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Une partie de cette thèse étant déjà écrite en anglais au moment où je me suis mis
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soumises11'. Après en avoir discuté avec Thomas Zemb et Francis Puisieux, nous nous

sommes mis d'accord sur la troisième alternative. L'introduction et la conclusion générale

sont donc les seules parties en Français.
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Introduction Générale



1. Cadre de l'étude

Une des grandes difficultés encore rencontrées en thérapeutique est liée à la non

spécificité de nombreux traitements médicamenteux. Cette absence de lien entre le

principe actif administré et le tissu ou l'organe à soigner limite le nombre de produits

administrables à ceux dont les effets secondaires sont réduits. De plus, la durée de vie

d'un principe dans l'organisme sous sa forme active est limitée par son métabolisme et

son excrétion. Un phénomène aussi simple que la dilution d'un principe dans le sang et le

plasma peut réduire la quantité efficace à quelques pour-cent de la dose administrée. De

l'absence de spécificité et de disponibilité prolongée, est apparue la nécessité de mettre au

point des systèmes moléculaires capables de véhiculer les principes actifs dans

l'organisme.

Le principe actif peut être un médicament, un peptide, une protéine (soluble ou

membranaire), un oligonucléotide, ... L'objectif est alors de prolonger sa durée de vie dans

l'organisme, et de le diriger de façon spécifique vers un organe, un tissu, ou encore un

type particulier de cellules.

Les systèmes colloïdaux sont les vecteurs les plus étudiés actuellement pour

l'administration de principes actifs, en particulier en cancérologie. Les conditions à

satisfaire sont tout d'abord liées à l'introduction d'un corps étranger dans l'organisme:

biocompatibilité et biodégradabilité. Le vecteur ne doit pas provoquer de réaction

allergique, et une fois le principe libéré, il doit pouvoir être métabolisé ou directement

excrété sans accumulation dans l'organisme. Enfin, outre ces deux conditions, il faut

conserver la biodisponibilité du principe sous sa forme vectorisée. Ces conditions sont

réunies lorsque le vecteur est formé par l'association de composés naturels tels que les

phospholipides organisés sous forme vésiculaire. Depuis une vingtaine d'années, les

liposomes sont apparus comme des candidats prometteurs à la réunion de ces exigences

(1, 2), du fait de leur simplicité de mise en oeuvre, et du mimétisme qui existe entre ces

objets pourtant simples et nos cellules.

L'aspect le plus délicat réside probablement dans la mise au point de systèmes qui

conservent leur stabilité en milieu biologique et qui soient suffisamment labiles pour

pouvoir libérer le principe au contact de leur cible. Le caractère labile des objets va

impliquer l'utilisation de systèmes dont l'organisation spatiale sera liée à la formation de

liaisons de faible énergie telles que celles que l'on rencontre dans de très nombreuses

structures biologiques, et de façon plus générale, dans les systèmes moléculaires

organisés.

Le système d'étude comporte donc au minimum trois composants: principe, vecteur

et solvant. Le vecteur est le plus souvent un système dont l'organisation et la stabilité en
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l'absence de principe actif dépendent de l'association de plusieurs entités moléculaires ou

macromoléculaires. Si l'on se limite dans un premier temps à la stabilité du vecteur en

milieu biologique, sans considérer l'association principe-vecteur, on est ramené à un

problème de stabilité d'un système colloïdal en milieu aqueux à force ionique et pression

osmotique élevées, et à pH fixé.

Ceci étant, la stabilité physico-chimique d'un colloïde et son aptitude à encapsuler

un principe actif ne suffisent pas à en faire un vecteur efficace. La vectorisation d'un

principe actif implique que le vecteur qui le transporte soit véhiculé dans l'organisme

sans interaction directe avec les éléments qu'il va rencontrer sur son parcours avant

d'atteindre sa cible. Dans le cas des liposomes, qui sont des objets thermodynamiquement

stables (3), la durée de vie après injection intraveineuse est de quelques minutes. Le

problème rencontré n'est plus d'ordre physico-chimique, mais bien biologique. La

principale cause de cette élimination rapide de la circulation vient du tropisme de ces

objets très marqué pour les cellules du système réticulo-endothélial du foie où ils sont

éliminés, et de la capture par les macrophages de la circulation.

De nombreux travaux ont donc porté sur la modulation de ce tropisme pour tenter

d'augmenter la spécificité du vecteur ou de le rendre furtif. Par exemple, le greffage de

polymères hydrosolubles à la surface des vésicules est une des voies qui a été envisagée

pour augmenter la durée de vie des liposomes dans l'organisme. Les différents types de

stabilisation ont été décrits par Ringsdorf (4). Parmi les polymères étudiés, on trouve

essentiellement les dérivés du polyéthylène glycol (2, 5, 6), les dérivés de polyacrylamides

(7), et les polysaccharides modifiés (8-17). Le principe repose sur la stabilisation du

vecteur par une barrière stérique qui induit une contribution répulsive à longue distance

et empêche l'approche et le contact entre surfaces lipidiques. Cette barrière stérique

limite considérablement les phénomènes de fusion et d'adhésion membranaire, ainsi que
les interactions avec les différents constituants dissous dans les liquides biologiques
(protéines plasmatiques, lipoprotéines, ...) et la membrane. Ce procédé est utilisé depuis
très longtemps dans la stabilisation colloïdale des encres et des peintures.

Les limites de cette stabilisation résident dans l'absence de spécificité des

polymères utilisés pour un quelconque tissu ou type cellulaire de l'organisme. Il faut donc

en général, en plus de cette stabilisation colloïdale, apporter au vecteur la spécificité pour

l'organe ciblé. Des travaux ont été entrepris afin de greffer sur les chaînes de polymère

des terminaisons saccharidiques qui sont reconnues par les lectines membranaires et

permettent une interaction spécifique (18). Le greffage d'anticorps monoclonaux a été

également rapporté avec les mêmes objectifs de reconnaissance spécifique entre le vecteur
et sa cible (11).
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2. Objectifs et problématique

Les résultats présentés dans ce manuscrit portent sur l'étude d'un système modèle
composé d'eau et de deux amphiphiles: un phospholipide zwittérionique et un
polysaccharide tensioactif non-ionique. Nous ne considérerons pas l'association principe
actif-vecteur pour nous intéresser exclusivement à l'interaction lipide-polymère dans des
systèmes organisés en monocouches à l'interface air-eau, en phases lamellaires et sous

forme de vésicules.

Nous nous plaçons dans un contexte d'interactions non spécifiques, non

écrantables et peu dépendantes de la force ionique et du pH. On peut donc considérer que
les résultats obtenus avec ce système modèle - pas de principe actif, pas de tampon, force

ionique nulle - restent valables pour des systèmes plus complexes où la spécificité du
vecteur pourra être apportée à sa stabilité colloïdale en milieu biologique.

L'objectif de ce travail est de comprendre les interactions à l'échelle moléculaire et
supramoléculaire entre une lécithine de synthèse, la dimyristoylphosphatidylcholine
(DMPC) et un dérivé polysaccharidique, le cholestéryle-pullulan (CHP) (figure 1). Nous

nous intéresserons à la structure et à l'origine de la formation des nouvelles phases issues

du mélange de ces deux composés qui forment chacun des phases organisées en milieu

aqueux.

Le lipide et le polymère présentent chacun des propriétés associatives qui sont à

l'origine de la formation d'édifices supramoléculaires. La formation de ces édifices répond
à des exigences thermodynamiques - minimisation de l'énergie totale du système - et à

des contraintes géométriques ou stériques.

Ce système moléculaire représente un modèle de vecteur, mais également un

modèle pour l'étude de structures que l'on rencontre dans les systèmes biologiques. Il
existe une analogie entre ce système ternaire et le glycocalix - réseau macromoléculaire

extracellulaire des cellules eucaryotes constitué de chaînes polysaccharidiques ancrées

dans la membrane cytoplasmique - et, dans une moindre mesure, car protéique, le

cytosquellette, réseau macromoléculaire intracellulaire.

A chacune des organisations étudiées - monocouche, phase lamellaire, vésicule -
correspond un degré de simplification. La phase lamellaire représente un état
intermédiaire dont le principal avantage, à la différence des deux autres organisations
moléculaires, est de permettre l'étude de phénomènes physico-chimiques moyennes dans
le temps et dans l'espace surun nombre infini d'unités de répétition - les membranes - qui
constituent l'empilement lamellaire. L'étude d'un système modèle à différents niveaux de
simplification doit permettre de comprendre son évolution lorsque sa complexité
augmente. Dans ce travail, la simplification repose sur le nombre de constituants limité à
trois, sur la pureté des produits utilisés, et sur l'absence de diversité moléculaire (lipide
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de synthèse, polymère isomoléculaire). L'utilisation d'une lécithine de synthèse permet
l'utilisation d'isotopes deutériés qui augmentent les possibilités de variation de contraste
déjà offertes par le solvant pour les expériences utilisant les neutrons (diffusion aux
petits angles, réflectivité).

La phase lamellaire est une organisation moléculaire privilégiée pour l'étude des
interactions entre membranes pour la raison invoquée précédemment. La stabilisation
d'une phase lamellaire en milieu dilué implique l'existence de forces répulsives à longue
portée qui s'opposent à l'attraction de van der Waals. Ces forces peuvent être engendrées
par la présence de charges structurées en double couche ionique ou l'existence de
répulsions stériques entre les membranes. Ces répulsions stériques peuvent provenir des
ondulations des membranes dans les systèmes flexibles ou de la présence de chaînes
macromoléculaires libres ou greffées aux membranes. Dans les deux cas les interactions
sont répulsives et d'origine entropique (de type volume exclu). En ce qui concerne les

lécithines à température suffisamment élevée, les membranes sont fluides (phase La)

mais relativement rigides. La constante de courbure élastique des membranes (k) est

grande (20 à 30 kBT) et les fluctuations thermiques de part et d'autre du plan moyen des
membranes (les ondulations) sont négligeables. Les surfaces étant zwittérioniques sans

organisation en double couche ionique, il n'y a pas de charge de surface nette et donc pas
de contribution électrostatique dans le bilan des forces. Les seules contributions
répulsives observées dans ces systèmes sont de courte portée et proviennent 1) pour des
distances de séparations inférieures à - 5Â, des interactions répulsives entre têtes
polaires (forces de protrusion) et 2) pour des distances comprises entre - 5 et 25 A, des
forces d'hydratation liées à l'interaction et à la structuration de l'eau au contact des têtes
polaires. Ces forces sont rencontrées de façon universelle dans les systèmes lipidiques en
présence d'eau (19-27). Dans le domaine dominé par les forces d'hydratation la pression
du système décroît de façon exponentielle d'où une portée limitée aux courtes distances.

La phase lamellaire de DMPC est donc une phase qui gonfle peu (gonflement
maximum à 40 % d'eau), et qui au delà de 25 Â est dominée par l'attraction de van der
Waals. Les membranes sont donc 'effondrées' sur la couche d'hydratation des têtes
polaires. Pour faire gonfler cette phase et la stabiliser à des distances supérieures, il faut
soit introduire une contribution électrostatique par l'apport des charges de surface, soit
induire des forces d'ondulation en abaissant la rigidité des membranes. Ces deux types de
stabilisation on été décrits respectivement par Rydhag et Gabran (28) et parSafinya et al.
(29). Nous nous intéressons donc à une troisième alternative qui consiste à ancrer des
chaînes solubles dans les membranes et à utiliser la pression osmotique des chaînes
greffées comme contribution répulsive à longue portée entre les membranes. Notre
objectif est donc d'introduire le dérivé polysaccharidique dans la phase lamellaire de
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DMPC et d'étudier la modification du diagramme de phase binaire DMPC/eau, ainsi que
l'équilibre des forces dans les nouvelles phases formées. Nous nous intéresserons
également aux propriétés de surface des polysaccharides modifiés et au système mixte à
l'interface air-eau.

L'étude des cinétiques et des mécanismes de formation des phases à 2 et 3
dimensions et la détermination de leur structure à l'équilibre thermodynamique seront
les aspects principaux de cette étude.

La problématique peut-être présentée de façon assez simple: dans les différents
systèmes organisés, qu'il s'agisse de monocouches ou de membranes phospholipidiques
(phases lamellaires ou vésicules), nous cherchons à confiner un composé
macromoléculaire à une surface, et dans le cas d'une phase lamellaire, entre deux
surfaces. Les chaînes polysaccharidiques n'ayant pas d'affinité pour ces surfaces, la
modification chimique du polymère permet, par le greffage de groupements hydrophobes
latéraux, de pallier à cette absence d'affinité. L'état d'équilibre des systèmes va donc
reposer sur la compétition entre le confinement de chaînes macromoléculaires et la perte
entropique qui y est associée, et l'énergie d'adsorption ou d'ancrage des groupements
hydrophobes. Si la perte entropique l'emporte on s'attend à une démixtion (cas général
des systèmes lécithines/polymères hydrosolubles non modifiés/eau), mais si l'énergie
d'ancrage domine, on doit pouvoir observer une phase riche en polymère. Tout l'intérêt de
l'utilisation de ce type de dérivés réside dans le fait que les chaînes conservent leurs
propriétés de polymère en bon solvant à l'interface. On peut donc concevoir que les
propriétés de gonflement des chaînes puissent être mises à profit pour faire entrer l'eau
dans un système qui ne gonfle pas spontanément.

Dans ce chapitre d'introduction, nous allons tout d'abord rappeler brièvement les
propriétés des deux sous systèmes binaires DMPC/eau et CHP/eau.

Le bilan des forces dans les phases lamellaires lyotropes et les différentes
configurations d'une chaîne macromoléculaire confinée dans une phase lamellaire sont
également décrits brièvement.

3. Choix du système d'étude

La DMPC est une lécithine de synthèse très proche des lécithines naturelles
présentes dans les membranes biologiques. Son choix a été déterminé par son aptitude à
former spontanément des vésicules et différents types de phases lamellaires dont la phase
La, qui, dans la nomenclature de Luzzati (30), correspond à la phase cristalline liquide
des membranes biologiques à la température physiologique. Cette phase s'oppose aux
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phases gel Pp' et Lp' qui sont des phases rigides où les membranes sont indéformables en

raison de la cristallisation des chaînes aliphatiques (30, 31). La DMPC forme la phase La

au delà de 23°C, ce qui facilite son étude dans des conditions proches de la température

ambiante (32, 33) (figure 2).

En présence d'eau et à température supérieure à 23°C, la phase La est caractérisée

par une organisation lamellaire à longue distance, sans organisation dans le plan des
membranes. Cette phase anisotrope est également désignée sous le terme desmectique de
type A(chaînes fondues et normales au plan de la membrane) (34). En milieu plus dilué,
la DMPC comme l'ensemble des lécithines forme des phases isotropes de vésicules dont

les caractéristiques (taille, caractère uni- ou multilamellaire) dépendent essentiellement
de leur mode de préparation (1, 2). Une image de microscopie électronique obtenue après
cryofracture d'un échantillon de DMPC hydratée à 70 % (p/p) est donnée figure 3. La
photo représente un domaine multilamellaire de l'échantillon (MLV ou sphérolite).

L'échantillon est un biphasique en excès d'eau (La + H20) préparé par hydratation d'un

film de DMPC obtenu par évaporation de solvant (CHC13). Les membranes sont au

gonflement maximum et la pression osmotique dans les domaines multilamellaires est en
équilibre avec celle de l'eau pure donc nulle ; on peut négliger la pression osmotique de la

-5

DMPC solubilisée sous forme de monomère du fait de sa très faible CMC (10 mM).

Le polymère, le cholestéryle-pullulan (CHP), est un polysaccharide modifié, qui

répond également aux exigences de biocompatibilité et de biodégradabilité.
Les phases des systèmes binaires DMPC/eau et CHP/eau ont été largement

étudiées et nous ne reviendrons pas sur ce point. Le diagramme de phase de la DMPC a

été déterminé il y a une quinzaine d'années par Janiak (32), et plus récemment plusieurs

phases qui n'avaient pas étédistinguées auparavant on été identifiées par Smith (35). Les
diagrammes de phase rapportés dans ces deux études sont rappelés figure 2.

En ce qui concerne les dérivés polysaccharidiques, l'essentiel des travaux a été

effectué dans l'équipe du Professeur J. Sunamoto(1) qui fut à l'origine de la synthèse de ces
dérivés, il y a une dizaine d'années. Ces travaux, outre la mise au point de la synthèse de
différents types de dérivés, ont porté sur l'efficacité des vésicules greffées à vectoriser des
principes actifs. Les travaux les plus récents sur les propriétés physico-chimiques de ces
dérivés sont dus à Akiyoshi (36-39). Ces travaux ont montré que les dérivés

polysaccharidiques forment des agrégats de type micellaire stables tels que les micelles
directes que l'on rencontre dans de nombreux systèmes tensioactif-eau. Le caractère
macromoléculaire des micelles introduit la notion de régimes dilué et semi-dilué définis

in Laboratory of Materials Science of Polymers and Artificial Cell Technology, Department of Polymer
Chemistry, Faculty ofEngineering, Kyoto University, Kyoto 606, Japon.
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Figure 2: Diagramme de phase de la DMPC et représentation schématique des phases L« , Pp' et
Lp' d'après Janiak (32). Le détail des différentes phases Lp aété décrit par Smith (35).
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Figure 3: Image de microscopie électronique d'un domaine multilamellaire La de DMPC observé après

cryofracture d'un échantillon biphasique (La + H20) préparé dans un large excès d'eau (70 %p/p). La

trempe de l'échantillon a été réalisée à 40°C soit une température supérieure à la transition Pp -> La

(cf. diagramme de phase figure 2). L'empilement très compact des membranes est du à l'absence de

répulsion à longue distance entre surfaces. La régularité de cet empilement et la longueur de persistance

des membranes sont dus à leur rigidité. Le trait représente 200 nm. (cliché T. Gulik-Krzywicki).
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par la concentration critique de recouvrement des chaînes C* (= 5 %p/p pour des chaînes
de masse 50.000). Dans le système que nous étudions, cette concentration est toujours
largement supérieure à la CMC du polymère (« 0.01 %p/p) de sorte qu'il n'existe pas de
concentration critique de recouvrement des chaînes sous leur forme non agrégée. On se
trouve donc le plus souvent en présence d'agrégats macromoléculaires en régime dilué ou
semi-dilué.

