg@e avec des récepteurs de type
lectinique surexprimés a la surface de certainesygle tumeurs, comme le rétinoblastome.
L’équipe du Dr Philippe Maillard, qui synthétisesda@érivés actifs pour le traitement de cette
tumeur oculaire, a proposé une stratégie de relobeapparemment simple, destinée a
augmenter la solubilité et I'amphiphilie des pomhgs afin d’améliorer leur diffusion
passive, d’'une part, et leur sélectivité, d’autaet.pll suffit d’'ajouter des sucres a la structure
des porphyrines pour leur permettre de satisfaie teois critéres : les sucres rendent la
molécule plus hydrophile donc plus soluble, cordtahcent I'hydrophobie du macrocycle
tetrapyrrolique (en augmentant I'amphiphilie gla)akt permettent de cibler des lectines
endogenes portées par les cellules cancéreusedisigd. En théorie, cette approche est tres
prometteuse. Les premiers essais de greffage aesssdirectement au niveau des phenyle
ont permis de vérifier que ces molécules peuvefgctfement étre intéressantes pour le
ciblage.® Mais elles restent trop faiblement solubles etfffisamment amphiphiles ce qui
pourrait limiter leur pénétration passive. Les hads ont cependant permis de mettre en
évidence lintérét de molécules asymétriques portians sucrese® En outre, I'ajout d’un
espaceur diethyléne glycol entre les sucres ehémyle a permis d’augmenter notablement
I'efficacité in vitro de ces dérivés sur culture cellulaire. Lorsquesramwons commenceé notre
étude, laTPP-(p-O-Deg-O-a-Man); était le composeé le plus intéressant de la séfie. de
renforcer 'amphiphilie et de créer giusterde sucres souvent nécessaire a la reconnaissance

moléculaire, les porphyrines glycodendrimériqueiséb@ synthétisées (Figure 43).
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Figure 43: Structures chimiques de TPPGIu3, TRFRODeg-O-a-Man); et le dérivé glycodendrimérique 1

Avec une structure dendrimérique, séparant netterfesmn sucres du noyau porphyrine,

'amphiphilie de la molécule doit permettre une berorientation vis-a-vis de la membrane,
le macrocycle hydrophobe favoriserait le mélangecdes lipides membranaires eftclaster

de sucres permettrait une meilleure reconnaisgagcka lectine de surface.

Comme le montrent les études du comportement atiaitfdes dérivés dendrimériques O,

1 et 2 présentés dans le premier chapitre de la parfiérarentale (articles 2 et 3) et dans la
Figure 44, I'ajout des sucres et 'augmentatiodadlngueur de I'espaceur contribuent bien
au renforcement de I'amphiphilie des molécules.pbaphyrine non mannosylée forme la

monocouche la plus condensée avec la pression ltgps® la plus élevée. La structure

dendrimérique rend la molécule plus hydrophobe.s@& les sucres qui font diminuer la

pression de surface et qui contribuent a 'augniemtale I'aire occupée par les molécules a

l'interface, méme s'’ils sont immergés dans la suhese. L'espaceur amplifie cet effet.
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Figure 44 :1sothermes des porphyrines déposées a la surfatzemhon HEPES pH 6,5 (10mM HEPES, 150
mM NaCl, 1 mM CaGl2H,0, et 1mM NiC},6H,0).

Lorsqu’'on compare le comportement interfacial degpyrines dendrimériques a celui de
TPP-(p-O-Deg-O-a-Man); (Figure 44) et deTPP-Mm-GIuOH); @, on constate que la
structure dendrimérique a bien une influence trigmifecative sur l'organisation des
molécules a l'interface. Elle conduit, dans tous das, a des pressions de surface beaucoup
plus élevées, quelle que soit la longueur de l'espa Le comportement dePP-(p-O-Deg-
O-a-Man)s, en revanche, ressemble davantage a celuTRR-(M-GIuOH); (au moins
jusqu’a 80K). L'aire d’onset de pression et la pression déasera 804, sont cependant plus
élevées que poufPP-(m-GIuOH)3, ce qui pourrait résulter de la présence des espsc
DEG portant chaque sucre. Les isothermes de lard-igd montrent également que les
porphyrines glycodendrimériquéset 2 occupent des aires plus grandes §Be-(p-O-Deg-
O-a-Man)s.

Si 'amphiphilie augmentée des porphyrines dendimo@s est bien attestée par leur
meilleure organisation a l'interface par rappork awitres molécules étudiées, leur solubilité
n'est guere améliorée. Cela pose un réel probleme pévaluation de ces molécules,
notamment en ce qui concerne leur capacité a gitexagec les membranes. Nous avons donc
envisagé d’incorporer ces porphyrines dans la mangbde liposomes : elles seraient ainsi
« solubilisées » et leurs sucres seraient exposés surface des vésicules, permettant

I'interaction avec la lectine. Nous avons évalu&€dpacité des porphyrines a se mélanger a
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concentration élevée (fraction molaire de porplgrinXe= 0.5) a de Ila
dimyristoylphosphatidylcholine, un phospholipida éprme facilement des liposomes. Nous
avons observé que le dérivé dont I'espaceur gdutecourt ¢érivé 0) se mélange moins bien
avec le phospholipide. Une forte expansion de lanonouche mixte a été observée par

rapport aux composants purs (Figure 45).
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Figure 45: Isothermes des mélanges de DMPC-porphyrines (natilaire 1-1) déposés a la surface du tampon
HEPES pH 6,5 (10mM HEPES, 150 mM NaCl, 1 mM G&&,0, et 1mM NiC},6H,0).

Lors de I'étude d'interaction des liposomes de DMICive 0 avec la Con A (article 2),
nous n'avons pas observé d’agrégation significativeeproductible des vésicules. Il n’est pas
clair si ce phénomene est di a la longueur trdgdaie I'espaceur (qui ne permet pas une
bonne accessibilité de la lectine aux sucres) alleirésulte d’un défaut d’'incorporation du
dérivé 0 dans la membrane du liposome, en raison de sa isauwiscibilité avec la DMPC.
Cette mauvaise miscibilité a été montrée par lehé&mes de compression des monocouches
des composants purs et du mélange. Dans des esmaisiémentaires non présentés
précédemment, nous avons également observé unexsexpade la monocouche mixte
DMPC-TPP-(p-O-Deg-O-a-Man)3 par rapport aux composants purs. Or, il n’a pasnén
plus possible d’'incorporer ce dérivé dans nos bposs, probablement en raison de la forte
interaction des sucres avec les tétes polairea @PC. Cette interaction pourrait rigidifier
la structure de la membrane par formation dedi@shydrogenes et empécherait la formation

de vésicules mixtes. En effet, les sucres, mémeeppar des espaceurs DEG sont tres
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mobiles et localisés trés proches de la régioningoldes domaines phospholipidiques. De
plus, comme ils sont portés par les phényles, dsrpaient affecter plusieurs domaines
phospholipidiques simultanément. De maniere ing&n@®, nous avons également observé
une expansion de la monocouche mixte DMI&DOvé 1c par rapport aux composants purs.
Pourtant, nous n’avons rencontré aucune diffic@tdormer des liposomes avec cette
porphyrine. Si les deux phénomeénes sont liés, roel#rait en exergue le role des sucres dans
la déstabilisation des liposomes. La ou aveaédevé 1c la géne serait essentiellement
stérique, avec les porphyrines glycoconjuguéefrfaation de liaisons hydrogéenes serait un
elément trés deéstabilisateur.

En raison de la difficulté a incorpordiPP-(p-O-Deg-O-a-Man); dans nos liposomes de
DMPC et a obtenir des résultats d’'interaction rdpobibles avec leérivé 0, nous les avons
laissés de c6té pour la suite de l'étude d’intémactavec les modeles membranaires.
L’incorporation des porphyrines dans les liposomé&svait pas seulement un objectif de
solubilisation (bien que celui-ci soit majeur) ; donous sommes rendus compte tres vite que
la microbalance a cristal de quartz que nous vosliotiliser pour former nos bicouches
planes et étudier I'interaction avec les porphyimégtait pas suffisamment sensible pour
«Vvoir » les porphyrines libres. Leur incorporatiashens des liposomes permettait

I'amplification du signal.

Apres cette étude préliminaire de caractérisaties gbrphyrines et d’'incorporation dans des
liposomes, nous nous sommes intéressés, d'unegpdétude de l'effet de la composition
lipidique de la membrane cellulaire (essentiellem@ugmentation du taux du cholestérol)
sur la diffusion passive des porphyrines glycocgu@es et, d’autre part, a la capacité des
porphyrines glycoconjuguées a interagir spécifigpieimavec des modeles membranaires
exprimant une lectine spécifique du mannose aderiace.

La proportion de cholestérol dans les membranese@hes humaines adultes saines serait de
10% (en mole)*® Chez des enfants, mémes sains, cette proportimaitiétre augmentée,
en raison de leur croissance (communication pedlend’lsabelle Aertz, pédiatre a I'institut
Curie, impliquée dans le traitement du rétinoblamtqar PDT). En I'absence d’information
publiée a ce sujet dans la littérature, nous aetundié I'effet du cholestérol sur I'organisation
des monocouches et nous ne sommes pas allés aded&&bo.

Si nous avons observé un net effet condensant diestBrol a 10 mol% (modele M1) par
rapport aux monocouches de SOPC/SOPE/SOPS samsténol (modele M0), nous n'avons

pas observé de différence significative a 20 et.30%st la présence de cholestérol, plus que

146



Discussion générale

sa proportion qui semblait affecter I'état de nosnotouches de phospholipides. Mais, ce
n'était pas vrai pour tout. En effet, la proportida 20 mol% (modele M2) a montré des
résultats différents de ceux de M3, en spectrosca@ fluorescence lors de I'étude de
I'association des porphyrines aux liposomes (Tahlen analyse calorimétrique différentielle
(Figure 15), dans la morphologie des monocouchagragbes au microscope a l'angle de
Brewster. Nous n’avons pas pu expliquer ces obsens Il serait intéressant d’y consacrer
une étude plus approfondie dans la suite de caitrav

Nous n‘avons pas observé de difféerence signifieatntre les trois modeles en ce qui
concerne l'interaction avec les porphyrines en nsonohe, hormis un effet sur la fluidité de
membrane (augmentée pour M2 et M3, diminuée pou). Mlant a celle observée par
spectroscopie de fluorescence, elle n'a concereélajyporphyrine non glycoconjuguée qui
apparemment s’associait davantage au modele M2uxju@eux autres. Devant ces
informations parfois contradictoires et en raisendifficultés expérimentales pour le QCM-
D, nous avons préféré étudier l'interaction degppgrines avec le modele M1 et c'est a ce
modéle que nous avons greffé la lectine.