4. Bilan des forces dans les phases lamellaires lyotropes

L'énergie par unité de surface membranaire Vdans une phase lamellaire est égale
à la somme de l'ensemble des contributions attractives et répulsives à l'énergie libre du
système. Considérant les quatre contributions rencontrées dans ces systèmes:
interactions de van der Waals, interactions électrostatiques, forces d'hydratation, et
fluctuations thermiques (ondulations), l'énergie libre totale en fonction de la distance de

séparation des membranes dw s'écrit:

V(dw )=Vvdw (dw )+Velectro (dw )+Vhydrat (dw )+Vondul (dw )

Les relations donnant l'énergie d'interaction par unité de surface en fonction de la

distance intermembranaire sont données ci-dessous pour chacune des contributions. Le
caractère attractif de l'interaction de van der Waals estexprimé parune énergie négative.

4.1. van der Waals

L'énergie de van der Waals est donnée par l'intégration du potentiel d'interaction
en l/(dw) qui aboutit à la relation (40):

VvdwWw) = -
12tc

1
• + •

di (2db+dw)2 (db+dw)2

où A est la constante de Hamaker (typiquement quelques kBT) et db l'épaisseur de la

bicouche. Ce potentiel d'interaction varie en l/dw2 pour dw « db et en 1/ dw 4pour d »d .

4.2. Électrostatique

Cette interaction est calculée à partir de l'équation de Poisson-Boltzmann à une

dimension. Deux cas limites peuvent être considérés: le régime faiblement écranté où il
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n'y a pas d'autre ion dans le milieu aqueux que les contre-ions du tensioactif, et le régime

fortement écranté en présence de sel ajouté, où la longueur de Debye est inférieure à la

distance entre membranes (dw). Dans le régime faiblement écranté, la solution exacte est

connue (41), son expansion aux grandes distances intermembranaires s'écrit (42):

^electro. ^w '
7tkBT

4Lbd1

a

Lbo\ V^b^w J
+

où Lb est la longueur de Bjerrum (= 7Â dans l'eau à température ambiante) et a la

surface par charge.

4.3. Hydratation

La contribution à courte portée des forces d'hydratation à l'énergie libre du

système est exprimée par la relation empirique (19-27):

-dwAVhydrat.(dw) = Voe

ou Vo représente l'interaction lorsque les membranes sont au contact, et A, une constante

caractéristique de la décroissance exponentielle de l'ordrede 2 à 3 À.

4.4. Ondulations

Lorsque les membranes sont flexibles, les fluctuations thermiques doivent être

considérées dans l'énergie libre du système. Cette contribution a pour origine le

confinement de chaque membrane entre ses deux voisins dans un volume réduit par

rapport au volume qu'occuperait une membrane isolée sans interactions. Ce confinement

aboutit à une perte entropique et à une pression similaire à la pression d'un gaz parfait

confiné dans un volume fini. Cette contribution à l'énergie libre du système s'écrit (43):

V
., 3rc2 (kBT)2

ondulA w; 128k (dw)2

où Kest la constante de courbure élastique des membranes.

A ces quatre types de forces peuvent être ajoutées des contributions répulsives
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liées à l'incorporation de composés solubles dans l'espace intermembranaire. Les
contributions répulsives peuvent être à plus ou moins longue portée selon le caractère

moléculaire ou macromoléculaire des composés solubilisés. Le cas des polymères est
particulièrement intéressant, du fait des différents cas de figure que l'on peut rencontrer,
selon la distance entre lamelles à l'équilibre, selon la taille des chaînes de polymère et
selon leur affinité pour la surface lipidique (adsorption/déplétion) ou pour la membrane
(ancrage, solubilisation des chaînes dans les membranes).

5. Configurations d'une macromolécule confinée dans une phase lamellaire

Les différents cas de figure sont schématisés figure 3. Le confinement d'une chaîne

isolée entre deux surfaces séparées par une distance inférieure à la dimension

caractéristique de la chaîne (2Rg) aboutit à une diminution de son volume disponible.

Pour une chaîne adoptant une configuration en pelote gaussienne (polymère flexible en

bon solvant) et sans interaction avec les surfaces (excès de surface T = 0), le

rapprochement des deux surfaces doit lutter contre l'énergie qu'il faut fournir pour
déformer la chaîne et l'éloigner de sa configuration d'équilibre (sphère molle déformable)

(44-45). Laperte entropique associée à ce confinement et à la déformation qui en résulte a
la même origine que celle rencontrée dans le cas d'une membrane flexible ondulant dans

un volume limité par ses deux voisins. Si l'on considère maintenant non plus une chaîne
isolée, mais le confinement d'une solution en régime semi-dilué, la diminution de la

distance de séparation entre membranes doit lutter contre l'augmentation de la pression
osmotique de la solution de polymère. On peut distinguer le cas ou le polymère n'interagit

pas avec les membranes (excès de surface Tp <0), et le cas où il s'adsorbe à la surface ou

s'ancre dans les membranes par l'intermédiaire de groupes hydrophobes latéraux ou de
séquences de la chaîne solubles dans la région aliphatique de la membrane. Dans ces

deux derniers cas de figure l'interaction polymère-lipide aboutit à un excès de surface

rp>°-

Les effets de l'interaction entre une chaîne flexible neutre et un tensioactif

organisé en monocouche à l'interface air-eau ou en bicouche ont été décrits par de Gennes

(46). En l'absence de ségrégation de surface, il est prévu une augmentation de la rigidité
des membranes lorsque celles-ci sont exposées de façon symétrique à la solution de
polymère. Dans le cas contraire, une forte courbure de la membrane greffée de façon
asymétrique est attendue.



I Séparation de phase

II Solubilisation dans la phase aqueuse

II. 1 Pas d'interactions membrane-polymère (r = 0)

II. 1.1 membranes rigides

II.2 Interactions membrane-polymère (f > 0)

II.2.1 adsorption d'un homopolymère
en bon solvant

II.2.2 adsorption d'un homopolymère
en mauvais solvant

II.3. Interactions membrane-polymère (f<0)

déplétion d'un homopolymère
en bon solvant

III Solubilisation dans la membrane

III.l solubilisation totale
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Do

II. 1.2 membranes flexibles

II.2.3 adsorpotion d'un copolymère
à blocs

II.2.4 chaîne soluble ancrée par des
groupes hydrophobes latéraux

III.2 polymère soluble traversant
la membrane

Figure 3: Représentation schématique des différents cas de figure pouvant être rencontrés dans
une phase lamellaire en présence d'un polymère. Le pontage des membranes n'est pas représenté
ici mais peut être envisagé dans les différents cas où le polymère possède plusieurs sites
d'interaction avec la membrane.
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Dans un système où les surfaces en vis-à-vis ont la liberté de s'éloigner pour

satisfaire l'entropie configurationelle d'une chaîne confinée (membranes en excès de

solvant), on peut donc utiliser cette force pour obliger les surfaces à se repousser à des

distances qui seront fonction des dimensions du polymère utilisé.

Cependant, si les surfaces sont fortement attractives (pas d'électrostatique, van

der Waals dominant), l'équilibre du système peut dans certains cas imposer une

séparation de phase au cours de laquelle le polymère est exclus de la zone confinée, pour

former d'une part, une phase dans laquelle la distance entre les surfaces est à sa position

d'équilibre, et d'autre part, une solution de polymère ou l'entropie configurationelle est

maximale (cas I de la figure 3).

Pour éviter la séparation de phase, il est nécessaire de stabiliser le polymère

confiné. L'intérêt apporté par la présence de quelques groupements hydrophobes le long

de la chaîne de polymère soluble apparaît donc comme un moyen de contrebalancer la

perte entropique liée au confinement de la chaîne par l'énergie d'adsorption ou d'ancrage

des groupements hydrophobes dans les membranes. Nous nous plaçons donc dans le cas

de figure où l'excès de surface du polymère à l'interface lipide/eau T est positif.

Si le nombre de points d'ancrage de la chaîne est faible devant le nombre de

chaînons de la macromolécule (degrés de substitution faibles) la chaîne conserve une

liberté suffisante pour s'expanser dans le milieu aqueux sans en être exclue. On ne se

trouve alors plus dans le cas idéal d'une chaîne confinée sans interaction avec les

surfaces, mais en présence d'interactions localement fortes (cas II.2.4). On est également

loin du cas de l'adsorption d'un homopolymère en bon solvant où l'énergie d'interaction

entre la surface et le monomère est la même en tout point de la chaîne (cas II.2.1). Notre

système se rapproche du cas des copolymères statistiques ou l'un des deux comonomères

à une forte affinité pour la surface. Le cas des copolymères à blocs (II.2.3) est également

représenté figure 3. Enfin, l'ancrage d'une chaîne par un groupement hydrophobe lié à

l'une de ses extrémités représente une version simplifiée de notre système et se rapproche

du greffage chimique d'une chaîne par une de ses extrémités réactives.

La solubilisation d'une chaîne macromoléculaire dans les membranes (III.l) a été

rapportée récemment par Radlinska et coll. (47) et le cas de chaînes solubles dans la

phase aqueuse traversant les membranes (III.2) a été décrit par Kékicheff et al. (48).

Aux différents cas décrits figure 3, sont associés des profils de concentration en

chaîne dans la direction normale à l'interface très différents, qui vont en grande partie

déterminer les propriétés de l'interface.

Dans le système DMPC/CHP/eau, les réarrangements moléculaires à l'interface

sont possibles car les membranes sont à l'état fluide La. Les groupes cholestérol peuvent
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diffuser dans la membrane après ancrage, et l'on peut s'attendre à des phénomènes de

diffusion latérale des chaînes polysaccharidiques à l'interface lipide/eau.

Dans les systèmes comme le nôtre, où le polymère possède plusieurs sites

d'adsorption où d'ancrage suffisamment éloignés sur la chaîne pour aller ponter les

membranes, il peut y avoir formation d'un réseau tridimensionnel dont les propriétés en

milieu dilué peuvent être très différentes d'un système non ponté: viscosité élevée, et

apparition d'une contribution attractive à longue distance liée à la force de rappel exercée

par une chaîne ancrée dans deux membranes voisines. Le pontage des membranes par

une chaîne macromoléculaire introduit une contribution attractive dans le bilan des

forces qui entre en compétition avec la pression osmotique des chaînes confinées dans

l'espace intermembranaire (49).

6. Plan du manuscrit

Le manuscrit se présente en deux parties. La première (chapitres I à III) porte sur

les systèmes binaires CHP/eau et DMPC/eau et sur le système ternaire DMPC/CHP/eau

organisés en couches minces à l'interface air-eau.

Les chapitres I et II présentent des résultats préliminaires sur l'adsorption du

polymère à l'interface air-eau. Les cinétiques d'adsorption suivies par des mesures de

tension superficielle sont traitées au chapitre I. Le potentiel de surface des films

d'adsorption sont étudiés chapitre II.

L'ancrage d'une chaîne flexible en bon solvant, par un nombre restreints de

groupements hydrophobes latéraux (de l'ordre de 1 %), n'a pas été décrit dans la

littérature tant sur le plan théorique qu'expérimental. Nous nous intéresserons donc à un

cas nouveau, abordé au chapitre III, qui porte sur l'étude des profils de concentration du

polymère par réflectivité des neutrons à l'interface air-eau et en présence de monocouches

de DMPC. La cinétique de formation de ces films d'adsorption est reprise dans ce chapitre

sous l'angle structural.

La deuxième partie (chapitre TV et V) porte sur l'étude des systèmes ternaires

DMPC/hydrates de carbone/eau.

L'influence de petits sucres, d'oligomères de glucose, et de polysaccharides sur le

gonflement de la phase lamellaire de DMPC est traitée au chapitre P/. Ces mélanges

ternaires représentent des exemples de systèmes sans interactions soluté-membrane.

Enfin, le chapitre V présente les résultats obtenus pour le système ternaire

DMPC/CHP/eau, ou le polysaccharidemodifié représente le cas de figure où l'on a Tp > 0.
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CHAPTERI

Adsorption of cholesteryl-pullulan derivatives at the air-water

interface: Kinetic study by surface tension measurements.

Abstract

The adsorption kinetics of hydrophobically modified cholesteryl-pullulan (CHP)
derivatives hâve been assessed by surface tension measurements at the air-water

interface. Pullulan, the native unmodified polysaccharide, does not display any surface

activity. The studied CHP derivatives differ in their cholestérol degree of substitution
(ds), from 0.6 to 2.5 mol %. The results reveal that the surface properties are related to
the number of hydrophobic cholestérol groups substituted to pullulan. Only one of the

studied compounds (CHP52.14 , ds = 1.4 mol %) strongly reduces the surface tension of
water. The other derivatives (CHP45.06 and CHP50.09) do not reduce the surface tension

significantly.

The application of Gibbs law to the equilibrium surface tensions of adsorbed

CHP52.14 yields an area of 40 À2 that corresponds to the molecular area of cholestérol.
This indicates that the adsorbing entities to be considered in the Ward and Tordaï model

are the cholestérol groups connected by the polysaccharidic backbone rather than the

polymer chain itself. This could explain the overestimation ofthe polymer surface excess
calculated according to this model. The observed kinetics probably originate from the

diffusion of cholestérol groups in the adsorbed polymer layer and not in that of CHP

chains from the bulk to the interface. Since the CHP surface excess cannot be estimated,

the concentration of cholestérol groups in the polymer layer is not known and the

diffusion ofcholestérol groups cannot be described quantitatively.

A direct measurement ofthe polymer surface excess is required for thèse results to

be understood.
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I Introduction

Although polymer and protein adsorption at the solution-air interface hâve been
extensively studied during the last twenty years, adsorption studies of amphiphilic
polysaccharides are still lacking. An important prerequisite is to consider that the
displacement of apolymer chain from the bulk phase to the interface is the resuit of 1) its
diffusion towards the interface and 2) its adsorption at the interface. One has thus to be
able to distinguish between diffusion controlled adsorption kinetics and adsorption which
is rate determined.

The surface concentrations of proteins or other polymers are often deduced from
adsorption kinetic studies. From such studies it is possible to détermine ifadsorption of a
macromolecular species at the interface is diffusion controlled, i.e. the adsorption is much
faster than the transport to the surface by diffusion (1-3). If the latter process is fast, the
rate-determined kinetics may be relatively easily established without confounding itwith
a transport process which is not kinetically driven (4). For instance, it is known that the
adsorption kinetics of the lower alcohols (propanol, butanol and pentanol) are not
controlled by diffusion (5, 6). The subsurface concentration is equal to the bulk
concentration and the transfer from the subsurface to the surface is the rate-controlling
step.

Generally, adsorption of flexible biopolymers is difficult to monitor over long
periods with an expérimental technique well adapted for thèse purposes. The kinetics of
the adsorption of surfactants from the bulk solution to an air-water interface are
generally investigated by measuring the dynamic surface properties. Différent techniques
are now available, each of them operating in a given time window. In order to study the
adsorption kinetics, the relaxation time of the equilibrium process has to be compared
with the time domain of the instrument. The current method for kinetics taking place on
long time scales is the Wilhelmy plate method. In this method, a new clean surface is

created at time to, and the decrease in the surface tension is measured when the surface
âges.

Pullulan is a non surface-active naturally occurring polysaccharide. By grafting
hydrophobic cholestérol groups to the soluble polysaccharidic backbone, it is possible to
induce solution and surface properties differing strongly from those of the native
polysaccharide. Cholesteryl-pullulan as well as other hydrophobically modified
derivatives of naturally occurring polysaccharides holds promise in the préparation of
coated liposomes as a very attractive approach for mimicking structures of cell
membranes and for the active targeting of drugs using sugar moieties (7, 8). Thèse
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polysaccharides can act as sensory devices capable of spécifie cell récognition.

Polysaccharide derivatives hydrophobized with cholestérol moieties hâve been shown to

be particularly efficient in pénétrating into lipid bilayers and in the coating of liposomes.

Their solution properties and their ability to form large micellar type aggregates in

solution hâve been recently reported by Sunamoto and coworkers (9-11).

The objective of this chapter is to describe the adsorption kinetics of CHP

derivatives and their possible configuration in the adsorbed state.

Il Materials and methods

II. 1 Chemicals

The chemical structures of pullulan and cholesteryl-pullulan derivatives are shown

in Fig. I.l. Pullulan was supplied by Hayashibaru Biochemical Laboratories (Okayama,

Japan). The macromolecule, an extracellular a-glucan elaborated by Pullularia pullulans

and Aureobasidium pullulans, is composed of palmitotriose units polymerised through

a-1,6 and a-1,4 glycosidic bonds on the terminal glucose residue of the trisaccharide (12)

and may be considered as a linear flexible water soluble polymer (13, 14).

The cholesteryl-pullulan derivatives were synthesised from a native pullulan in

the laboratory of Prof. Sunamoto using the previously described procédure (15, 16) except

for CHP5214 which was supplied by Dojindo Biochemical Laboratories (Tokyo, Japan) (15).

The hydrophobicallly modified pullulan is a random copolymer of native A units and

hydrophobically modified B units that bear latéral cholestérol groups attached to the

polysaccharidic backbone by a spacer (Fig. I.l). Table I.l summarises the main chemical

characteristics of the studied CHP derivatives. The substitution degree of pullulan by

cholestérol residues has been determined by the H-NMR method and elemental analysis.

Thus, CHP45 06 dénotes a derivative with a molecular weight of 45,000 (polysaccharidic

backbone) with a substitution degree equal to 0.6 cholestérol group per 100 glucose units.

From Table I.l it is apparent that the substitution degree of pullulan chains by

hydrophobic cholestérol groups is low, ranging from 0.6 to 2.5 mol %. The solubility of

pullulan drastically decreases with the increase in the substitution degree of the

macromolecule. While thé unsubstituted pullulan is highly soluble in water, CHP

requires simultaneous sonication and heating up to 50°C to form an optically clear

solution.
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derivative Mw N A/B N,chol n réf.

CHP,45-0.6 45,000 280 99.4/0.6 1.7 16

CHP,
50-0.9

50,000 310 99.1/0.9 2.8 16

CHP52-1.4 52,000 320 98.6/1.4 4.5 15

CHP50-2.5 50,000 310 97.5/2.5 7.7 6 16

Mw : molecular weight of the polysaccharide backbone
N : number of glucose units per chain
A/B : molar fraction of comonomer A and B

Nchoi: averaged number of graft cholestérol units per chain = N x B/100
n : spacer length (see Fig. I.l)

Table 1.1: Chemical characteristics of cholesteryl-pullulan derivatives.

Cholestérol (99 %) was a product from Sigma and was used as received.

Cholestérol monolayers were obtained by spreading cholestérol solutions prepared in

chloroform. The solvent was analytical grade from Merck (Darmstadt) and did not

content any surface-active impurity.

Ultrapure water was used in ail experiments. It was obtained through reverse

osmosis using the Milli-Ro Plus 6 water purification System (Millipore, Bedford, USA),

followed by a two step distillation (first from KMn04, H2S04) from a Jencon Autostill

apparatus. This water has a surface tension of 71,8 ± 0,1 mN/m at 25°C, in agreement

with the literature data (17,18).

The glassware was cleaned in a freshly prepared sulfochromic solution (H2S04,

K^Cr^) and then abundantly rinsed with ultrapure water. Potassium dichromate was

purchased from Prolabo (Paris, France), and the analytical grade sulphuric acid was from

Touzart et Matignon (Vitry-sur-Seine, France).

II.2 Surface tension apparatus

The adsorption kinetic experiments were performed using the Wilhelmy plate

method. A schematic représentation of the surface tension apparatus is given in Fig. 1.2.
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The surface tension was measured with a thermostated automatic digital tensiometer
(model Kriiss K10T, Hamburg, Germany). The time dépendent surface tension was
recorded on a two channels Sefram recorder, one channel being devoted to the surface
tension, the other one to the control of the température in the enclosure. With this type of
tensiometer the level of the plate in the water phase is adjusted automatically and one
has just to control that there is no change in the level of the liquid surface during the
kinetic experiment.

II.3 Methods

In the Wilhelmy plate method, the weight of liquid lifted by a plate that is
withdrawn from the liquid is measured. The weight of water held up above the level of
the bulk liquid surface increases to some maximum value which equals the surface
tension times the length of the contact line between the plate and the liquid, provided
that:

1. the solid thatsupports the liquid is completely wetted,
2. the sides of the plate are vertical and the force acts vertically on ail parts of the

plate, i.e. the plate is flat,

3. there are no buoyancy corrections; buoyancy effects are absent only when the lower
edge of the plate is at the same level as the bulk surface (Fig. 1.3).

force transducer

spread, adsorbed or
mixed monolayer

injected solutés

Fig. 1.2: Schematic représentation of surface tension apparatus. The system is placed in a
thermostated enclosure at saturated vapour pressure.
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Fig. 1.3: The position of the plate giving zéro buoyancy.

In practice, for the purpose of measuring surface tensions, it is virtually impossible

to reproduce accurately any contact angle except 6 = 0. The material of the plate is

therefore chosen to be a high energy, chemically inert surface (platinum). It is important

to keep the plate scrupulously clean and to keep in mind the possibility that its surface

energy may be lowered by the adsorption of solutés from the solution. One way to check if

there has been any significant adsorption of soluté on the platimun plate during an

adsorption kinetic is to clean the plate in sulfochromic acid and to measure the surface

tension again. If the surface tension has not changed from the end of the experiment, the

resuit is valid.

For any liquid the surface tension measured by the Wilhelmy plate method is

given by the relation:

F
Y =

IcosG
(I.l)

where F is the force applied to the plate (the weight of liquid lifted by the plate), 1 the

perimeter of the plate and 6 the wetting angle between the plate and the liquid. For a

completely wettable surface (platinum) cos6 = 1 and the perimeter ofthe plate oflength lx

and thickness 10 is 1= 2(^+1,,), so that:

y =
mg

2(lx + 10)
(1.2)
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II.4 Expérimental procédure

II.4.1 Adsorbed CHP layers

Firstly, the surface ofpure water was cleaned by pipette aspiration. The tension of

the cleaned water surface was measured prior to the injection of CHP in the bulk phase.
The platinum plate was then removed from the liquid and dried. The CHP solution was

injected in the water subphase by the mean ofa microsyringue and the liquid was stirred
for 30 seconds to get a homogenous solution. The platinum plate was brought again into
contact with the liquid surface after a second cleaning. For concentrated solutions where

it is not possible to dilute the concentrated solution without changing the final volume of

the bulk phase, the measuring cell is directly filled with the solution and the surface of

the solution is cleaned before the measurement starts.

The surface tension was recorded continuously as a function of time and the

measurements were stopped after the surface tension had remained constant for 10 hours

(+/- 0.1 mN/m). In order to maintain a constant level of the liquid and to avoid any drift in
the measured surface tensions, ail experiments were performed at 25+/-l°C under
saturated vapour pressure to limit evaporation of water during the experiment. For
experiments where the equilibrium surface tension was not completely reached, a plot ofy

1/2

as a function of 1/t and an extrapolation of y at infinité time (1/t172 -» 0) yields the
surface tension at equilibrium.

II.4.2 Spread cholestérol monolayers

The choice of the Wilhelmy plate method for monitoring the surface tension of
adsorbed CHP layers as a function of time was imposed by the fact that Langmuir trough
are not suitable for adsorbed monolayer studies, since a clean water surface has to be

kept as référence for the direct measurement of n. Naturally, in the case of spread
monolayers of insoluble surfactants such as cholestérol the most suitable technique to
détermine a surface pressure-area isotherm is to compress the monolayer using a
Langmuir trough. In such experiments the number of spread molécules is constant and

the monolayer is compressed by a movable barrier from the gaseous state until the
collapse of the monolayer.

However, the surface pressure-area isotherm of insoluble surfactants may be
determined at constant surface area by the Wilhelmy plate technique. The monolayer is
formed by spreading cholestérol from a chloroform solution at the air-water interface with
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a microsyringue. The surface pressure is raised by adding aliquots of the cholestérol

solution. For each cholestérol surface density, the surface tension is recorded as a

function of time to ensure that the surface tension is at equilibrium. The obtained surface

pressure-area isotherm is at equilibrium (which is équivalent to a dynamic surface

pressure-area isotherm obtained at very low compression rate).

III Theoretical aspects of transport and adsorption mechanisms of a chain from

the bulk to the interface.

The polymer coverage T of a surface (i.e. the amount of adsorbed chains or

monomer units per unit area) may be controlled by varying the time over which this

surface is exposed to the polymer solution. In a typical adsorption kinetic experiment this

time varies from t0 until a constant value of T is reached.

III.l Dilute mushroom régime

In the dilute régime, the polymer chains do not overlap and each chain may be

considered as an individual object without interaction with the neighbouring chains.

The anchoring of a non-adsorbing, flexible, and self-avoiding chain consisting of N

monomers at a flat surface suffers a configurational entropy loss -kBTAS ol = l/2kBTln(N)

(19). Fora chain with N = 310 (pullulan 50,000), one has a loss of-kBTASpol = -3kBT which

must be overcome by the anchoring energy. For lipid anchors such as phospholipids with

two hydrocarbon chains containing nc carbon atoms, the anchoring energy of a

hydrophobic group such as lipid anchors in a membrane is AEanc = -1.7nckBT (20). For the

adsorption of cholestérol groups at the air-water interface we can calculate the gain in

surface free energy due to the change of the environment upon adsorption. If one

considers a non-aggregated chain, the cholestérol is initially in water and adsorbs at the

air-water interface. In the gaseous state of the monolayer this cholestérol group is

surrounded by air. To calculate the adsorption energy of the cholestérol group we must

consider its molecular surface and the change in surface tension at the cholesterol-solvent

interface which is équivalent to the différence between the oil/water interface

(# 50 mN/m) and the oil/air interface (# 20 mN/m). Since the adsorbed cholestérol groups

are in the gaseous state (II -> 0) we can neglect the gain in surface free energy of the
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solution-air interface. The resuit of the adsorption of a cholestérol group is then

équivalent to the gain in surface free energy:

AE^ =SXAy =27tr—[yoil/water - Yoil/air]

A3 s 2) and A (40À ) are respectively the molecular volume (M/Nap) and the

molecular area (see Fig. 1.8). The radius r is calculated from A. Using thèse values, we

obtain an anchoring energy AEanc = -23.8 kBT. Note that this energy is the same as that

calculated according to Cevc (20) for the anchoring of a DMPC group with nc = 14 carbons

in a membrane (-1.7nckBT = 23.8 kBT).

Now, if one considers that the anchoring of a chain requires the adsorption of at

least one cholestérol group, one has kBTASpol =1/lOAE^. So for the case of a chain

adsorbed via 1, 2, 3,....n anchors, one obtains AEanc = n.24kBT, i.e. a negligible entropy loss

with kBTASpol « AE^. In our system, even in the case of the anchoring by only one

cholestérol group, the adsorption energy remains always largely higher than the entropy

loss. Thus the free energy AE^ - kBTASpol is still large compared to kBT, and one may

ignore the chemical equilibrium between freely suspended and anchored polymers. If the

adsorption process is written as follows:

ki

IA Ibulk < ; IA IsurfaCe
k2

where k2 and k2 are the first-order rate constants of adsorption and desorption, in the

beginning of the adsorption kinetic, corresponding to low surface covering, k2 may be

neglected.

III.2 Semi-dilute brush régime

In the semi-dilute régime, the polymer chains overlap and each chain is not

considered anymore as an isolated object at the interface.

In this régime, each polymer suffers an additional loss of entropy arising from the

confinement by the neighbouring chains. This brush régime extends up to another

limiting concentration Tmax at which the overall loss of entropy of the chains becomes

comparable with the anchoring energy. At this stage, the polymer chains are frequently
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exchanged between the surface and the solution. In an adsorption kinetic experiment,

this régime follows the dilute mushroom régime until the equilibrium of T is achieved.

When rmax is reached one has AE^ = kBTASpol.

III.3 Adsorption kinetics

The diffusion of soluté species in aqueous solutions of surfactants results in their

adsorption at the solution-air interface and in the lowering of the surface tension. While

for a non-surface active molécule such a transfer is totally réversible and compensated by

the back diffusion of another molécule toward the bulk phase, in the case of surfactants

the free energy of the whole system is lowered and the back-diffusion at the very

beginning of the adsorption process is insignificant. In idéal Systems in which

solute/solute interactions are negligible, at the thermodynamic equilibrium, the chemical

potential of the bulk molécules equals that of the adsorbed ones and the diffusion is

compensated by the back-diffusion. The replacement of an adsorbed molécule by another

one from the bulk does not require supplying any energy to the system.

While the adsorption of polymers in gênerai and proteins in particular has been

described in many papers and intricate modr-s hâve been developed (21-25), the kinetics

of polymer adsorption are still being describe y very simple relations (26-31).

The main theoretical method for an. sing non-stationary processes on freshly

formed surfaces is the classic équation of War and Tordaï (32).

r(t) = 2C0
^DOV2
\K J

-2

,V2t
|Cs(t-x) dVr (1.3)

where T(t) (mol/m2) is the time dépendent interfacial concentration, C0 (mol/m ) the bulk

concentration, Cs the subsurface concentration which is a function of time, x the

relaxation time (k^1), and D(m /s) the diffusion coefficient of the surfactant.
At the beginning of the adsorption process, the adsorbed and bulk chains form a

non-interacting system: a dilute solution in contact with a monolayer of adsorbed chains

in the gas phase (mushroom régime). D is a quantity characteristic ofdiffusing chains in

the bulk. At low surface coverage, there is no energy barrier between the bulk phase and

the interface. However, as the adsorption process progresses, D will account for the

diffusion in the bulk but also in the layer of already adsorbed chains. Then, the process is
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not only controlled by the diffusion ofthe soluté in the bulk phase but also by its diffusion

in the adsorbed layer. Ifone wants to assess the value of r at equilibrium (r ), provided
Dis known, the main difficulty résides in the assessment of the time corresponding to the
end of the adsorption step, i.e. the time at which the adsorbed molécules begin to act as a
barrier. At the end of the adsorption step any change in surface tension may be attributed
toa modification ofthe conformation ofthe adsorbed chains due to rearrangements in the
adsorbed layer.

Another aspect of surface pressures involves équations of state. In three
dimensions thèse are relations between the pressure P, the volume V and the
température T of the system. The most common one is that ofan idéal gas, which for n
moles is:

PV = nRT (1.4)

Agas is idéal ifthe volume of, and the interactions between, the molécules may be
neglected which is the case of any gas at suffïciently low densities. Déviations from
ideality lead to more complicated équations of state such as van der Waals équation. In
our case for a two-dimensional idéal gas ofadsorbed molécules, P and V are substituted

respectively by the surface pressure of the film n and the area A of the surface. So it

appears that for suffïciently dilute surfaces (surfaces containing a low density ofadsorbed
molécules):

ITA = nRT (1.5)

where the pressure of the film is defined by:

n = Yo " Y (1.6)

where yo is the surface tension of pure water and ythe surface tension in the présence of
adsorbed solutés. Considering n, the number of molécules adsorbed per area A, we can
express (1.5) in terms ofthe interfacial or surface concentration byT= n/A:

n i= 1 (1.7)
RTr

As the surface concentration increases the adsorbed film behaves no longer as a two-
dimensional idéal gas, and a virial expansion can be used to account for the residual
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interactions between adsorbed polymer chains:

=A2r +A3r2+-
RTr

(1.8)

where the two-dimensional second virial coefficient is positive in a good solvent, equal to

zéro in a 6 solvent and négative in a poor solvent

III.3.1 The small time approximation

In the right-hand part ofEq. 1.3, at t -> 0, it is possible in the case of the diffusion

mechanism to neglect the second term. Thus in the small time approximation (32, 33),

Eq. 1.3 is simplified to:

V2

mr(t) = 2C0 (1.9)

and combining (1.6), (1.7) and (1.9), the relationship between the surface tension y and D

for a two dimensional idéal gas has the form:

Y= Yo-2C0RT
'Dt

V n

1/2

(1.10)

By plotting yas a function of tm, in the case of a diffusion controlled adsorption kinetic,
one can calculate the value of D from the slope of the linear portion of the relationship

(2C R(D/7i)y2). For a film where interactions between adsorbed chains cannot be

neglected, we must consider Eq. 1.8. rather than Eq. 1.7, and combining it with Eq. 1.9 we

hâve:

/••r%j.\l/2

'— -4C2RTA2
V tu ) V n J

Y= Y°-2C0RT (LU)

The régimes described by Eqs 1.10 and LU are separated by the transition
between the dilute mushroom régime which ends at the critical overlapping concentration

T* when the mushrooms corne into contact to form a homogeneous brush.
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Eq. 1.10 holds true in Systems where no energy barrier prevents soluté molécules
to adsorb, and as long as desorption may be considered negligible. Although in the
présence of an already existing layer which exhibits a surface pressure n, the process
may be still diffusion-controUed, the new molécules which adsorb hâve to accommodate
themselves with molécules already présent at the interface. The calculated Dvalue would
correspond to an apparent diffusion coefficient which accounts both for the diffusion in
solution and in the adsorbed layer.

For processes which are entirely diffusion-controUed with no back diffusion

(kj » k2) the excess surface concentration T(t) may be calculated from Eq. 1.3, provided
that the diffusion coefficient Dand the soluté bulk phase concentration Care known.

III.3.2 The long-time approximation

When t -> oo , the value Cs -> C0 and can be factored outside the intégral in Eq. 1.3.
Thus we hâve:

n \V2
C°"Cs =rlibT (I12)

-^ Co "Cs ~* °> and t -» oo , Gibb's équation may be applied:

dY = -RTTdlogC (1.13)

Combining (1.12) and (1.13), the dynamic surface tension is given by (32, 33):

Y = Yo+"
kBTr^f n

4Dt.'o V
(1.14)

and a linéarisation is expected by plottingyas a function oft"172.
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III.4 Surface pénétration and rearrangement ofpolymer chains

A différent model was proposed byMacRitchie and Alexander (26):

^ =(k!C)e-n5A/kBT - (k2r)Ce-n5A/kBT d.15)
dt

This relation is based on the considération ofthe work nÔA necessary to create a definite

surface area ÔA for a polymer chain to adsorb into a monolayer exerting the surface
pressure n. Eq. 1.15 has been extensively used to describe the kinetics of protein
adsorption at the solution-air interface (29, 31, 34-37). From those works it appears that
the decay in surface tension with time may resuit not only from the adsorption of new
molécules, but would also involve the expansion and rearrangement of proteins at the
interface. Other models were discussed, stressing the importance of structural

parameters ofproteins in adsorption processes (38).