L’étude des caractéristiques physico-chimiquesrdélnges M1, M2 et M3 a mené a une
autre observation. Pour augmenter la proportiocha#estérol dans les monocouches et les
liposomes, nous avons diminué celles de phospheliofne et de
phosphatidyléthanolamine. Mais nous n’avons pash®a la phosphatidylsérine pour éviter
de modifier les charges de surface. Or, comme fiauens montré dans l'article 3, les
potentiels zéta des liposomes n’étaient pas les ev€raurtout entre 10 et 20% de
cholestérol. Nous n'avons pas trouvé a ce jour gieation plausible a ce phénomeéene. En
nous fondant sur les travaux de Bathal. ©® ainsi que sur ceux qui ont sui¥i? nous
avons envisagé un mauvais meélange entre le chalestda phosphatidylsérine, conduisant a
une redistribution des molécules de phosphatidyleérers le feuillet interne des liposomes.
) Ceci expliquerait les valeurs moins négativepaoientiel zéta observées. Cependant des
études en monocouches sur les mélanges binairemalgines de phospholipide et de
cholestérol n'ont pas permis de mettre en évidemtecomportement particulier de la
phosphatidylsérine en présence de cholestérol. Daums les cas, une condensation des

monocouches mixtes a été observeée. (Figure 46)
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Figure 46: Isothermes des phospholipides purs, du cholestéd# leurs mélanges (1:1) a l'interface air/tampon
(10mM HEPES, 150 mM NaCl, 1 mM Caf2H,0, et 1mM NiC},6H,0.

Des études plus approfondies réalisées par unéagtadde master, Katia Daghildjian, a
différentes fractions molaires des composants, tnjmas permis non plus de mettre en
evidence une mauvaise miscibilité des trois phogpldes avec le cholestérol. Par ailleurs,
les résultats d’'analyse calorimétrique différetgiednt montré que les mélanges lipidiques
étaient homogeénes. Il est donc encore difficile adenprendre pourquoi la charge des

liposomes varie entre 10 et 20% de cholestérol.

L’absence d’effet significatif du cholestérol memibaire sur l'interaction des porphyrines
avec nos modeles nous a surpris, car dans laatitité, un effet du cholestérol soit en faveur,
soit en défaveur de linteraction de porphyrinescades liposomes est généralement décrit,
comme nous l'avons mentionné dans la partie bikdiplgique de ce mémoire. Or, nous
n’avons observé aucune différence entre les moddledM2, M3 dans leur interaction avec
les porphyrines. Ce que nous n‘avons pas étudiéeftns, c'est l'interaction avec les
phospholipides seuls, sans cholestérol. Une difté&reaurait certainement pu étre observée
dans ce cas puisque c’est entre MO et M1 que nemssanoté l'effet de condensation des
monocouches le plus prononcé (Figure 12). Il falelrgrifier.

Nous avons observé un autre effet inattendu danétleles d’adsorption des porphyrines aux

monocouches mixtes de phospholipides : 'augmemtatie la pression d’exclusion (ou
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pression maximale d’'insertion) en présence deshyoires glycodendrimériques, par rapport
a la porphyrine non glycoconjuguée. Apparemmestsieres interagissent avec la membrane
et lorsque les monocouches sont fortement condgnsée phénoméne est d’autant plus
important, en raison du rapprochement des tétesrpsl! Il affecte la tension superficielle.
Apres avoir évalué linteraction non spécifique dpsrphyrines avec les modéles
membranaires, nous nous sommes intéressés a arlalyseapacité a interagir de maniere
spécifiqgue avec la Concanavaline A (Con A), unéinecspécifigue du mannose. L'objet des
expériences menées avec cette lectine (décrites khticle 4) était de s’affranchir des
interactions non spécifiques avec les lipides awdbaiborder I'étude du systeme tout entier
(bicouche + Con A greffée).

La détermination, par spectroscopie de fluorescenee la constante d’association des
porphyrines (libres en solution) avec la Con A eiutson, a montré que les porphyrines
mannosylées s’associent davantage avec cettedeetec une constante d’association 10
fois plus importante que celle du dérivé non glyegagué. La spécificité de cette interaction
a ensuite été démontrée par une étude de quertbhifigorescence en utilisamb substrat de

la Con A : I'alphaMethyl-D-mannopyranoside. Puis, nous avons préparé desiipess de
DMPC incorporant les porphyrines et nous les avons en contact avec la lectine en
solution. Nous avons remarqué que seuls les lipesoincorporant les porphyrines
glycoconjuguées interagissent avec la Con A d’uaaiare spécifique. En revanche, dans ces
expériences, la Con A était libre en solution ce rgp reflétait pas correctement la réalité
physiologique de l'interaction, dans laquelle leegteur est immobilisé a la surface des
cellules.

Pour mimer cet aspect, nous avons étudié l'intemaates porphyrines incorporées dans des
liposomes, avec la Con A immobilisée a la surfaceapteur de QCM-D. Cette étude nous a
confirmé que seuls les liposomes portant les pompéy mannosylées se fixent a la Con A
par une liaison spécifique. De plus, la porphyiyant le bras espaceur le plus lodgr{vé

2, TEG) interagit mieux avec la Con A quedérivé 1 (DEG). Ce résultat nous a montré
l'intérét de I'espaceur, dont la longueur en passiegnDEG a TEG améliore sa flexibilité et
permet une meilleure exposition des sucres visaeila lectine.

Ces expériences sont les seules qui nous ont pefobiserver un effet de I'espaceur. Les
molécules de Con A étant tres rapprochées (car awass essayé de recouvrir toute la
surface du capteur), et les porphyrines étant parées dans des liposomes, ces liposomes
pouvaient se géner les uns les autres a proxingtéadsurface et empécher une bonne

accessibilité des sucres aux sites de fixatioradedtine. C’est sans doute pour cette raison
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gue nous avons observé un effet net de la longleeliespaceur. Dans les expériences qui ont
suivi (article 5), dans lesquelles la Con A n'éwaieixée, au mieux, qu'a 35% des molécules
de phospholipides exposées a la surface de ladiiegon peut penser gu'’il y avait un espace
suffisant a l'interface entre les molécules de @omour que les liposomes ne se génent pas.
Il aurait pu y avoir « géne » si les liposomes @atrles porphyrines interagissaient aussi avec
la bicouche lipidique dans les interstices. Or,I'absence de Con A, nous n'avons pas
observé d’adsorption des liposomes portant leskpoiqes glycodendrimériques, en grande
guantité, ni durablement aux bicouches lipidigueans ces conditions, la longueur de
I'espaceur a un effet moins critique.

Aprés avoir étudié les interactions non spécifigiespécifique des porphyrines
dendrimériques avec les modeles membranaires, aawss réalisé une étude préliminaire
d’analyse de leur phototoxiciié vitro sur une lignée cellulaire de rétinoblastome (Y&B)
sur une lignée d’adénocarcinome colorectal (HT28)rpus a servi de contrble. Dans cette
étude, les porphyrines ont été mises en contactlasecellules qui, aprés un certain délai, ont
été illuminées par un laser. (Voir I'Annexe pousdkétails sur le protocole).

IC 50 cytotoxicité a I'obscurité IC 50 Phototoxicité
Porphyrines (UM)£10% (UM)£10%
Y79 HT29 Y79 HT29
Compound 1c -—-¥ - 2 (5,8)** 2,1 (4,9)**
Compound 1 - ---* 2,9 (5,6)** 2,3 (5,0)*
Compound 2 - -—-* 5,2 (5,2)** 3,7 (5,0)**

Table 11: Résultats de phototoxicité et de cytotoxicité d@$curité des porphyrines dendrimériques obtenus sur
des lignées cellulaires d’'Y79 et HT29. *les produ#stés ne se sont pas avérés cytotoxiques dgasiae de
concentration utilisée [0,15-7,5uM].**Valeurs d’'IG®btenues par Séverine Ballut dans le cadre teesa.

D'aprés le tableau Table 11 et la Figure 47, on argme que les porphyrines
glycodendrimériques ne sont pas cytotoxiques astaohité dans la gamme de concentration
utilisée (0-7,5 uM) sur les deux lignées cellulgi®e plus, elles présentent une phototoxicité
acceptable (<6 uM) sur les lignées cellulaires Y&t9HT29 en présence de lumiére.
Cependant, les valeurs djgdesdérivés 1et 2 montrent qu’en dépit de la présence des 3
molécules de mannose, ces dérivés ne montrentepplsalotoxicité améliorée par rapport au

dérivé 1c. Séverine Ballut a obtenu des résultats simdaifable 11).
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Cytotoxicité a I'obscurité Phototoxicité
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Figure 47: Cytotoxicité et phototoxicité comparatives des pgrmes dendrimériques (dérivé 1c, dérivé 1 et
dérivé 2) vis-a-vis de cellules Y79 et HT29 a I'obsté et aprés irradiation & 540 nm, fluence 2 mW/cn

Nous avons essayé de comparer les valeurgsgdd€nos porphyrines avec celle du composé
TPP-(p-O-Deg-O-a-Man);  Selon Lavilleet al.,ce dernier présente unesh&e 0,4 UM pour

les cellules HT29 et de 0,35 pM pour les cellul&® ¥ ' Nous avons essayé d'étudier nous
mémes laTPP-(p-O-Deg-O-a-Man); avec nos conditions expérimentales, mais nous avons

obtenu des résultats non concluants. De nouveti@sriences seront nécessaires.