In the beginning of the adsorption process we hâve k2 « kp and assuming that the

magnitude of the surface tension reflects the extent of adsorption of surfactant molécules
(28), the dr/dt term may be considered proportional to dy/dt and Eq. 1.9 becomes:

nôA

tof=̂k'C)-kBT (1.16)

Given a constant A, the ln(dy/dt) plot versus y yields a linear relationship with a slope

equal to A/kBT. The A and \ values within the linear portion of the plot may be
considered constant. In the case of a multistep adsorption process, any change in the

process nature, would resuit in a new linear portion of the ln(dy/dt) versus time slope

with A and kx characteristic ofthis adsorption stage.
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IV Results and discussion

IV.1Time dependence of the surface tension of aqueous CHP solutions

The time dependence of the surface tension decay of dilute CHP solutions is given
in Fig. 1.4. The studied derivatives are CHP45.0 6, CHP50.0 9, and CHP^ 4.

It is apparent that for ail studied CHPs, lengthy periods of several tens of hours
are necessary before the steady state surface tensions values are achieved. However,
increasing the substitution degree of the polysaccharide reduces this time as well as thé
ability of CHP to decrease the surface tension of water. Thus, the lowest surface tension
values are observed with the derivative having the highest substitution degree, i.e. with
CHP52-i.4- CHP5o-2.5 is not soluble in the concentration range where surface activity is
observed for thèse three derivatives. Due to its relatively high substitution degree it
requires aspécial treatment with ultrasounds and heating under stirring.

While adsorption of CHP50.09 and CHP45.06 générâtes a rather insignificant
decrease in the surface tension especially at low bulk concentrations, with CHP a

5^-1.4

drastic decrease in yis observed. Thus, at the highest studied CHP^4concentration
(5 x10"5 mol/1), yattains asteady value in about 5hours and the initial drop in surface
tension at time t0 is high (25 mN/m). Note that at 5x10"5 mol/1, CHP^4adsorption is
instantaneous and that beyond time t0 further graduai decrease in the surface tension
takes place.

IV.2Application of the Ward and Tordaï model

To evaluate the kinetically determining step of the adsorption process, the results
ofFig. 1.4 hâve been processed according to the small and long time approximations of the
Ward and Tordaï model (respectively Eqs 1.10 and 1.14). The y-t^ and y-iV2 plots did not

give décisive results. Only with CHP52.14 and at low polymer concentrations

(< 5x10 mol/1), y-tV2 plots are linear and extrapolate to -y^ at t=0. According to Eq. 1.9,
this indicates that the adsorption process is diffusion controlled but the diffusion
coefficients calculated according to Eq. 1.10 are concentration dépendent and excessively
high for a soluble polymer ofmolecular weight 52,000.
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Fig. 1.4: Adsorption kinetics of CHP derivatives at the air-water interface (a: CHP45.06, b: CHP50.09
and c:CHP52.14). (?): 10"7 mol/1, (•): 2x 10"7 mol/1, (A): 10"6 mol/1, (♦): 5x10'6 mol/1,
(d): 10"5 mol/1, (o): 5x10'5 mol/1, (•): 10"4 mol/1.
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For instance, using the Einstein-Stokes relation (D =J^T/fooiR,) and taking the empirical
relation of Kato et al. for pullulan:

Rh (À) = 2.25x10-'M ^52 (1.17)

we obtain the value of 9.5 x1012 m2/s, i.e. from 150 to 4 times smaller than the values

obtained experimentally according to Eq. 1.10 (from 1.54 x10"9 m2/s at 2x10^mol/1 to
3.55 x 10"11 m2/s at 5x 10"6 mol/1).

Such a différence between pullulan and a CHP derivative with a low substitution
degree and the same molecular weight is hard to believe, the calculated diffusion
coefficients for Cffi^ being higher than the self diffusion coefficient of water. The
values reported hère seem to be overestimated.

The y-t 2linéarisation is an évidence of adiffusion controlled process but it does
not indicate whether it corresponds to the diffusion of the polymer chains from the bulk to
the interface, or to diffusion controlled surface rearrangements. We can only conclude
that the Ward and Tordaï model does not apply to CHP derivatives.

70

60

50

40 -I L.

1E-7

r = -(l/RT)(dY/dlogC)

-* 40 À2

CMC = 8xl0"6 mol/1

_1 1 1 • • • •

1E-6 1E-5

CHP (mol/1)
1E-4

Fig. 1.5: Plot of the equilibrium surface tension ye of CHP^ aqueous solutions as a function of
logC. The slope of the linear function yields the Gibbs surface excess from which the
molecular area is calculated. The concentration where the change of the slope is observed
gives the CMC (8 x 10"6 mol/1).
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IV.3 Application of Gibbs law

The equilibrium surface tension is plotted as a function of logC in Fig. 1.5. The

surface excess ofCHP52.14 was calculated using the simplified Gibbs équation (Eq. 1.13),

where it is assumed that at low CHP concentrations, the activity may be replaced by the

concentration (41). We obtain the value of40 À2 per adsorbing CHP molécule which is

very small for the adsorption ofa polymer chain ofmolecular weight 50,000. The change

of the slope observed at 8x 10"6 mol/1 is usually attributed to the CMC of the surfactant

but hère the surface tension continues to decrease after this point.

It is interesting to note that the area determined according to the Gibbs relation

corresponds to the molecular area ofcholestérol (see nextparagraph and Fig. 1.6).

IV.4 Surface pressure-area isotherm ofspread cholestérol monolayers

The surface pressure-area isotherm of cholestérol is given in Fig. 1.6. From this

isotherm we can détermine the molecular area of cholestérol at the beginning of the solid

A(Â2)

Fig. 1.6: Equilibrium surface pressure-area isotherm of cholestérol at the air-water interface
obtained by the Wilhelmy plate technique. The molecular area of cholestérol at the
beginning of the solid phase is 40 À and the area at collapse is 27.5 À.
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phase which is 40 À2. This value is in good agreement with the value of Ries and Swift
who reported an area of 39 À2 for adynamic surface pressure-area isotherm (39).

This resuit would indicate that the surface excess determined according to the
Gibbs law corresponds to the adsorption of cholestérol groups rather than the adsorption
of CHP chains.

rV.5 Détermination of the first order rate constant of adsorption kj

The surface tension kinetics of adsorbed CHP may be evaluated using the first
order rateéquation, from Graham and Phillips (40):

I H max— Ht i

where n„„ n, and n„ are the surface pressures at the steady state, at time t and at t
O

respectively. k, is the first-order rate constant of adsorption.

1116 lnKnmax - n^ma* "n„)] versus time plots (Fig. 1.7) yield for the four lowest

CHP52.14 concentrations almost the same first-order adsorption rate constant kr At the
lowest concentration used in this study (2 x10"7 mol/1) the k, value is found to be equal to

-5 -1

4.4 x10 s . This value of kx is constant within the concentration range 2x10"7 mol/1 -
-5

10 mol/1, and then steeply rises at higher concentrations (Fig. 1.8). It is quite conceivable
that after adsorption, a relatively more rapid and concentration dépendent
rearrangement ofcholestérol groups takes place at the interface.

Another interesting observation may be made from the data represented in
Fig. 1.5. The discontinuity in the dy/dlogC slope appears at 8x10"6 mol/1 and is attributed
to the critical aggregation concentration ofCHP„,,

52-1.4*

It is of interest to note that the concentration dépendent values of kx (Fig. 1.8) and
the change of the slope observed in the y= f(logC) relationship (Fig. 1.5) occur at the same
solution concentration (« 8x10"6 mol/1). In Fig. 1.5 the discontinuity is observed on steady
state data, while hère it results from a kinetic treatment of the same expérimental data.
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Fig. 1.7: Plotofln[(nm„ - Tït)/(ïlmax - U0)] as a function oftime according to Eq. 1.17.
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Fig. 1.8: First order adsorption constant \ as a function of logC calculated from the slopes of the
linear relations observed in Fig.1.7. The indicatedCMC is taken from Fig.1.5.
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V Conclusion

Adsorption of CHP derivatives from dilute solutions at the air-water interface
results in a réduction of the surface tension of water while pullulan, the native
unmodified polysaccharide, does not display any surface activity. The adsorption kinetics
are very long, and only one of the studied derivatives forms interfacial polymer films with
high surface pressure.

We hâve determined the first-order adsorption constant k15 by a linéarisation of
the adsorption kinetics, according to the model of Graham and Phillips. This constant
does not dépend on the concentration of the polymer for C<6x10"8 mol/1, but becomes
concentration-dependent at higher concentrations. The non-ideal behaviour at high
concentrations seems to be related to the associative properties of the polymer since the

change of k, is observed at the CMC of the polymer. However, it is not clear whether
polymer micelles directly adsorb at the air-water interface, or if an intermediate
equilibrium between aggregated and free chains must be considered. At concentrations
above the CMC, the micellar aggregates are in equilibrium with free chains. The polymer
aggregates being rather stable than the free chains, it is possible that adsorption at
concentration higher than the CMC still originates from free chains, but we hâve no
évidence of this assumption.

Application of Gibbs law indicates that the adsorbing entities to be considered are
the cholestérol groups rather than the polymer chains if one attempts to calculate the
surface excess from the diffusion coefficient determined by the Ward and Tordaï model.
Applied to the adsorption of non-aggregated chains at a bulk concentration C<CMC, the
calculated surface excess at the end of the adsorption step are unrealistic for the

adsorption of a polymer at an interface (r>100 mg/m2). It is actually not possible to
apply the Ward and Tordaï model to the diffusion of cholestérol groups in the polymer
layer since the polymer surface excess and the cholestérol concentration in the layer are
not known.
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CHAPTER II

Surface potential of adsorbed cholesteryl-pullulan layers at the air-

water interface.

Abstract

The surface potential of adsorbed layers of cholesteryl-pullulan (CHP) derivatives
has been determined by the ionising differential électrode method. This technique is
much more sensitive to the présence of surface excess as évidence by the significant

surface potential observed with poorly surface active CHP derivatives such as CHP45.0 6

and CHP50.09 (chapter I).

It has been found that this potential dépends on the degree of substitution of the

CHP derivatives, and that the native polysaccharide, does not display any surface
potential. When the substitution degree of CHP derivatives is increased, the surface
potential ofadsorbed layers tends to the value of dense spread cholestérol monolayers. As
the amorphous structure of the non-ionic polysaccharidic backbone générâtes a random
orientation ofintrinsic dipole moments, it has been considered that its global contribution

to the measured surface potential was rather small, compared to the dipolar contribution

of oriented cholestérol groups adsorbed in the plane of the interface. However, the
contribution of the spacer whose orientation is determined by the adsorbed cholestérol
groups, as well as the orientation of glucose groups in the vicinity of anchoring points, is
probably not negligible. Then, the surface potential of spread cholestérol cannot be
compared quantitatively to that of adsorbed cholestérol groups from CHP derivatives.

Thèse results complément those obtained by surface tension measurements and
confirm that the surface layer of the adsorbed polysaccharide consists of ordered
cholestérol groups protruding towards the air phase and disordered polysaccharidic
backbones in the aqueous subphase.
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I. Introduction

The interest in the study of adsorbed monolayers of non-ionic polymer surfactants
lies in the simplification of the expression of the surface potential to its dipolar term as
the double layer contribution may be neglected. It is thus possible, in theory, to obtain
structural information about macromolecules in their adsorbed state.

The decrease in surface tension with time is due to the increase in adsorption.
However, the increase in adsorption results also in an increase in surface potential and
therefore, measurements of the surface potential with time give information about the
adsorption process and in this way supplément dynamic surface tension data.

CHP is a non-ionic polymer surfactant and it is expected that no double layer
contribution will interfère with the dipolar contribution. This should make the discussion
of the expérimental data not too complicated compared to ionic Systems where the dipolar
and electrostatic contributions are measured simultaneously.

The présent chapter is an extension of chapter I. The adsorbed monolayers of
cholesteryl-pullulan were shown to change the surface tension of water. This change was
associated with the adsorption of cholestérol groups, and surface potential measurements
should give complementary information on adsorbed polysaccharide films.

Il Materials and methods

II. 1 Chemicals

The cholesteryl-pullulan derivatives (CHP) were synthesised from native pullulan
in the laboratory of Prof. Sunamoto. Their chemical structure is given in chapter I
(Fig. 1.1 and Table 1.1). Four CHP derivatives were used in this study CHP CHP

J 45-0.6' ,-'i" 50-0.9'

CHP52-i.4 and CHP5o-2.5 where the subscripts indicate the molecular weight in kg.mol"1 and
the degree ofsubstitution in cholestérol groups per 100 glucose units.

Cholestérol (99 %) was a product from Sigma and was used as received. Spread
cholestérol monolayers were obtained from cholestérol solutions prepared in chloroform.
The solvent was analytical grade from Merck (Darmstadt, Germany) and did not content
any surface-active impurity.

As described in chapter I, great care was taken to the production of water and to
the glassware cleaning.
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II.2 Surface potential apparatus

Basically, the measurement of surface potentials of a liquid-gas interface can be
accomplished by two fundamentally différent methods:

1. The vibrating condenser method. The électrode in the air is moved with respect to
the water surface ; the resulting change in the capacity of the air gap leads to a

current flow in the external circuit. The magnitude of the current is proportional to

the potential différence across the gap.

2. The air-ionising électrode method. This method involves ionisation ofthe air above
the film, so that it becomes conducting. The potential différence between two

électrodes, one in the aqueous subphase and the other in the air above the surface,

can then be measured directly (1-10).

Method 2 appears to be experimentally simpler for air/water interfaces, in

particular, on account of the délicate mechanical and vibrational problems involved with
method 1. The usual techniques described, using a single air-ionising électrode and an

électrode immersed in the aqueous subphase are suitable in the case of insoluble

monolayers obtained by spreading, but not in the case of adsorbed monolayers. For the

measurement of the surface potentials of adsorbed monolayers, the cell has to be

composed of two half-cells one being filled with the référence médium (pure water, a

buffer, an electrolyte solution, ...) and the other one with a surfactant solution in the

same médium as in the référence cell.

In this work, the immersed Ag/AgCl référence électrode was eliminated and

replaced by a second air-ionising électrode as described in the work of Ter-Minassian-
Saragaand coworkers (11-14) (see Fig. II.l for a description ofthe apparatus).

The surface potentialwas measured by a 610C Keithley Instruments Electrometer

connected to two 241Am air ionising électrodes, supported by a rotating device suspended

at about 2-3 mm above the référence and measurement cells. The two cells are connected

by a glass tube provided with a PTFE stopcock. The stopcock is closed during the
experiments to avoid any exchange of material, but a liquid bridge between the glass and
the stopcock is ensured for electrical conductivity. The two électrodes used are made of
241Americium deposited on a silver dise between two thin layers of gold. The diameter of

the disk is equal to 15 mm.
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Fig. H.1: Schematic représentation of surface potential apparatus using two americium 231
électrodes.

The surface of water in the measurement cell was covered either by the adsorbed
film of CHP macromolecules or by a cholestérol monolayer spread from a chloroform
solution. The surface of the référence cell being a monolayer-free surface, the potential is
defined by:

Vref (II.1)AV = Vm-VT

where Vm dénotes the equilibrium surface potential of either adsorbed or spread

monolayer and Vrefthe surfacepotential ofwater (-200 mV) (15).

The sensitivities of the measurements are 5mV in the 0-100 mV range, and 10 mV
in the 100-500 mV range.

II.3 Expérimental procédure

In the adsorption experiments an aqueous solution of CHP was introduced in
microliter quantities into the subphase in the measurement cell, through a side arm. The
surface potential was assessed by two ways:

1. by adsorption from a solution at fïxed polymer concentration ; the experiment is
reproduced for each concentration and the surface potential is measured until a
constant value is obtained.
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2. by increasing progressively the concentration in the measurement cell. The
experiment is started at a low polymer concentration which is raised by successive
injections of concentrated polymer solutions in the measurement cell through the
side arm. Between two successive injections, it is ensured that the recorded surface

potential is at equilibrium. We proceed to the injection of concentrated CHP
solutions until no change in surface potential is observed when increasing the

concentration of the bulk phase.

We hâve checked that the surface potential corresponding to each polymer

concentration did not dépend on the used procédure, so that the measured value

corresponds to the thermodynamicequilibrium ofthe system.

II.4 Principle

The air-water interface is polarised by spontaneous orientation of the water

molécules near the interface. This orientation of water molécules in the interfacial région

leads to the formation of regularly oriented dipoles which contribute to the surface

potential. In the bulk, the water molécules are randomly oriented, each orientation
having the same probability so that nopotential originates from the subphase.

It is supposed that the oxygen atom ofa surface water molécule is preferentially
oriented toward the air and that the potential jump is ofthe order of-100 to -200 mV (15).

Therefore, the potential jump of the air-water interface may be modified by
spreading a surfactant or by adsorption of solutés from solution. The change in surface
potential by formation of a monolayer, AV, is proportional to the interfacial change of the
normal component ofthe dipole density, n.px, as given by theHelmholtz équation (16):

AV = —np. (II.2)

where n is the number of molécules per unit area (n = 1/A), and eo the permitivity of

vacuum. For charged monolayers, AV includes the potential \|/0 ofthe diffuse double layer.

ux is the mean change of the dipole moment density normal to the interface related to one
surface-active molécule with respect to the clean water surface. The dipole moment ux is

positive when it is directed from the water (-) to the air (+) (17). The quantity \i± is an
effective moment dipole and should not be mistaken for the dipole moment of a single
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molécule. In the case of ionic surfactants, it includes the mean value of the normal
components of:

1. the change in effective dipole moment up by the polar monolayer head group région,
including the intrinsic dipole moment of the polar head group (18), the change of
dipole moment by reorientation of the water molécules near the monolayer/water
interface (19), and changes in the ionic double layer,

2. the effective dipole moment u, of the hydrophobic part, including essentially the
terminal -CH3 group.