Méme si nous n’avons pas étudié la phototoxicitésdas mémes conditions que Laviffe!?
nos résultats et ceux de Séverine Ballut montreetlgs porphyrinegylycodendrimériques
sont a peu prés 10 fois moins phototoxiques surdisles Y79 et 6 fois moins phototoxiques
sur les cellules HT29 que T&@P-(p-O-Deg-O-a-Man)s.
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Pour expliquer ces résultats décevants pour leghgdanes dendrimériques, nous pouvons

proposer quatre hypothéses :

Les porphyrines glycodendrimériques, aprés leuomeaissance par le récepteur
lectinique des cellules tumorales pourraient reaterochées a la protéine et ne pas
traverser la membrane. Cette hypothése pourra@tvétrifiee par détermination de la
localisation cellulaire par microscopie confocaleup voir si ces porphyrines sont
internalisées ou non d’'une part, et par cytoméneflux pour quantifier le taux de

porphyrines internalisées dans la cellule d’auén. p

Les porphyrines glycodendrimériques ne seraienrg@amnnues par le récepteur. Ceci
semble improbable : en effet, les résultats delleawnt mis en évidence I'existence
d’'un récepteur a mannose et nos résultats avenddgles membranaires ont montré
gue les porphyrines glycodendrimériques étaienaltlas d'interagir avec une lectine
spécifigue du mannose. Mais il est vrai égalemem ous ne connaissons pas la
nature du véritable récepteur a mannose. Des txauaacédents ont montré que des
lectines différentes n’interagissent pas forcéndmtia méme fagcon avec un méme
sucre®? : la Con A n’était peut-étre pas le bon modéleletéxlusterde sucres peut-
étre pas adapté au récepteur membranaire. Il esti quossible que la non-
reconnaissance soit liée a la faible solubilité pegphyrines étudiées. L'agrégation
dans le milieu de culture pourrait limiter leurdardction spécifique avec les cellules.
Pour s’affranchir de I'effet d’agrégation, nous asdesté les porphyrines solubilisées
dans des liposomes de DMPC. Les résultats onta@téoncluants, car pour étudier
les mémes concentrations de porphyrines que labgs’ sont libres, il a été

nécessaire d'utiliser des concentrations molaieelpities cytotoxiques.

L'affinité des porphyrines pour les constituants sérum bovin feetal (LDL et
albumine) : les porphyrines se fixeraient aux pnete et celles-ci contrdleraient leur
transport intracellulaire.

En effet, a cause de la différence structuraleeeleis porphyrines étudiées, celles-ci
pourraient se lier differemment aux constituantsélium. Elles pourraient rester sous
forme libre dans le milieu de culture, se lier gurtéines du sérum (principalement
'albumine) ou se lier préférentiellement aux partes de LDL comme dans le cas des

porphyrines glycodendrimériquesofmposéslc, 1et 2) (résultat obtenu par Benoit
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CHAUVIN, dans le cadre de sa thése a 'EA 4041).pg@at émettre I'hypothése que
les particules de LDL ayant une masse moléculaigoitante de ~550 KD&? elles
auraient du mal a s'infiltrer au cceur des amasetleles Y79 en suspension dans le
milieu de culture.®® (Figure 48) En revanche, les porphyrines qui setliaux
protéines sériques ou restent sous forme librasjesd véhiculées vers toutes les

cellules. Ceci aussi reste a vérifier.

Figure 48 :Photo d’'un amas cellulaire de Y79 en suspensios Bamilieu de culture par microscopie optique.

iv.

Les porphyrines glycodendrimériques seraient masées dans la cellule tumorale
mais leur localisation intracellulaire pourraitéttifférente de celle de BPP-(p-O-
Deg-O-a-Man)s. En effet, celle-cise localise dans les mitochondri@sLes
porphyrines glycodendrimériques seraient, par g, moins efficaces. Cette
hypothése semble étre la plus réaliste. En effet,&iude de localisation cellulaire sur
des cellules HT29 a été effectuée par SéverineuBalans le cadre de sa thése a
linstitut Curie, sur un dérivé glucosylé qui arf@@me composition que @érivé 0
(mais avec des molécules de glucose qui sont reesnrpar les récepteurs
membranaires de HT29). Cette étude, réalisée pamstopie confocale, a montré
gue la porphyrine glucoconjuguée pénétre dansllal&emais ne se localise pas au
niveau du noyau, des lysosomes, ni a celui deschotadries. Sa localisation exacte

n'a pas encore pu étre déterminée.
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L’analyse de nos résultats de culture cellulairelss lignées Y79 et HT29 ne met pas en

évidence un lien entre la nature du sucre de lphyoine et le type du récepteur membranaire

surexprimé par la lignée cellulaire, bien que leoreaissance sucre-lectine ait été démontrée

avec nos modeles membranaires. De nouveaux esmaist gs€alisés pour confirmer ces

résultats et des études de localisation intragetkidans d’autres organites tels que I'appareil

de Golgi, le réticulum endoplasmique et les end@soseront effectuées. Ces études sont en

cours d’étude a l'institut Curie (Orsay).
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Les modeles membranaires artificiels constituentjouad’hui  des outils
potentiellement intéressants pour Il'analyse deseractions biophysiques entre les
médicaments et la membrane cytoplasmique. Toutefaislisation de ces membranes
biomimétiques (le plus souvent des liposomes) réstgée a des études rétrospectives,
effectuées une fois que les propriétés des molethirapeutiquesh vitro et/ouin vivo ont
été déterminées. Dans ce travail, nous avons pliseeaune étude fondamentale en
collaboration avec [I'équipe de Philippe Maillard iqeynthétise des porphyrines
glycoconjuguées utilisables en thérapie photodygamiNous avons pu analyser, de maniéere
systématique, une série de dérivés dendrimériqoeslées seules difféerences résidaient dans
la présence ou l'absence de sucre, et dans ladangle I'espaceur séparant le sucre du
répartiteur dendrimérique.

L’objectif de notre travail était plus particul@gnent de construire des modéles
biomimétiques de la membrane cellulaire du rétiastadme, afin d’évaluer la capacité de ces
nouvelles porphyrines glycodendrimériques a interayec elle, par des interactions
spécifiques et/ou non spécifiques.

A cette fin, nous avons mis au point et caractgpmér la premiere fois, un modele
complexe a quatre composants (SOPC, SOPE, SORSesuol) sous forme de
monocouches, liposomes et bicouches planes suppprespectant la composition lipidique
physiologique de la membrane cytoplasmique et lecahtéreux environnant. Ce modéle a
ete fonctionnalisé par une lectine modele recosaaisle mannose (Con A) afin d’étudier les
interactions spécifiques avec les porphyrines msyiges.

Les trois formes du modéle ont permis de recueldis informations complémentaires sur
l'interaction porphyrine-membrane. Les monocouadbr@spermis de révéler la complexité des
interactions moléculaires entre lipides et photeg®isateurs ; les liposomes, de démontrer la
pénétration effective de ces molécules dans la mamly et les bicouches planes ont mis en
évidence la prédominance de l'interaction spéc#igqur I'interaction non spécifique.

Nos résultats ont montré I'absence d’effet d’'ungnaentation de la proportion de cholestérol
sur la pénétration intra-membranaire des porphgrétadiées et ont mis en évidence le role
des sucres a la fois dans l'interaction spécifiguaon spécifique. Dans certaines conditions
(lectine libre en solution ou fixée a densité étesar une surface), l'intérét de la longueur de

I'espaceur a pu étre vérifié.
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L’évaluation des propriétés phototoxiques des pgiphs dendrimériques a été réalisée sur
des lignées cellulaires Y79 du rétinoblastome hamgile n’a pas montré de différence
significative entre les différents dérivés. Ell@également fait apparaitre que leur efficacité
était moins élevée que celles des dérivés*@eg&nération. Il est encore difficile de savoir si
cette faible efficacité est liee a une pénétraliimitée de ces molécules dans les cellules ou si
elles sont internalisées, mais localisées au nivBarganites moins critiques pour la vie
cellulaire. Les porphyrines sont faiblement solablet interagissent fortement avec les
protéines du milieu aqueux. De nouvelles expérienlodvent étre réalisées en incorporant les
photosensibilisateurs dans des liposomes qui pgonetd’améliorer leur solubilité dans le
milieu de culture et d’augmenter peut-étre leuricaffité vis-a-vis des cellules du

rétinoblastome.

Notre modele est-il pertinent pour prédire I'intgfan entre les porphyrines et la membrane
cellulaire ? L’étude en culture cellulaire pourreit laisser douter. Elle est encore préliminaire
car seul un essai a pu étre réalisé dans cette.tMas des résultats concordants ont été
obtenus en méme temps par Séverine Ballut, aitinsEurie, sur une série plus complete de
molécules dendrimériques. Les études en monocoumhiemontré que si les porphyrines
pénétraient dans une monocouche peu condenség,pélgtraient beaucoup moins a des
pressions comparables a celles de la membrandag&iuBien que les valeurs de pression
d’exclusion élevées puissent laisser penser que plaphyrines pénetrent davantage
lorsqu’elles portent des sucres, il est plus vraldable que ces pressions ne soient que le
reflet d’'une interaction des mannoses avec lespgnoents polaires des phospholipides. Par
ailleurs, les résultats obtenus avec les liposamnesnontré que les porphyrines s’associaient
de la méme fagon aux vésicules et les études decljung n'ont pas mis en évidence de
pénétration plus profonde des porphyrines glycoder@liques comparées a la porphyrine
non glycoconjuguée (excepté pour le modele M2 uelgvrait étre vérifié a nouveau). Enfin,
les liposomes et bicouches planes ont permis deouliéen la possibilité d’'une interaction
spécifique et la prédominance de cette interactsam linteraction non spécifique.
L’interaction spécifique aurait da favoriser le page des porphyrines glycodendrimériques,
par rapport a la porphyrine non glycoconjuguées lkbes expériences en culture cellulaire.
Cela n'a pas été le cas. Nous avons envisagé ptagigpothéses dans notre discussion, pour

expliquer ce phénomene.
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Plusieurs études peuvent étre proposees pour pawrse travail de thése :

- Affiner la composition lipidique de notre modeleimimétique en analysant le taux
du cholestérol dans les cellules d’Y79 et/ou aipdes xénogreffes du rétinoblastome
humain. Ceci permettrait détudier [linteraction mo spécifique des
photosensibilisateurs en se rapprochant le plusilplesde la composition exacte de la
membrane cellulaire du rétinoblastome.

- Isoler et identifier le récepteur naturel au mamenas rétinoblastome que nous
pourrions incorporer par la suite dans les mode&les\branaires, ce qui permettrait la
construction de membranes artificielles véritableti@omimétiques. Nous pourrions
tout d’abord étudier I'interaction spécifique des garphyrines avec le récepteur par
des techniques de spectrométrie de fluorescende eBBurtout I'I'TC, qui permettrait
une meilleure compréhension de l'interaction degplpgrines avec le récepteur d’'un
point de vue thermodynamique. Une modélisation mudéére de l'interaction pourrait
aussi étre envisagee.