Since dipole fields superpose, we can give the total effective dipole moment as

"a^P+Hh (II.3)

With non-ionic surfactants the double layer contribution is eliminated and u± is
reduced to the contribution of the effective dipole moment of the molécule and dipoles
arising from the orientation of water molécules in contact to the monolayer.

III Results

rv.l Surface potential ofadsorbed CHP layers

The surface potential versus time dependence of CHP45.06and CHP50.0 9solutions
obtained by the two procédures described earlier are shown in Fig. II.2 and II.3. From
thèse isotherms it is apparent that for ail studied concentrations, long times were
necessary to attain the equilibrium values. The time scale ofthe experiments is the same
as that observed in surface tension experiments. The increase in CHP concentration lead
to higher surface excess and increasing AV values (the sign of the surface potential being
positive).

The surface potential versus concentration, AV =f(logC) plots, are shown on

Fig. II.4 for CHP45.06 CHP5009 and CHP5214. Acomparison of the surface potential data
from Fig. II.4 with those obtained in surface tension experiments indicates that the
levelling of AV values occurs at a bulk concentration one order of magnitude smaller than
the change in slope appearing in the y=f{\ogC) relationship (Fig. 1.7, chapter I). The
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Fig. H.2: Surface potential of adsorbed CHP5(W) 9layers as a function of time for various bulk
concentrations (according to procédure 1). (•): 5x10"* mol/1, (♦): 5x10" mol/1, (O): 10 mol/1,
($): 5xl0"6 mol/1, (k,: 10'5 mol/1, (A): 5x10' mol/1,
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Fig.H.3: Surface potential of adsorbed CHP45.06 layers as a function of time for various bulk
concentrations (according to procédure 2). (1): first injection, 2xl0"6 mol/1, (2): 4xl0"6 mol/1,
(3): 8xl0"6 mol/1, (4): 1.5xl0'5 mol/1, (5): 3xl0'5 mol/1, (6): 5xl0"5 mol/1
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1E-4

concentration (mol/1)

Fig. n.4: Semi-log plot of the surface potential of CHP layers at the air-water interface
function of the bulk concentration. (•): CHP45.06, (n): CHP50.09, (♦): CHP^ 4.

as a

surface potential measurements are much more sensitive, and significant changes in
surface potential are observed with CHP45.0 6and CHP50.0 9whose efficiency to reduce the
surface tension of water was poor (Fig. 1.4, chapter I).

Although the changes in slope observed in the AV =f(logC) and y=f(logC)
relationships do not correspond to the same concentration, that displayed in the logC
dependence of AV appears within the solution concentration range where the adsorption
of CHP is constant. This indicates that the influence of adsorbing molécules on the
surface potential is much more pronounced than its effect on surface tension. While the
latter accounts for adsorption of molécules in the plane of the adsorbed film, the former
intégrâtes deeper layers of solution adjacent to the adsorbed film and accounts for the
orientation ofmolécules in the entire interfacial région.

From Figs II.4 and 1.7 (chapter I), we can see that AV and ycontinue to change at
CHP concentrations higher than the value corresponding to the appearance of the
discontinuities in the AV =f(logC) and y=fUogC) relationships. This reflects the
occurrence of further adsorption beyond thèse changes inslopes.
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From the results presented in chapter I, it is clear that CHP chains adsorb with

their cholestérol moieties oriented toward the air phase, whereas their hydrophilic sugar

moieties remain completely immersed in the aqueous subphase. However, this

information is not sufficient since the quantity of hydrophobic cholestérol moieties

arriving at the surface cannot be estimated. In order to obtain such information, a

conversion is needed from which the surface density of cholestérol groups can be deduced

from the AV data.

The surface potential of the studied CHPs is plotted in Fig. II.5 as a function of the

cholestérol content per 100 glucose units. This plot shows the asymptotic behaviour of

surface potential when the degree of substitution of pullulan is increased. The point

corresponding to the origin of the XY axis was obtained by measuring the surface

potential of native unmodified pullulan solutions (ds = 0) which did not display any

surface potential.

400

300

0

surface potential of collapsed cholestérol monolayer

\

pup CHP52-I.4
^rir"5o-o.9

45-0.6

1 2

substitution degree (%)

CHP50-2.5

Fig. II.5: Surfacepotential of CHPlayers as a function of the degree of substitution of the pullulan
backbone by cholestérol groups.
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rV.2 Surface potential of spread cholestérol monolayers

The surface potential variation as a function of the surface density of spread

cholestérol molécules is shown in Fig. II.6. It is apparent from the curve, that the

maximum surface potential (330 mV) is reached at a surface density equal to 2.6 x 10U

molec/cm , which corresponds to an area of38,5 À . This value is in good agreement with

that obtained by Ries and Swift (10), who reported an area of39 À2/cholesterol molécule
Â2

reported in chapter I from the surface pressure-area isotherm of

cholestérol. This value of 330 mV is close to that of adsorbed CHP50.25 at equilibrium

(305 mV) (Fig. II.5).

>
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I
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12 3 4 5 6.10"

cholestérol density (molec./cm2)

Fig. II.6: Surface potential-density isotherm of cholestérol spread at the air-water interface.
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n -™chp M-chp

(À2) (D)

CHP
45-0.6 249 1.16x10

14

86 0.57 1.7 146 0.96

CHP
50-0.9 290 1.68x10

14

59 0.45 2.8 162 1.25

CHP,
52-1.4 295 1.74x10

14

57 0.45

CHP
50-2.5 305 1.96x10

14

51 0.41

5 : surface density of adsorbed cholestérol groups
Achol : area per cholestérol group

^choi: effective dipole moment per cholestérol group
n : number of cholestérol groups per chain
Açjjp : area per CHP chain

uchp •' effective dipole moment per CHP macromolecule

4.5 256

7.7 393

Table II.1: Surface properties of cholestérol substituted pullulans

2.31

3.18

rV.3 Comparison ofthe surface potentialofspread and adsorbed cholestérol groups

Taking the AV values from Fig. II.5 it is possible to détermine from Fig. II.6 the

cholestérol group surface density for each studied CHP. Table II.1 summarises, for ail

studied CHPs, the surface quantities which correspond to the AV values of adsorbed CHP

derivatives. In the case of an uncharged monolayer of adsorbed molécules, the surface

potential AV can be related to the density of dipoles oriented perpendicular to the surface.

This effective dipole moment of the adsorbed molécule may be obtained directly in Debyes

(D) from the équation:

AAV

12n
Hx =

where A is the area per molécule and AV the surface potential in V.

(II.4)
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The calculated uperp for cholestérol in the condensed state (AV • 330 mV and

A = 38.5 À ) was found to be equal to 0.38 D and that of the cholestérol group attached to

a polysaccharide chain ranged from 0.57 D to 0.41 D depending on the cholestérol content

in CHP (Table II.l).

Although the factors contributing to monolayer surface potential are complex, they

are largely dépendent on the orientation of the intrinsic dipole moments of the film

forming molécules and on the orientation of their subphase immersed parts. A picture of

the complète structure, which includes the absolute orientation of adsorbed molécules and

the absolute direction of the adsorbed dipoles in the surface, as well as information on

whether the surface dipole is on average pointing up or down with respect to the interface

is essential for the détermination of the dipole moment of the free molécule. Generally, p,

which is equal to the vector sum of ail the bond moments arising in the film molécules, is

oriented at some angle (6) with respect to the vertical so that

px =U.cos0 (II.5)

In the case of adsorbed CHP molécules, cholestérol groups attached to a polymer

chain hâve enough room to occupy a tilted position with respect to the horizontal. The

surface bonds of the polysaccharide moiety of the molécule may therefore produce an

additional contribution to the total uj_ per cholestérol group. This would explain the

observed discrepancy between the uj_ of cholestérol molécule and \x± per adsorbed

cholestérol group of a CHP molécule.

A marked différence in the configuration of the polysaccharide part is a direct

conséquence of the varying cholestérol group content between polymers. This différence is

noticeable from a comparison between the A and n values for CHP4506 and CHP5025 .

Whereas for CHP4506 the number ofcholestérol groups (n) is equal to 1.7, for CHP5025n is

equal to 7.7, and their ratio is equal to about four. However, the ratio of the areas

occupied by the same two polymers is much less than four (393/146). This implies that the

increase in the cholestérol content necessarily results in a decrease in the area occupied

per cholestérol group at the surface, and in an increase in overall area occupied per

macromolecule. Consequently, the thickness (1) of the polysaccharide layer grafted to the
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interface should be decreased, and its density close to the interface increased as the

cholestérol groups content increases.

IV Discussion

There were two hypothesis that had to be verified for the validity of the

comparison between spread cholestérol and adsorbed cholestérol groups from cholesteryl-

pullulan.

First, we supposed that the moleculai weight of the pullulan backbone was high

enough to consider that the monomers (300/cham) are oriented randomly. Then, the total

contribution of the chain to the surface potential is considered negligible. Second, we hâve

supposed that the dipolar contribution of cholestérol groups adsorbed from solution was

the same as that of spread cholestérol.

There are several reasons that may explain the observed différences. We know

that polysaccharides hâve a strong affinity for water and that the surface potential

measurements include the contribution of oriented water molécules close to the interface.

In the présence of pullulan in the vicinity of the interface, the orientation of water

molécules may be modified even in places where no cholestérol group is adsorbed. As

pullulan is not surface-active, it is not possible to détermine the contribution of the

pullulan chain alone without adsorption of cholestérol groups.

When cholestérol groups from CHP are adsorbed they displace the pullulan chains

close to the interface and the monomers that are closed to the anchor probably do not

hâve a random orientation so that they contribute to the measured surface potential.

Finally, cholestérol groups are grafted to the pullulan backbone via a flexible spacer (see

Fig. I.l) which is made of two amide functions separated by a -(CH2)n- arm inbetween (n

being equal to 2 or 6). It is well known that pairs of-CH2- hâve an average effective dipole

moment equal to zéro, but this is not the case with the two amide groups which are

chemically bonded to the cholestérol hydroxyl group and to the C6 hydroxyl group of

glucose units.

V Conclusion

CHP derivatives adsorb via the anchoring of cholestérol groups in the air phase,

while the polysaccharidic backbone remains in the aqueous subphase. In this chapter, we

hâve tried to détermine the surface excess of adsorbed CHPs by comparing the surface
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potential of spread cholestérol with the surface potential displayed by adsorbed

cholestérol groups.

Surface potential measurements are much more sensitive to the adsorption of CHP

derivatives compared to the surface tension experiments. This is due to the fact that a

two-dimensional gas of adsorbed polymer chains displays a significant surface potential

while in this state no significant surface pressure can be measured.

The time scale of the adsorption kinetics is the same as that observed in chapter I,

but since the surface potential measurements using the differential électrodes method are

not continuous it is not possible to obtain recordings of the surface potential with time.

Although the surface potential of adsorbed cholestérol groups tends to the value of

spread cholestérol monolayers in a condensed state, it is not évident that they build a

close packed monolayer at the air-water interface. The hydrophilic part is probably the

limiting parameter and the surface excess originates from the equilibrium between the

adsorption of cholestérol groups which tend to display the chains from the bulk to the

interface against sterie repulsions in the polysaccharidic layer (the osmotic pressure)

which tend to remove the adsorbed chains toward the bulk phase.

The relation between the surface potential of adsorbed CHPs and their degree of

substitution has been determined, and we hâve shown that this surface potential was

close to the potential of cholestérol monolayers at high surface densities. However, the

areas reported hère for adsorbed macromolecular compounds are small and seem to

overestimate the adsorbed amounts of CHP derivatives.

Structural information may be obtain in the case of simple non-ionic surfactants

where no double layer contribution interfère with the dipolar term which is reduced to the

polar head group and hydrophobic tail contributions. Our system is much more

complicated with at least the contribution of the cholestérol moiety, the spacer and also

oriented glucose units in the vicinity of the anchors. This makes difficult the use of the

technique for the détermination of structural information.

It is évident that a direct measurement of the surface excess is necessary. This

question is approached in détail in chapter III.
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CHAPTER III

Interaction of cholesteryl-pullulan derivatives with spread DMPC

monolayers at the air-water interface. A neutron reflectivity study.

Abstract

Mixed layers of hydrophobically modified polysaccharides, cholesteryl-pullulan

(CHP), and dimyristoyl phosphatidyleholine (DMPC) hâve been studied by specular

neutron reflectivity at the air-water interface.

The CHP derivatives are surface active, while pullulan - the native unmodified

polysaccharide - exhibits undetectable surface activity. The adsorbed layers of CHP hâve

been characterized at various bulk concentrations corresponding to dilute micellar

solutions. Adsorption of CHP takes place at the air-water interface in the absence of the

lipid, but also on highly compacted DMPC monolayers close to their collapse pressure.

The interaction between the spread DMPC monolayer and the CHP derivative is

evidenced by the increase of the polymer surface excess (D and by a condensation of the

polymer layer compared to the monolayer free air-water interface.

We hâve tested a séries of concentration profile models including step, gaussian,

parabolic and power law profiles. In ail cases, best fits are obtained with parabolic

concentration profiles. In previously reported works on grafted chains Systems, the

parabolic profile has been found to describe the grafted polymer layers, in agreement with

theoretical prédictions. However, we hâve observed a déviation from previously reported

results on chain stretching, with a decrease of the polymer layer thickness with the

surface excess.

We show that the adsorption kinetics investigated by dynamic surface tension

measurements in chapter I are controlled by surface rearrangements of the

polysaccharidic chains at the interface. Thèse rearrangements take place at constant

polymer surface excess. They are driven by the diffusion of the cholestérol groups from

the adsorbed polymer layer to the interface which is the kinetically determining step.
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I Introduction

The specular reflection of neutrons gives information on the neutron refractive

index profile normal to an interface. Similar information can be obtained using, for
example, X-ray reflection. However, there are many instances where the use of neutrons

provides a distinct advantage. In contrast to X-rays, neutron scattering amplitudes vary
randomly from élément toélément, and isotopic substitution can be used to produce large
contrasts in scattering length densities. Ofparticularimportance is the largedifférence in

scattering powers between hydrogen and deuterium. This is used in small angle neutron
scattering and will be seen to be of particular importance in reflectivity. Knowing the
scattering length density of the materials, it is possible, from the scattering length
density profile normal to the interface, to détermine the volume fractions 0>(z) of thèse
materials in the direction z normal to the interface.

The application of neutron reflectivity to the study of surface and interfacial

phenomena is relatively récent, see Thomas et al. (1-7). See also the review of Penfold and

Thomas (8) for a detailed description of the theoretical aspects and applications of
specular reflection of neutrons.

Neutron reflectivity at the air-water interface has been applied to the study of
adsorbed layers of homopolymers in good solvent (9-11), block copolymers (12-14),
polymer depletion layers (15), and to mixed polymer/surfactants films (16, 17). This
technique was also applied to the investigation of solid surfaces modified by adsorption of
polymers from solution (18) or by LB sampling ofsurfactant monolayers at the air-water
interface (19)

Reflection of neutrons was also used to détermine the structure of phospholipid
monolayers at the air-water interface (20-21), of supported bilayers (22) and mixed

protein-phospholipid layers at the air-water interface (23).

Our aim in this part is to détermine the structure of adsorbed CHP layers at the

air-water interface and that ofmixed DMPC/CHP films. We are also interested in the way
thèse structures are formed since surface rearrangements seem to play an important rôle

in the adsorption process. Actually we do not know whether CHP derivatives adsorb from

their free or aggregated form. Neutron reflectivity should tell us if the rearrangement

kinetics are due to the unfolding of surface micelles adsorbed from solution or from the

rearrangement of chains adsorbed from their free form in solution.

Furthermore, it will be of interest to détermine the relation between the structure

of the layers and their surface pressure, i.e. the corrélation between the organization and
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the thermodynamic of the films.

The surface excess determined previously seem to be overestimated and hâve to be

determined by a direct method.

The influence of the degree of substitution of the CHP derivatives on the structure

of adsorbed layers will be investigated to détermine the relation between the chemical

structure of the derivatives and their surface properties.

Il Principles of neutron reflectivity

II. 1 Refractive index

Optical phenomena such as reflection and refraction at an interface apply also to

neutrons. Neglecting absorption, for a given wavelength À, the neutron refractive index n

of a material is:

n = l
À2Nb

2jc
(III.l)

where N is the number density of the material and b its cohérent scattering length. The

product Nb is the cohérent scattering length density of the material.

II.2 Critical angle 6c and critical wavelength Xc

Using monochromatic neutrons with wavelength À, total reflection of the beam is

observed for any incident angle inferior to the critical angle 6 , defined by:

v n J
(III.2)

From this relationship, a variation of incident angle can be replaced by that of

wavelength at a fïxed incident angle and we can define a critical wavelength by:

t-'ià
\V2

(III.3)
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II.3 The time offlight technique

In the time offlight technique, the reflecting liquid surface is illuminated by the

neutron beam at fïxed incident angle. A chopper is used to obtain a pulsed neutron beam.

After its émission from the chopper, the neutron beam is bent to the desired incident

angle and after the reflection from the sample, the neutrons are detected with a delay

which is a function of their velocity. The velocity of a neutron is directly related to its

wavelength. The time offlight is the time elapsed between the émission and the détection

of a neutron. The wavelength of each neutron of the polychromatic beam is determined

according to:

* = -— (III.4)
mL

where h is Planck's constant, t the time elapsed between the chopper and the detector, m

the neutron mass and L the chopper-to-detector distance.

This time-of-flight technique facilitâtes measurements of liquid surfaces, where

modifications of the incident angle by changing the alignment of the beam may be done

without perturbing the liquid surface. This technique uses the complète accessible

wavelength range of the neutron source.

II.4 Specular reflection

Specular reflection is determined by the mean scattering length density normal to

the interface. Any fluctuations, either spatial or temporal, or a combination of the two, in

the scattering length density in the plane of the surface will lead to non-specular or
diffuse scattering.

Reflectivity, R, is the ratio ofthe intensity ofthe specularly reflected beam (Irb) to

that of the incident beam (Iib). For a sharp and structureless interface (Fresnel) where the

refractive index varies as a step function from one médium to another, reflectivity is given

by:

R(a)=1 îotX>Xc (III.5a)

i-[i-(VXc)2f2
and R(À) = l- ±— for X<X (III.5b)
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In the présence of an interfacial structure, déviation from the Fresnel reflectivity

provides information on the variation of refractive index perpendicular to the reflecting

surface. In the présent work, we hâve used the optical matrix formalism to evaluate the

reflectivity function:

R(X) = r12+r23+2r12r23C0S(2P)
.2 Jl1+r12r23 + 2r12r23 cos(2(3)

with Ta =
n4 sinGj -rij sinGj

1J n{ sinBi +nj sin6j

and(3 = — n2d2 sin02

(III.6)

(III.7)

(III.8)

where r;j is the Fresnel coefficient at the ij interface. The subscripts refer to the air (1), to

the interfacial layer (2) and to the substrate (3). d2 is the thickness of the layer. This

approach can be extended without too much difficulty to three or four discrète layers. In

the calculations of Frenel's reflectivity, two corrections are included: the first one

originates from déviations due to the angular resolution of the spectrometer, and the

second one from the surface roughness. R(A)e, Ae, o is the calculated reflectivity for a given

incident angle 6, with a spread in angular resolution A6, and for a surface roughness o\

The détails of thèse calculations are given in réf. 9. For simplicity, this function is

denoted as R(X) or R(q) when the reflectivity is given as a function ofthe wave vector q.

The optical matrix calculation gives the reflectivity profile from a model of the

interfacial structure, but the inversion of the reflectivity to give the structure is not

possible. From a given profile O(z), one can obtain a theoretical reflectivity curve. It

suffïces then to compare the calculated curve with that obtained experimentally in order

to verify if O(z) is acceptable or not. Since there is no direct method to détermine O(z)

from the reflectivity curve, one is faced with the problem of nonuniqueness of the

solution. However, this situation can be improved by using différent isotopic substitution

for the same system, since the solution must be true for any isotopic composition.

It appears that for a given mixed system, the number of combinations using ail the

possible isotopic substitutions becomes to much to be investigated experimentally. For

instance, in our ternary system we can distinguish the polar head and the hydrophobic

tail of the lipid, the polymer backbone, the hydrophobic anchors and finally the

composition of the solvent. Evidently, one has to make a choice and hère the fact that our
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polymers, pullulan and cholesteryl-pullulan, are only available in their protonated form

considerably reduces the possible combinations. Furthermore, the isotopic combinations

that do not give enough contrast are eliminated so that only a few combinations hâve to

be considered.

III Materials and methods

III.l Neutron reflectometer

The experiments were performed on the DESIR reflectometer (Dispositif d'Étude

des Surfaces et des Interfaces par Réflectometrie) located on the G5 bis cold neutron

guide at the Orphée reactor (Laboratoire Léon Brillouin, CEN Saclay). A schematic

représentation of the neutron reflectometer and its technical characteristics are given in

appendix I.

III.2 Chemicals

Protonated and deuterated DMPC (1,2 dimyristoyl-sn-glycero-3-phosphocholine

> 99 %) were purchased from Avanti Polar Lipids Inc. (Birmingham, Alabama). Their

chemical structures are given in Fig. III.l.

The chemical structures of pullulan and CHP derivatives are given in chapter I

(Fig. I.l). In this part we hâve used the CHP derivative supplied by Dojindo Laboratories

(Tokyo, Japan). CHP5214 is the derivative of molecular weight 52,000 with a degree of

substitution of 1.4 % (1.4 cholestérol group per 100 glucose units). This corresponds to an

average number of4.5 hydrophobic groups per chain, and a mean distance of 350 À on the

stretched polymer backbone. We hâve used isomolecular samples of pullulan, obtained by

fractionation on preparative GPC columns, and delivered by Hayashibara Biochemical

Laboratories and Showa Denko. The pullulan derivatives hâve molecular weights of

50,000 (Hayashibara), 400,000 (Ip = 1.12), and 1,660,000 (Ip = 1.19) (Showa Denko).

Chloroform analytical grade was used as spreading solvent of the DMPC

monolayers and was purchased from Merck (Darmstadt, Germany).

Water was produced by the Milli-Q water purification system from Millipore. The

teflon trough and the glassware were cleaned in sulfochromic acid. Heavy water

(deuterium enrichment 99.9 %) was from Euriso-top (Saclay, France).
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Fig. ni. 1: Chemical structures and scattering length densities of DMPC and DMPC-d54. The
characteristics of the two parts of the lipid, the hydrophobic tail and the polar head are

given in Table III.l
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material formula molar density scattering molecular scattering

mass length volume length

density

M P b = Enjbj V=M/(NAp) Nb=b/V

g.mol g.cm xlO"4À À3 xlO-6À"2
hydrogen H 1 -0.374

deuterium D 2 0.667

carbon C 12 0.665

nitrogen N 14 0.930

oxygen 0 16 0.581

phosphorus P 31 0.513

water H20 18 0.997 -0.168 30 -0.56

heavy water D20 20 1.105 1.915 30 6.37

protonated DMPC C36H7208NP 678 1.028 3.085 1095 0.28

deuterated DMPC C36H18D5408NP 732 1.110 59.326 1095 5.42

protonated tail 2x(-C13H27) 366 0.756 -2.906 745 -0.39

deuterated tail 2x(-C13D27) 420 0.867 53.308 745 7.15

protonated polar head C10H19O8NP 312 1.739 5.635 350 1.61

cholestérol
^27^45^^ 387 1.067 1.322 602 0.22

protonated glucose
C6H12°6 180 1.562 2.983 191 1.56

deuterated glucose C6H7D506 185 1.601 8.193 191 4.29

protonated monomer C6H10O5 162 1.54 3.155 191 1.65

deuterated monomer C6H7D305 165 1.57 6.278 191 3.29

protonated pullulan -(C6H10O5)n- nxl62 1.54 nx 3.155 nxl91 1.65

deuterated pullulan -(C6H7D305)n- nxl65 1.57 n x 6.278 nxl91 3.29

Table HLl: Scattering length densities of the materials. The atomic scattering lengths are taken from ref.

24. The scattering length densities of the compoimds are calculated from their scattering

length and molecular volume. The molecular volume of DMPC was taken from ref. 25. The

volume ofthe hydrophobic tail (Vh) is calculated from the values of-CH2-/-CD2- and -CH^-CDg

groups given in réf. 26. The volume of the dehydrated polar head group is given by

Vp =Vjj^, - Vh. The molecular volumes ofprotonated and deuterated compounds are assumed

to be the same. Detailed formulae of the sugars after H/D exchange are given in Fig. III.2.
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III.3 Scattering length densities of materials

In the DMPC/CHP/water ternary system we can use the isotopic substitution of

the solvent with heavy water and that of synthetic DMPC which is commercially

available with 100 % deuterated aliphatic chains (DMPC-d54). The polymer is a natural

polysaccharide and can not be obtained deuterated.

The scattering length densities of the materials are given in Table III.l. The

scattering length of the polysaccharide in solution dépends on the volume fraction of

heavy water in the solution because of the présence of labile hydrogen from hydroxyl

groups of the sugar units. Thèse labile hydrogen are exchanged with those of the solvent.

Consequently in a H20/D20 mixture the hydrogens are exchanged in the same proportion

as the H/D ratio of the solvent. In a dilute solution of polysaccharide in pure D20, ail

labile hydrogen from the glucose units are exchanged by deuterium atoms. This exchange

is represented on Fig. III.2.

In glucose there are five labile hydrogen, while in pullulan two hydroxyls are

involved in glycosidic bonds, so that there remains three labile hydrogen per monomer in

pullulan. In dilute solutions one may neglect the modification of the scattering length

density of the solvent by the D20/-OH exchange, but the modification of the scattering

length density of the polysaccharide must be taken into account. This is true especially if

one attempts to contrast match the polymer to the water subphase. By making the

correction in the calculations one can avoid having to détermine experimentally the

composition of the solvent for which the polymer is perfectly contrast matched.

In dilute solution, the scattering length density of the polysaccharide is calculated

according to:

Nbp=NbP)H+<DD2o n
(bD-bH)

191
(III.9)

where NbpH is the scattering length density of the polysaccharide in H20, i.e.

-6 2 -2
completely protonated (1.65x10 À ), and n the number of labile protons. The ratio

(bD-bH)/191 is the incrément in scattering length density per monomer (V= 191 À ) for

each hydrogen exchanged by a deuterium. In pure heavy water, ^DoO = 1> anc*

NbpD =3.29 x10"6 A2.
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glucose

Nb=1.56xlO"6Â-2

CH,OH

OH

pullulan

Nb=1.65xlO'6Â-2

DoO

DoO

CH,OD

(h
OD j OD

Nb = 4.29 x lfJ6 Â'2

CH,OD

Nb = 3.29 x 10*6 À"2

Fig. in. 2: Modification of the scattering length density of protonated carbohydrates dissolved in

pure heavy water, by H/D exchange of labile H from hydroxyl groups with the solvent.

For the calculation of the scattering lengths of the carbohydrates in H20/D20 mixtures,

we use Eq. III. 9 which applies to dilute solutions where the H enrichment of the

deuterated solvent is negligible.
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Fig. III. 3: Scattering length densities of the materials showing the possible contrasts in binary
Systems (lipid/water and polymer/water), and in the ternary system. The scattering
length density of the water subphase is calculated according to Eq. III. 11 and that of
the polysaccharide according to Eq. III.9. ACMW = air contrast matched water, and
WCMP = water contrast matched polymer.

The scattering length densities of the polysaccharide and of the aqueous phase are

plotted against $>y>20 in FiS- TTi.3. The scattering length density of the lipid, protonated

and deuterated, does not dépend on the subphase composition but was added for

comparison to show the possible contrasts in our system.

The scattering length density of the subphase is given by:

Nbs =NbH2o-<I)H20 +NbD20.OD20 +Nbpol.Opol (111.10)

In our experiments, the concentration of the polymer <&chp - 0.1% so that

Oh q +<J>D20 ~ 1 anc* Eq. III. 10 simplifies to:

Nbs =NbH2o(l-*D2o)+NbD20.0D2o (HI.ll)



72 DMPC/CHP mixed monolayers

III. 4 Scattering length density contrasts investigated

The Systems investigated are: 1) the lipid at the air-water interface, 2) the polymer

at the solution-air interface, and 3) the DMPC/CHPmixed system with the lipid spread at

the surface of polymer solutions.

A schematic représentation of the scattering length density contrasts that were

used in this study is given in Fig. III.4. The contrasts are represented by simplified step

profiles (the polymer volume fraction and the thickness of the layer are arbitrarily

assumed to be 0.1 and 100À for the représentation).

In this system, we hâve first studied the lipid and the polymer separately using

the isotopic compositions that give maximum contrast. Then, we hâve investigated the

mixed system using two différent contrasts.

III.4.1 DMPC/water and CHP/water Systems

Maximum contrasts are obtained with the deuterated lipid (Nb = 5.42 x 10~6À"2)

spread on a subphase with a low scattering length density Nb= 0.834 x 10"6 À"2

(^D20 =0.2), and with the protonated polymer (Nb =3.29 x10"6 À"2) in pure D20

(Nb = 6.37 x 10 À ). Nb is the scattering length density averaged on the protonated

polar head (Nb =1.61 x 10"6 À"2, V=350 Â3) and the deuterated hydrophobic tails of the

lipid (7.15 x 10"6 À"2, V= 745 À3).

In the lipid/water system the contrast is positive with A(Nb) =4.59 x 10"6 À'2, while

in the polymer/water system the contrast is négative A(Nb) = -3.08 x 10" À"2.

In fact, for the study of DMPC monolayers, the best contrast would hâve been

obtained with the deuterated lipid spread on an air contrast matched water subphase

(ACMW) (Nb =0 -> A(Nb) =5.42 xlO*6 À"2). The inconvenience of such experiment is that

the total reflection plateau is not observed, and the normalization of the expérimental

curves to the fits may be tricky sometimes if the sample surface is small. Furthermore,

due to the absence of reflection from the subphase, the acquisition times are much longer

than in an experiment where the subphase and the interfacial layers contribute to the

reflected intensity.
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Fig. IH.4: Schematic représentation of the scattering length density contrasts investigated in

DMPC/water and CHP/water binary Systems, and in the DMPC/CHP/water ternary

system. The scattering length density of the lipid is that averaged on the hydrophobic tail

and polar head layers. The polymer is represented arbitrarily by a step function with

Op =0.1 and L=100 À. The dotted fines represent the scattering length density of the
substrate and the dashed one that of the air. Note that using protonated DMPC with CHP

in heavy water (lower curve, left) the lipid is quasi-contrast matched to the air.
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III.4.2 DMPC/CHP/water ternary system

The mixed system has been studied using two différent contrasts (Fig. III.4):

1) with the protonated lipid (Nb =0.28x 10"6À"2), spread on a solution of protonated

polymer in pure D20. With this contrast the lipid is quasi-contrast matched to the air,

and the contrast is the same as that described previously for the polymer/water system,
and 2) with the deuterated lipid spread on a solution of polymer contrast matched to the
solvent.

With contrast 1 we investigate the polymer layer adsorbed on the DMPC

monolayer quasi-contrast matched to the air, and with contrast 2 we investigate the lipid
monolayer with the polymer contrast matched to the aqueous subphase.

The H20/D20 ratio giving the contrast match point of the polymer in water is

obtained by resolving Eq. III.9 and III. 11 (see also Fig. III.3). The polymer is contrast

matched for <DD2o = 0.417, i.e. for a scattering length density of the substrate

Nb =Nb =2.33xlO'6À"2.s p

III.5 Préparation of the films

Ail experiments where performed in a teflon trough (15 x 5 cm2) with a depth of

3-4 mm. The volume of aqueous phase is adjusted to 40 ml. This volume gives a positive

meniscus to the aqueous phase, which éliminâtes border effects for the reflectivity
experiments.

Thetrough is placed in an enclosure equipped with quartzWindows transparent to

the neutron beam. This allows experiments on long time scales without any significant

evaporationof the solvent and without exchange ofwater between the aqueous phase and

the air (this would resuit in a change in the scattering length density of the substrate

with time).

After spreading of the lipid or filling up the trough with the polymer solution, the

level of the water surface is adjusted with a laser which illuminâtes the surface with the

same incidence as that of the neutron beam. Before the data acquisition starts, the level

is further checked by measuring the flux of reflected neutrons as a function of the height

of the trough. The position of the trough is regulated by five motors controlled by
computer.



chapter III 75

111.5.1 Spread monolayers

DMPC monolayers were obtained by spreading the lipid at the air-water interface

from chloroform solutions. The solution is deposited at the interface with a micropipette.

The surface density of the lipid is determined by the volume of solution deposited and the

concentration of the lipid in the spreading solution. Prior to spreading, the water surface

is cleaned by pipette aspiration. Before the data acquisition starts, the trough is kept

open for a few minutes for complète evaporation of the solvent.

111.5.2Adsorbed CHP layers

The polymer solutions where prepared by sonication and heating (50°C) for a few

hours until a clear solution is obtained. The trough is fïlled up with the polymer solution

and its surface is cleaned by pipette aspiration.

III.5.3 Mixed DMPC/CHP films

We hâve used two différent methods to prépare the mixed films. The first consisted

in spreading the lipid at the end of an adsorption kinetic of the polymer without cleaning

the surface. In the second method the lipid is spread on the polymer solution but the

surface is cleaned by pipette aspiration just before spreading. This latter method allows

us to study the effect of the DMPC layer on the kinetics ofthe polymer adsorption.

III. 6 Détermination of the incident angle

For reflectivity experiments using the time of flight technique, the accessible

wavelengths on the G5 bis neutron guide range from approximately 4 to 18 À. For each

experiment the incident angle is adjusted so that the critical wavelength where total

reflection is observed (R(A,) = 1), falls in the range 15-17 À. This gives a total reflection

plateau of 3-4 A. This plateau is useful especially at low incident angle where the

illuminated surface is higher than the surface of the trough. In this case the total

reflection plateau is used to normalize the expérimental curve to R = 1 for X>X. The

critical angle 0c for which total reflection is observed in the range 15-17 Â is calculated

according to Eq. III.2.
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III.7 Acquisition and treatment of the data

As mentioned above, at very low incident angle, the surface illuminated by the

beam is superior to that of the trough and a correction in the data treatment is used to

take into account the loss of reflected intensity.

The neutrons are detected by a XY gas detector (128x128 cells). For each

acquisition séries, a région of the detector where the neutron beam is reflected is defined

by its XY coordinates. A second région far from the reflected beam is defined to détermine

the noise during the acquisition.

The reflectivity curve is calculated according to:

m-H(xyiM <mi2)

where \h(X) is the intensity of the reflected beam, Iib(A,) the intensity of the incident beam

and ln(X) the intensity of the noise. Iib(A) dépends on the angle of incidence of the neutron

beam. This angle is adjusted by three successive mirrors and the spectrum of the incident

beam dépends on the angle between thèse mirrors and the primary beam. Consequently,

Iib(X) must be determined for each new incident angle investigated, i.e. for each

experiment where the scattering length density ofthe subphase (Nbz=00) is changed. The

spectra of the incident and reflected beam at an incident angle of 0.48° are given in

Fig. III.5 for a substrate composed of H20/D20 80/20 v/v (Nb =0.834 xlO"6 À"2). The

spectra of the incident beam is obtained by measuring the intensity after reflection by the

three mirrors, without reflection by the substrate (the enclosure of the trough is placed in

the path of the beam which goes trough the two quartz Windows during the acquisitions).