- Coupler les expériences de QCM-D a I'EIS afin decigriser les modifications des
propriétés viscoélastiques et de la permeéabilite membranes planes supportées
apres leur interaction avec les porphyrines. Desémances ont été récemment
entreprises dans ce sens, en étudiant des porphywaiubles et de masse molaire plus
élevée gque nos porphyrines. Elles ont donné dedtaés encourageants.

- Evaluer la phototoxicité des porphyrines une folsilsilisées dans la matrice lipidique
des liposomes sur des lignées Y79, pour voir diecstlubilisation améliore leur
efficacité. Une étude de localisation intracelltdade ces porphyrines pourrait étre
réalisée, a la suite, par microscopie confocalé¢teGdude déja entamée pourrait étre
achevée rapidement.

- Evaluer la capacité des porphyrines glycodendrigoés solubilisées dans des
liposomes a cibler les cellules d'Y79 du rétinotdase en essayant de fixer les
cellules sur des surfaces d’or (QCM-D) et/ou SiCeci permettrait de mieux valider
'adéquation de notre modele membranaire par rauor cellules de rétinoblastome.

- Enfin, il serait intéressant d’'incuber les lipos@naec les porphyrines en solution,
puis de les irradier et de déterminer la photoit&ipar DSC et/ou spectroscopie de
fluorescence afin de mieux comprendre le niveautadécité une fois dans la
membrane tout en essayant de trouver une corngélaviec les résultata vitro.

Si la recherche dans ce domaine est poursuivie®tcdrrélations sont trouvées entre les

modeles membranaires et les études de culturdaiedluces modeéles pourront constituer des
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outils puissants, innovants et non colteux poédipe I'interaction de principes actifs (d’'une

maniére générale) avec la membrane cellulaire.
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Evaluation de la photocytotoxicité des porphyrinesglycodendrimériques sur cultures
cellulaires

Afin d’analyser la photocytotoxicité de nos porpghgs glycodendrimériques, nous avons
effectué une étude d’interaction en culture ceitalaDans cette étude, les porphyrines sont
mises en contact avec les cellules qui sont, apre&ertain délai, illuminées par un laser. Pour
réaliser ce test, nous avons utilisé la méthodelagse au point par le Dr Alain Croisy et sa
collaboratrice Daniéle Carrez a l'institut Curi€ddsay. Les expériences ont été réalisées dans
la salle de culture cellulaire de TUMR CNRS 86&2¢ec le concours de Véronique Marsaud.
Les porphyrines glycoconjuguées synthétisées pguipe du Dr Philippe Maillard a l'institut
Curie sont systématiquement testées sur lignéétomblastome immortalisée, mais aussi sur
une lignée d’adénocarcinome du colon. Ainsi, lgedies cellulaires utilisées pour cette étude
sont les lignées (a) Y79 (ATCC HTB 18) du rétinaitene humain obtenue par Retdal.!
apres culture d’explant d’une tumeur primaire asdrde I'ceil d’'un enfant de 2 ans et demi
immédiatement apres énucléation et (b) la ligné@HT adénocarcinome colorectal qui nous
a servi de contrdle. En effet, les cellules HT28&gmt des récepteurs spécifiques du glucose
et ne reconnaissent pas le mann&ge.

1. Matériel et Méthodes

a. Conditions de culture cellulaire

- Lignée Y79 du rétinoblastome

Les cellules suspensives Y79 sont cultivées darioon de culture de 75 émen suspension
dans du milieu DMEM (Dulbecco's Modified Eagle'sdien) 1X contenant 20% de sérum
de veau feetal (SVF, VWR), en présence d'1% de plmi¢streptomycine (50 Ul/ml et
50ug/ml) et d'1% de L-glutamine. Les cellules splaicées dans un incubateur, a 37°C, sous
une atmosphére humide, saturée en vapeur d’eab%ten CQ. Les cellules sont divisées au
1/3 deux fois par semaine afin de multiplier leambre. Le contenu de chaque flacon (60 ml)
est centrifugé pendant 5 minutes a une vitess@de tburs/min, le surnageant est éliminé et
le culot est alors repris par un nouveau miliewualéure. Cette suspension est alors divisée en
3 flacons contenant chacun un volume final de 60 ml

Apres 24 h d’incubation, un aliquot de cette suspmn est prélevé pour effectuer un

comptage cellulaire sur une lame de Malassez. L#ico est alors diluée (ou concentrée)
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dans le méme milieu de culture afin d’obtenir unaaentration de 500 000 cellules/ml. 1 ml

de cette suspension est alors déposé dans deepldg 4 puits.

Les porphyrines dissoutes dans du diméthylsulfoxyaldSO) sont alors ajoutées dans les
puits pour atteindre des concentrations finalesamtide 0,15 a 7,5 uM. Pour les plaques de
contrble, un méme volume de DMSO pur est ajoutédikaolution des porphyrines dans le

DMSO est indispensable car leur faible solubilighsl le milieu de culture ne permet pas
d’atteindre les concentrations a étudier.