This is équivalent to the spectrum of the empty cell in a SANS experiment.

From the reflectivity experiments, we obtain a curve R(X) = f(X) which is converted

in R(q) = flq) where q is the wave vector defined by:

q = 27CsinGA (m. 13)

where 0 is the angle between the incident beam and the surface (6 is also the angle

between the specularly reflected beam and the surface).
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Fig. III.5: Top: Spectra ofincindent (Iib(À,)) and reflected dTh(X)) neutron beam by a water substrate

(H207D20: 80/20 v/v, Nb =0.834 10"6 Â" ). Bottom: corresponding reflectivity curve
R(A) =Irb(A)/Iib(A) as a fuction ofX, in the accessible wavelength range ofthe neutron
guide (3-21 À). Theincident angle ofthe beam is 0.48°.
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Because of the q decay of the reflected intensity, the reflectivity curves are

represented with R scaled in logarithmic units. There are two représentations which are
commonly used:

1) log[R(q)] = f(q)

2) log[R(q)/R/q)] = f(q), known as Fresnel's représentation, where the reflected

intensity is normalized to Fresnel's reflectivity R/q), i.e. the reflectivity ofthe substrate.

In this représentation the contribution of the substrate is eliminated and the déviation
from unity originates only from the interfacial layers.

As we saw in preceding chapters, adsorption kinetics of CHP derivatives occurs

over several tens of hours. In reflectivity experiments, we hâve used the minimum

acquisition time required to obtain a reflectivity curve with good statistics. The
adsorption kinetics are monitored by a succession of acquisition periods of3 hours. The
fitted parameters are then averaged values on each acquisition period. When no
significant différence between the fits of two successive acquisitions was observed or
when the statistics were not good enough, the data were added which is équivalent to a
single acquisition on the same period. Short acquisition periods are only possible with
highly reflecting surfaces, i.e. when the substrate is pure heavy water. On substrates
with low scattering length densities or with ACMW, acquisition times of 24 hare required
to obtain good statistics.

The reflectivity curves hâve been fitted with programs developed at Laboratoire
Léon Brillouin. The fits are performed in the X(or q) range where the reflected intensity
is significantly higher than the noise to avoid any artifact in the data treatment. This
corresponds to wavelengths ranging from 4 to 18 Â. The corresponding q range dépends
on the incident angle through Eq. III. 13.
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IV Results and discussion

IV. 1 Spread DMPC monolayers

IV.1.1. Surface pressure-area isotherm of protonated and deuterated DMPC

The surface pressure-area isotherm of DMPC with deuterated aliphatic chains was

determined in order to check that isotopic substitution does not change significantly the

surface properties ofthe lipid: the surface pressure and the molecular area at collapse (ITc

and Ac). The isotherms of the protonated and deuterated lipid are given in Fig. III.6.
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Fig. III.6: Surface pressure-area isotherm (25°C) of protonated and deuterated DMPC at the air-

water interface. The arrows indicate the surface densities investigated in reflectivity
experiments.

The comparison of the surface pressure-area isotherms obtained with DMPC and

DMPC-d54 show that H/D isotopic substitution on the alkyl chains of the lipid does not

change significantly its surface properties.
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IV. 1.2. Reflectivity curves

The DMPC monolayers hâve been studied at various surface densities. The

corresponding surface pressures range from 1.2 mN/m (limit between the gaseous and

liquid phases) to 41.6 mN/m (4.3 mN/m below the collapse pressure). We hâve used the

contrast obtained with the deuterated lipid and a substrate which gives a total reflection

plateau at a critical wavelength Xc ~ 17 À. The reflectivity curves logtR(q)] = f(q) and data

normalized to the Fresnel reflectivity log[R(q)/Rf(q)] = flq) are given in Fig. III.7.

IV. 1.3. DMPC profiles at the air-water interface

The fits of Fig. III.7 are calculated according to a two layer step profile model

where we distinguish the deuterated hydrophobic tails from the protonated polar heads.

The results of the fits are reported in Table III.2. The results obtained with a single layer

step profile model are also given. They integrate the layer on its entire thickness d and

are in good agreement withthe two layers model (d = dh + d ± 1À). The fitted thickness

are plotted as a function of the molecular area of DMPC in Fig. III.8.

monolayer polar layer hydrophobic layer

A n d(1) d(2)
p

, (3)

dh
tilt angle of the

À2 mN/m À À À v/v
., (5)

tails, a

100.0 1.2 12.5 3.0 8.2 0.884 60°

71.5 9.5 15.1 5.3 10.3 0.895 51°

56.5 27.5 16.6 6.2 11.4 0.906 45°

45.5 41.6 18.7 6.4 13.5 0.912 34°

(1)

(2)

(3)

(4)

d: total monolayer thickness (from a one layer step profile fit).

d : thickness of polar head groups (from a two layer step profile fît).

dh: thickness of hydrophobic tails (idem).
Nblaye/Nbpure

(5) cos(a) =dh(fit)/dh(max), with dh(max) =nx(2.5/2) and n=13 for DMPC aliphatic chain
(16.2 À).

Table HI.2: Monolayer properties of DMPC at the air/water interface studied at four molecular
areas.
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Fig. m.7: Reflectivity curves log[R(q)] =f(q) and nonnalized reflectivity log[R(q)/Rf(q)] =f(q) of DMPC-d54
spread at the air-water interface at various surface densities The four densities investigated correspond to
the molecular areas indicated onFig. Ifl.6. The solid Unes correspond, inblack to the Fresnel curve ofthe
substrate (Nb =0.834 x 10"6 À"2), and tothe fits calculated according to a two layer step profile including
protonated polar heads and deuterated aliphatic tails.
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Fig. m.8: Thickness of monolayer, polar head layer and hydrophobic tail layer of DMPC spread at
the air-water interface as a function of the molecular area. The monolayer thickness is
obtained according to the single layer step profile and that of the polar and hydrophobic
layers from the two layer step profile. Good agreement is found between the thickness
determined according to the two models.

rV.2 Adsorbed polymer layers

rV.2.1 Reflectivity curves

rV.2.1.1 Pullulan solution

We hâve first checked that there was no adsorption of pullulan at the air-water

interface. The reflectivity curve obtained with a solution of pullulan 360,000 at 0.25 gA in

D20 is shown in Fig. III. 10. No déviation from the Fresnel reflectivity has been observed

indicating that there is no change of the interfacial scattering length density profile in the

présence of pullulan in the bulk. The expérimental curve is correctly fitted by the Fresnel

curve as evidenced by the Fresnel représentation. There is also no détectable depletion

but this can be due to an insufficient contrast between the polymer and the solvent. We

can conclude that there is no détectable adsorption, a resuit in agreement with the

absence of surface activity controlled by surface tension experiments (chapter I).
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Fig. III.9: Reflectivity curve log[R(q)] = f(q) and data normalized to Fresnel's reflectivity

log[R(q)/Rf[q)] = f(q) of a dilute pullulan 360,000 solution in DzO at 0.25 g/1. The solid

line is the Fresnel curve obtained with pure D20.
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rV.2.1.2 CHP solutions

Reflectivity curves and data normalized to the Fresnel reflectivity are given in

Fig. III.10 for three dilute CHP solutions at 0.05, 0.25, and 1 g/1. In thèse experiments,

the polymer/solvent contrast A(Nb) is négative. This explains the decrease in reflected

intensity upon adsorption of the polymer.

In the CHP/D20 system (Fig. III. 10), the initial contrast between the protonated

polymer (NbCHP/H =1.69 10" À" ) and the deuterated solvent (NbD20 =6.37 10" À' ) is

reduced by the H/D exchange oflabile proton (-> NbCHP/D =3.29 10" À" ). Furthermore, the

pullulan chains are in good solvent in water so that the polymer layer is a water rich

phase. The contrast between the adsorbed CHP layer and the pure solvent is then

reduced compared to that of a collapsed or insoluble polymer layer at the air-water

interface. However, in spite of thèse two effects, we observe a significant decrease of R(q).

The loss in contrast is compensated by the relative thickness of the adsorbed layer

compared to that of a surfactant monolayer. In the Fresnel représentation, the négative

contrast yields négative values of log[R(q)/Rj(q)] since R(q) < R/q).

^.2.2 Concentration profiles

We hâve tested a séries of concentration profiles which include step, parabolic,

half-gaussian, and power law profiles. The concentration profiles corresponding to the fits

that give reasonable corrélations with the expérimental data are given in Fig. III.11. The

step profile is the simplest one to define the polymer layer.

In ail experiments, the best fits were obtained with the parabolic concentration

profile which was used to calculate the adsorbed amount of polymer at the interface. The

profiles obtained at 0.05 g/1, 0.25 g/1, and 1 g/1 are shown in the inset of Fig. III. 10.

Addition of an exponential tail to thèse parabolic profiles did not improved the quality of

the fits, as indicated by the parameter %which is a function of the corrélation between the

expérimental data and the fit. Addition of a linear depletion layer to the parabolic

concentration profile gave négative results as well.

The profiles that can be eliminated without ambiguity are 1) the power law profile

(O(z) ~ z" ) predicted by scaling théories for homopolymers in good solvents (27) in the

central région of the profile between the proximal région which is sensitive to the

interaction of the monomer with the interface and the distal région which is controlled by

a few loops and tails, and 2) profiles including a depletion layer between the surface and
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Fig. IH.9: Reflectivity curves log[R(q)] = f(q) and data normalized to Fresnel's reflectivity
log[R(q)/Rf(q)] = f(q) of CHP adsorbed at the air-water interface from dilute solutions in
D20: (1) 0.05 g/1, (2) 0.25 g/1, and (3) 1 g/1. The normalized curve corresponds to (3). The
solid Unes correspond to the fits calculated according to parabolic concentration profiles
(inset). The dotted fines represent the Fresnel reflectivity.
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Fig. HI.11: Concentration profiles tested for a CHP layer adsorbed from a dilute solution (0.25 g/1) of
protonated polymer in pure D20. The best corrélation between the fit and expérimental data
is obtained with the parabolic concentration profile. This was verified for ail other studied
concentrations of CHP. The power law and depletion type profiles are not shown since they
do not fit the data at ail. The adsorbed cholestérol groups may be neglected in the
concentration profile since they are quasi-contrast matched to the air (Nb = 0.22xl0'6 Â"2).
Z = 0 corresponds to the cholesterol-water interface as indicated on the scheme.

the polymer layer. We hâve tested the depletion layer profile because pullulan backbones

are supposed to be non-adsorbing. The adsorption of the polymer originates from the

anchoring of hydrophobic cholestérol groups, the polysaccharidic chain being tethered by
thèse anchors to the interface with the spacer in-between.

From the profiles obtained at various concentrations, we hâve calculated the

adsorbed amounts or surface excess of polymer chains at the interface.

For any concentration profile, the surface excess T(mg/m2) is determined from the

intégral of the function O (z) from z = 0 to z = °°:

=p:lrJ>(2)dz (III.14)
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where p and Mw are respectively the melt density and the molecular weight of the

polymer, NA Avogadro's number and Op(z) the volume fraction of the polymer as a

function of the distance z from the interface.

In the step profile, the concentration of polymer chains in the adsorbed layer O is

constant and the adsorbed amount T is given by:

r = P NA^ T
M p

(III.15)

In the parabolic profile, the volume fraction of the polymer is a function of the

distance z from the interface and is defined by the function O (z) (28, 29):

<ï>p(z) = Os 1-
u\2

(III. 16)

where Os is the surface concentration ofthe polymer (Os = O (z=0)) and L the thickness of

the polymer layer defined by the parabolic function. From Eq. III.14 and Eq. III.16, we
hâve:

N,

Mw Jo
<î>5 1-

r n2
' z

(III. 17)

At z = °o, we hâve Op(z=°°) = Obulk , and neglecting Obulk we can integrate from z = 0 to

z = L. This yields for the parabolic concentration profile:

2 N* _
—<PSL

3rM. sr = ôP (III. 18)

The concentration profiles of the PS submerged part of PDMS-PS diblock

copolymers spread at the ethyl benzoate-air interface hâve been determined recently (12).

Thèse profiles are defined by a parabolic function. Then, the concentration profile of the

CHP derivative is similar to that of a block copolymer. This is also in agreement with

theoretical prédictions for grafted polymers (28, 29). The parabolic concentration profiles

are given in Fig. III.10. The fitted parameters describing thèse profiles (O and L), and
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[CHP] *B L r L/Rg
(g/1) (v/v) (À) (mg/m )

0.05 0.065 125 0.84 1.56

0.25 0.17 106 1.87 1.32

1.00 0.19 101 1.99 1.26

Table III.3: Fitted parameters and calculated surface excess of CHP52 24 adsorbed from dilute

solutions. Os is the chain surface concentration in the proximal région (z = 0) and L

the thickness of the concentration profile defined by the parabolic function. T is

calculated according to Eq. III.18. The ratio IVR shows the decrease of the chain

stretching with increasing T. The concentration profiles are given in Fig. 111.10.

the amount of CHP5214 adsorbed at the air-water interface are given in Table III.3.

IV.2.3 Adsorption isotherm

The experiments were performed at concentrations ranging from 0.025 to 1 g/1.

Thèse concentrations fall in the dilute régime (Cmax < C*/5), where C* the critical

overlapping concentration (5 %by weight) is calculated according to the relation (30):

C*= 3Mw - (111.19)
4tiNaR|

where R is calculated according to ref. 31 for the unmodified pullulan chain of Mw 52.000.

In thèse experiments, the volume of the trough and the surface of the solution are

such that the amount of polymer in the bulk is sufficient to cover the interface without

significant change of the bulk concentration between the beginning and the end of an

adsorption experiment (Ct=0 « Ct=co ).

The experiments were performed at two distinct periods of the year. A first séries

performed in November gave the results given in Fig. III. 10 and III.11, and in Table III.3.

In order to complète the isotherm with complementary concentrations, a second séries

was planned and the expériences were performed in May. Surprisingly, this séries gave
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Fig. 111.12: Adsorption isotherms of CHP52 14 at two différent températures. The surface excess are
calculated according to Eq. III. 18 from the values obtained with parabolic
concentration profile fits.
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Fig. 111.13: Dependence of the polymer layer thickness with the surface excess of CHP52^ 4

adsorbed from dilute solutions. The polymer chains in the adsorbed layer are in the
semi-dilute régime. L is determined from the parabolic concentration profile fits of the

reflectivity curves and F is calculated from L and 4>s (Eq. III.18).
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surface excess significantly higher than in the previous one. The concentrations

investigated were 0.025, 0.125 and 0.5 g/1. This séries was performed in the same

conditions, with the same configuration ofthe reflectometer, and with the same polymer
sample. The only parameter that had changed between the two séries was the

température. We did not controlled that parameter, first because the température does

not vary strongly in the guide hall which is air-conditioned, and second, because such a

température dependence was not expected.

Between the two séries the increase in température was approximately 5°C, from

20°C in November to 25°C in May. So, we can not give hère the complète adsorption
isotherm of the CHP derivative, but two incomplète isotherms at 20°C and 25°C. We hâve

plotted the surface excess obtained at the two températures as a function of the

concentration of CHP5214 in Fig. 111.12. This température dependence gives a

complementary information: the surface excess is increased by an increase of

température. In other words, the quality of the solvent is decreased upon heating. We did

not hâve enough beam time to investigate this parameter more systematically but it
would be interesting to correlate this surface property with the solution properties of the
polymer.

On Fig. III. 10 we hâve reported the parabolic concentration profiles of CHP5214

(inset). It is interesting to note that the thickness of the profiles decreases with the

surface concentration of the polymer Os. This has been also observed in the second séries

ofexperiments at 25°C. On Fig. 111.13, we hâve plotted the thickness ofthe polymer layer
as a function of the surface excess calculated accordingEq. III.16.

At the two températures where the experiments were performed, we observe a

decrease of the layer thickness with T, which is opposed to the observations of chain

stretching that hâve been reported in diblock copolymer layers (12) and predicted by the

theory. Hère, the chains in the adsorbed layer are stretched (L/R > 1.2), but the

stretching decreases with T.

The concentration dependence of the layer thickness is more pronounced at 25°C

than at 20°C and the différence between the thickness at 20°C and 25°C more significant

at low surface excess. Finally, at 2.25 mg/m2, the thickness is almost the same at the two

températures. This surface concentration corresponds to the saturation of the interface by

the polymer (plateau of the adsorption isotherm at 25°C, Fig. III.12).

At the equilibrium thickness L, the osmotic pressure in the layer is counter

balanced by the restoring elastic force which tends to bring the chain back to its natural

unstretched state. When the osmotic pressure in a polymer layer is raised by an increase
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of the surface density, the stretching of the chains reduces locally the pressure by

reducing the concentration of the chains O(z) in the layer. Thèse stretching effects are

observed in the semi-dilute régime where the polymer chains overlap.

The simplest system to investigate this effect is a linear chain in the brush régime

with a single anchor at one end. Hère, with CHP derivatives the chains are tethered by

several hydrophobic groups adsorbed at the interface (5) and the polymer has a structure

which can be compared to that of a multiblock copolymer with a few small adsorbing

blocks. The similarity of the CHP derivatives to block copolymers rather than to

homopolymers is consistent with the parabolic concentration profiles.

The possibility of aggregation of non-adsorbed cholestérol groups in the polymer

layer should not be neglected. As the chain concentration is increased in the layer the

probability of intermolecular interactions is increased and this may induce a

condensation of the layer. The évolution of the thickness of the adsorbed layers with time

may hâve the same origin.