Lignée HT29 d’adénocarcinome colorectal

Les mémes conditions de culture décrites pour ¥@® utilisées pour les cellules
adhérentes HT29, mais avec 10% de sérum de vealideetement. Pour diviser les cellules
en plusieurs flacons, le milieu de culture est &léret les cellules sont détachées par addition
de 1 ml de trypsine dans le flacon de culture,s pliccées quelques minutes a 37°C jusqu'a
leur détachement complet. La réaction est alorbé&ehpar addition de milieu DMEM a 10%
de SVF (v/v) et la suspension cellulaire est cergée pendant 5 minutes a une vitesse de
1000 tours/min. Apres élimination du surnageantut cellulaire est remis en suspension
dans le méme milieu avec tous les composants @dém Ensuite, la suspension est répartie

dans 4 flacons de 75 cm? dont chacun est complé2b ml de milieu de culture.

La veille du jour du test d’efficacité des porpmgs, apres détachement des cellules par la
trypsine comme précédemment décrit, la suspengituiaire est reprise par du DMEM frais
contenant 10% de SVF. Un aliquot de cette suspemrsibprélevé pour effectuer un comptage
cellulaire sur lame de Malassez. La solution estsatliluée dans le méme milieu de culture
afin d’obtenir une concentration de 50 000 cellings1ml de cette suspension est déposeé
dans des plagues de 24 puits de 2,5 cm? et ladasBont incubées une nuit a 37°C afin de

permettre leur adhésion et leur étalement avant dies porphyrines.

b. Conditions de photoirradiation

Apres 24 h d’'incubation des cellules avec les moéca tester, les plaques sont irradiées a 2
Jlcnf pendant 14 min dans une chambre noire. Aprés atiadi 100 pL de SVF est ajouté
dans chaque puits pour les cellules Y79 pour obtemé concentration finale de sérum de
20% (la méme concentration utilisée pendant la iplidation des cellules), ensuite les
plagues sont mises a I'étuve pendant 3 jours akatest MTT. Dans le cas des cellules

adhérentes HT29, le surnageant est aspiré (et aemplar un nouveau milieu de culture) et
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les plaques sont mises a I'étuve pendant 3 jouantde test de MTT. La méme procédure est
réalisée sur des plagues contenant les porphyoinés DMSO seul, mais ces plagues ne sont
pas irradiées, pour tester la cytotoxicité prope holécules et du DMSO, respectivement.

c. Etude de la prolifération par le test au MTT

Principe

Ce test reflete la prolifération et la viabilitéllakires. Il est basé sur la transformation du
MTT (3-(4,5-diméthylthiazol-2-yl)-2,5-diphényl tézolium bromide) en cristaux violets de
formazan par une enzyme mitochondriale, la suceimkishydrogénase. (Figure 49) Les
cristaux de formazan formés sont solubilisés danBEISO et la solution colorée résultante
est gquantifiée au spectrophotométre par mesur@lsotrbance a 570 nm. (Figure 49) Ce test
est utilisé pour comparer la croissance des csliidmoins a celle des cellules traitées par les

photosensibilisateurs.

4 N
A

Mitochondrie

1] N
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K Formazan /

Figure 49 : Transformation du MTT en formazan par action dsuecinate déshydrogénase mitochondriale.

La quantité de formazan formée est proportionrelieombre de cellules vivantes, ainsi on
peut déterminer I'lgy des produits en mesurant la diminution de I'abaonde en fonction de

la concentration des porphyrines.

Mode opératoire

Expérimentalement, 50 uL d’'une solution de MTT (§/ml dans du tampon PBS) sont
ajoutés dans chaque puit. Apres 30 min d’incubatioB7°C en atmosphére humide, le
surnageant des puits contenant les cellules HTR8liesiné et les cellules sont lysées avec
750 puL de DMSO. Pour les cellules Y79 en suspensenontenu des puits est centrifugé

dans des eppendorfs a une vitesse de 5000 tourpgnutant 5 min, puis le surnageant est
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aspiré et le culot cellulaire, lysé avec 750 uLOMSO. Ensuite, le contenu des puits des
plaques de 24 est transféré dans des plagues @eit@6et la lecture de I'absorbance est
effectuée par un lecteur de plaques a une longliende de 570 nm. Les blancs de lecture

correspondent aux cellules non traitées, mais $yagec du DMSO.
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RESUME

La complexité des membranes biologiques est agifer du développement des modéles
membranaires artificiels comme outils indispensablke la compréhension des mécanismes
d’interaction entre médicaments et membrane c@ltul€ette thése porte sur I'étude des interactions
non spécifiques et spécifiques entre de nouveleshyrines glycoconjuguées utilisables en thérapie
photodynamique (PDT) et des modeles membranaiogsimiétiques (monocouches, bicouches planes
supportées et liposomes) du rétinoblastome poétéir surface une lectine spécifigue du mannose.

Les principales techniques utilisées pour cettededtsont la tensiométrie de surface, la
spectrométrie de fluorescence, la microbalancéstatde quartz avec mesure de dissipation (QCM-D)
et diffusion quasi-élastique de lumiéere (DLS).

Les porphyrines glycoconjuguées se sont avérdameodes molécules prometteuses, capables

a interagir d'une maniére non spécifique (péndtmafiassive) et spécifique (ciblage des récepteairs d
type lectinique) avec les modeles membranaire€tiuoblastome.
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