We hâve not observed off-specular reflection, but since the scattering length

density of cholestérol groups is closed to zéro, there is no in-plane scattering length

density contrast. So, even if there were islands at the interface we would not observe off-

specular reflection. However, the protonated cholestérol core of CHP micelles is highly

contrasted to the solvent (DsO). We can then conclude that the scattering by the micelles

in the vicinity of the polymer layer do not interfère with the specular reflection by the
interface.

IV.2.4 Adsorption kinetics

We hâve seen in the previous chapters that adsorption kinetics of CHP derivatives

take place over several tens of hours.

In reflectivity experiments we hâve tried to access kinetic information by reducing

the acquisition period to the minimum time required to obtain reasonable statistics in the

reflectivity curves.

The acquisition periods were reduced to 3 h. Each value at a given time t

corresponds to an acquisition from (t - 3 h) to (t + 3 h).

The kinetic results are given in Fig. 111.14. They are represented by the functions

L(t), Os(t) which are the two fitted parameters defining the parabolic profile and by T(t)

which is calculated according to Eq. III.18. The dynamic surface tension recorded

continuously as a function of time Y(t), is plotted on the same time scale.
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Fig. III.14: Evolution of L, <ï>s, T and y as a function of time. The substrate is a dilute solution of

CHP5214 at 0.5 g/1. 4>s and L were determined according to the parabolic fits of

reflectivity curves obtained by successive acquisitions periods of 3 hours. T was

calculated according to Eq. III.18. The surface tension was determined separately from

the reflectivity experiment but also in D20 for comparison with the reflectivity results.

Fig. III.14 shows that the surface tension decrease that was already observed in

chapter I, takes place at constant polymer surface excess. The rapid increase of T cannot

be observed on the time scale of the experiment and surprisingly, the polymer layer is

already formed (r constant) after 3 hours, while the surface tension continues to

diminish. The observed surface tension decrease is due to the adsorption of the

cholestérol groups from a CHP layer which is formed very rapidly at the interface. After

the rapid formation of the polymer layer by adsorption of a few cholestérol groups, non-

adsorbed groups from the layer hâve to diffuse in the network to adsorb and induces the

rearrangement of the polymer chains. The two effects resulting from thèse

rearrangements are the réduction of the polymer layer thickness, and the increase in the

surface concentration (O ) with time.
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Comparison with CHP4506and CHP
50-0.9

Fig. III. 15 shows the results obtained with CHP45-0,6-
This derivative was

investigated in chapters I and IL It is the derivative with the lowest degree of

substitution with an average number of 1.7 cholestérol groups per chain (4.5 for

CHP5214). As evidenced by the surface tension experiments, this derivative does not

display a strong surface activity.

Fig. III. 15 confirms the results of Fig. III. 14 with this derivative: most of the

adsorption of the polymer takes place in the very beginning of the experiment. We

observe the same kinetic effects: a decrease of the thickness of the polymer layer with

time, and an increase of the surface concentration. This corresponds to a condensation of

the polymer layer with time which is consistent with the fact that thèse effects are due to

0

0
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8 12 16 20 24

time (h)
0 8 12 16 20 24

time (h)

Fig. 111.15: Evolution of L, <ï> , T and y as a function of time. The substrate is a dilute solution of

CHP4506 at 0.25 g/1. <E>s and L were determined according to the parabolic fits of

reflectivity curves obtained by successive acquisitions periods of 3 hours. T was

calculated according to Eq. III. 18. The surface tension was determined separately from

the reflectivity experiment but also in D20 for comparisonwith the reflectivity results.
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derivative N n R
c ^g

(À)

L

(À)

L/Rg

(v/v)

r

(mg/m2) (mN/m)

CHP45.06 280 1.7 74 140 1.89 0.30 4.3 6.0

CHP50.09 310 2.8 78 150 1.92 0.19 3.0 8.0

CHP52.14 320 4.5 80 105 1.31 0.17 1.9 12.7

N : number of glucose units per chain (M/162)

nc: number of cholestérol groups per chain (N x ds/100)

Rg: gyration radius ofthepullulan backbone (1.47 x 10" M°'58, from réf. 31)
ne: surface pressure of the film at equilibrium

Table HL4: Characteristics of CHP layers adsorbed from dilute solutions at 0.25 g/1. The surface
pressure of the layer determined by surface tension experiments indicates that the

cholestérol groups are not in a compact state. The ratio L/R indicates that the chains

are stretched in the polymer layer (L/R > 1.2).

the diffusion of the cholestérol groups in the polymer layer to reach the interface. As more

cholestérol groups are adsorbed, polymer chains are brought closer to the interface, as

observed with the évolution ofL and <&s with time.

It is interesting to compare the surface excess of CHPKO,. with that of CHP.. „c.
oz-1.4 45-0.6

From the surface tension experiments it was expected that the decrease in surface

tension was directly related to the amount of adsorbed CHP derivatives and to the

surface density of adsorbed cholestérol groups. We observe hère that the surface tension

decay is not related to the surface excess (D of the polysaccharide but to its degree of

substitution, i.e. to the surface pressure of adsorbed cholestérol groups. At equilibrium

the adsorbed amount of CHP5214 at 0.05 g/1 is 2.2 mg/m2 while for CHP4506 , we obtain
2

r = 4.3 mg/m . CHP50 09has been studied to détermine the évolution of Twith the degree

of substitution of the polysaccharide.

The results obtained with the three CHP derivatives are given in Table III.4. The

increase of the number of cholestérol groups on the polysaccharidic backbone results in a

higher number of anchoring points at the interface. This diminishes the size of the

polymer loops and the overall thickness of the layer. Consequently, T decreases with the
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degree of substitution of the derivatives. Then, we can conclude that high degrees of

substitution are not required to obtain important surface excess. Probably the highest

surface excess would be obtained with a derivative with a single cholestérol anchor

attached at one end of the polymer chain, as in a grafted chain system. Naturally, the

properties of the polymer layer would be différent from that obtained with chains

attached to the interface via several anchors.

The observed kinetic effects show that cholestérol groups require long time to

adsorb, because they hâve to diffuse in the polymer network to reach the interface and to

adsorb. The equilibrium state of the system may be described by entangled chains whose

interpénétration is the resuit of the path taken by the cholestérol groups during the

diffusion step in the network. This diffusion is driven by the adsorption energy gained at

each contact of a cholestérol group with the interface. It acts against the osmotic pressure

which is increased as long as the thickness of the polymer layer is decreased.

IV.3 Mixed DMPC/CHP films

The two contrasts represented on Fig. III.4 hâve been investigated in order to

détermine 1) the influence of a spread DMPC monolayer on the adsorbed amount and on

the structure of the polymer layer, and 2) to détermine the effect of the adsorption of the

polymer on the structure of DMPC monolayers. Our attempt was also to verify that the

stability of the DMPC monolayer was conserved when the lipid is spread on polymer

solutions. We will then check that no lipid is incorporated in the polymer micelles présent

in the aqueous subphase, and more importantly that in-plane phase séparation of lipid

and cholestérol does not occur

IV.3.1 Contrast 1: protonated lipid/protonated polymer/D20

This contrast was used to evaluate the adsorbed amount of polymer on the DMPC

monolayers and to détermine the concentration profile of the polymer at the lipid-water

interface. The reflectivity curves hâve been fitted by taking into account the existence of

the spread lipid in the model even though the contribution from this layer is almost

negligible (the protonated lipid, like cholestérol, is almost contrast matched to the air

(Nb = 0.28 x 10"6 Â"2). We consider hère that adsorption of the CHP derivative does not

change the surface density of the lipid. This will be checked using contrast 2 with the
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- 0 0.17 106 1.87

71.5 9.5 0.26 89 2.41

55.5 27.5 0.25 94 2.44

45.5 41.6 027 94 2.64

Table m.5: Parameters calculated according to the parabolic fit of CHP52.14 adsorbed at the
DMPC/water interface. The CHP concentration in the bulk phase is 0.25 g/1. The
surface pressures and the molecular areas correspond to the initial state of the DMPC
monolayer before the adsorption of the polymer.

deuterated lipid. The surface excess ofCHP52.14 adsorbed at the air/lipid/water interface

are reported in Table III.5. They are given for three surface densities ofthe lipid.

We hâve not observed any dependence of Twith the surface density of the lipid.

The surface excess of the polymer is constant at 2.5 ±0.1 mg/m2, showing that the

adsorbed amount is intrinsically dépendent on the polymer and not on the surface density
of the lipid. This is true especially with regard to the surface pressure of the DMPC

monolayer which does not affect T. However, comparison with the monolayer free

interface shows a significant increase of the surface excess from 1.9 mg/m2 to 2.4 mg/m

in the présence of the lipid. At constant surface excess Twe observe an increase in the

surface concentration <PS with the lipid surface pressure and a decrease of the polymer

layer thickness. This corresponds to a condensation ofthe polymer layer.

We hâve verified that thèse values did not dépend on the way the mixed films are

prepared. Two procédures were used: the first corresponds to the spreading ofthe lipid on
the adsorbed polymer layer and the second to the spreading of the lipid on the cleaned
surface ofthe polymer solution. The adsorbed amounts and concentration profiles do not
dépend on the used procédure. The films are assumed to be at thermodynamic
equilibrium.

The increase in T in the présence of lipid and the condensation of the polymer
layer indicate a favorable interaction between the polymer and the lipid at the air-water
interface.

2
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+ contrastmatchedCHP solution(Nb = 2.33)

Fresnel curve

+ DMPC d54 on water (Nb = 2.33)

single layer step profile fit

+ DMPC d54 on contrast matched CHP solution

single layer step profile fit
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Fig. ffl.15: Reflectivity curves log[R(q)] = f(q) and data nonnalized to the Fresnel reflectivity
log[R(q)/Rf(q)] = f(q) of DMPC-d54 spreadon water and on a dilute CHP solution (0.25 g/1) with the
polymercontrastmatched to the aqueoussubphase. The polymersolution is fitted by the Fresnel curve
of a substrate having the same scattering length density, indicating that the adsorbed polymer layer is
correctly contrast matched. The solid lines correspond to thefits of the DMPC monolayer by a single
layer step profile.
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rV.3.2 Contrast 2: deuterated lipid/polymer contrast matched to the subphase

This contrast was investigated to détermine whether the lipid structure dépends

on the adsorption of the polymer or not, and if in-plane ségrégation took place in the

mixed system. We know from the preceding contrast that a change of the initial surface

pressure of the monolayer has no effect on the surface excess of the polymer. However,

the structure of the layer, i.e. the configuration of the polymer is modified by the présence

of the lipid monolayer at the interface. Hère, we can only observe the DMPC monolayer

since the scattering length density of the cholestérol anchors (0.22 x 10 Â ) is close to

that of air. No modification of the scattering length density of the lipid layer can be

observed after the pénétration of cholestérol groups (this is équivalent to replacing air

Nb = 0 by a material of very low scattering length density). However, and more

importantly, we can control if there is any loss of deuterated material at the interface by

solubilization of the lipid in the polymer solution. The polymer solution is a dilute

solution but its concentration is higher than the critical aggregation where the chains

begin to form micelles. Consequently, the lipid is spread on a micellar solution.

The reflectivity curves and data normalized to the Fresnel reflectivity are given in

Fig. III.16. The scattering length density of the substrate giving the contrast matched

point of the polymer was calculated by resolving Eq. III.9 and III.11. The scattering

length density ofthe aqueous phase is 2.33 x 10 À .

With this contrast and in the absence of lipid, the polymer layer may be fitted by

the Fresnel curve indicating that the chains are correctly matched to the aqueous

subphase. The Fresnel représentation shows that the log[R(q)/Rj(q)] ratio is close to 0.

This indicates that our calculations of the scattering length density of the polymer where

we consider the H/D exchange with the deuterated solvent are correct. We can also

confirm that in the absence of lipid, the adsorbed cholestérol layer cannot be detected

because of its low scattering length density (Nb^ -> Nb^). The adsorbed cholestérol

layer may be neglected, and z = 0 corresponds to the cholestérol/solution interface, not to

the air/cholesterol interface. Compared to the experiments with the pure deuterated lipid

(Nb =5.42 x10'6 Â"2) spread on pure water of Nb =0.834 x10'6 À"2, where [A(Nb)f =21.1
(Fig. III.7), the contrast between the lipid and the aqueous subphase containing the

contrast matched polymer is reduced. Hère we hâve [A(Nb)] = 9.6, so that the contrast is

reduced by a factor of more than 2.

The two reflectivity curves obtained with DMPC-d54 spread on a pure water

subphase whose Nb has been adjusted to the polymer/water contrast match point, and on
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subphase
Nbh

(xl06Â"2)

dh

(À)

<J>h0)

(v/v)

pure water

Nb = 2.33 x 10"6 À"2

contrast matched CHP solution

Nb = 2.33 x 10"6 Â"2

6.38

6.50

10.4

11.6

0.89

0.91

(1) Oh= Nbh/Nbpure

Table III.6: Results of the fits of DMPC spread at the air-solution interface at a molecular area of

45.5 Â2. The initial surface pressure Il0 =41.6 mN/m is closed to the collapse pressure ofthe
monolayer (Ilc = 44.9 mN/m). The polymer in the aqueous subphase is contrast matched to

the water (Nb = 3.29 x 10" À" ). Using this contrast the protonated polar head is not
included in the fitted thickness which is a détermination of the deuterated aliphatic layer.

the contrast matched polymer solution are very close. This is confîrmed by the fits which

yield almost the same results (Table III.6). However, we can see a small increase of the

average scattering length density of the monolayer and a rather significant increase of

the layer thickness. This shows that cholestérol groups can penetrate into compact DMPC

monolayers resulting in an increase of the surface pressure and in an increase of the

monolayer thickness due to a réduction of the tilt of the chains normal to the interface.

The same effect of the surface pressure on the tilt angle of the chains is observed when

the pure lipid is compressed at the air-water interface (Table III.2).

We can conclude without ambiguity that there is no loss of lipid at the solution-air

interface. There is no depletion of the lipid by the polymer surfactant and also no

incorporation of the lipid in the soluble polymer micelles in the subphase. Thèse two

phenomena would hâve resulted in a decrease of the scattering length density of the

deuterated lipid layer due to the replacement by protonated cholestérol groups. No

significant off-specular reflection has been observed. The data can still be fitted with a

single layer model without requiring the introduction of islands. There is no détectable in-

plane phase séparation due to ségrégation phenomena, but a quantitative analysis would

require the investigation of a higher q range to be more précise.



100 DMPC/CHP mixed monolayers

CHP™ (nc = 2)

**„„&« "~*

n

n„,,lfc(-»o) ->
*bulk

CHP5M9 (nc = 3)

CHPM.TA (il = 5)52-1.4 v"c

<CMj^j^5^
I

'^surface '

"ounot. \i

r ^

L \

Fig. m.17: Schematic représentation of the adsorbed CHP layers at the air-water interface. We
summarize the effect of the degree of substitution on the surface pressure of the films

(n8urface), the pressure in the submerged polysaccharidic layer (nosmot), the polymer
surface excess (D, the polymer surface concentration in the proximal région (<I>a) and

the thickness ofthe layer (L). nc is the number ofanchored groups per chain.
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V Conclusion

Although the native pullulan is not surface active, the hydrophobically modified

polysaccharide has a strong affinity for the air-water interface.

A schematic représentation of the adsorbed CHP layers showing the effect of

increasing the degree of substitution is given in Fig. III.17.

A comparison of the concentration profiles of CHP46 06, CHP50 09, and CHP52^ 4

adsorbed from solutions at 0.25 g/1 is given in Fig. III. 18. The profiles at the air/water and

DMPC/water interfaces are also compared for CHP524 4.

Ail the studied concentrations fall in the range 0.025 - 1 g/1 corresponding to dilute

polymer solutions (C < C*). In thèse solutions, the polymer is under its aggregated form,

in equilibrium with free chains, since the investigated concentrations are higher than the

CMC of the polymer. In this bulk concentration range, the adsorption layers of CHP

derivatives are in the semi-dilute régime <Pp(z) > C*. The reflectivity curves are fitted by

parabolic concentration profiles.

N N
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air/water interface

DMPC/water interface
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Fig. 111.18: Comparison of the parabolic concentration profiles obtained for three CHP derivatives

with varying degree of substitution (left) and for CHP5214 at the air/water and

DMPC/water interfaces (right). Two important results are 1) the increase of the

polymer concentration in the proximal région of the profil when the substitution degree
is decreased, and 2) the increase in the présence of DMPC compared to the air-water

interface.
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The adsorption kinetics hâve been investigated for two polymer samples with
différent substitution degree. Thèse kinetics are dominated by surface rearrangements
that may be followed by the T(t) and yW) functions. Thèse two functions give information
on the time dependence of the structure of the polymer film: the rearrangements take

place at constant polymer surface excess (T) for CHP5214 and quasi-constant for CHP4506.
The adsorption ofcholestérol groups with time reduces the thickness ofthe polymer layer
and the diffusion of the cholestérol groups in the adsorbed polymer layer is the kinetically
determining step.

At a given degree ofsubstitution, the thickness ofthe polymer layer decreases as a

function ofthe surface excess. The chains are stretched in the adsorbed polymer layer but
the stretching is reduced when the polymer concentration in the layer is increased. This

is actually difficult to explain, but it is possible that when the concentration is increased

in the adsorbed layer, the probability of interaction between non-adsorbed cholestérol

groups is enhanced resulting in a condensation of the chains. This would indicate that ail

cholestérol groups in the polymer layer are not adsorbed at equilibrium. This is quite
conceivable for an associative polymer where intermolecular interactions cannot be

neglected especially in the semi-dilute régime.

The surface pressure of the adsorbed polymer layers is a function of the cholestérol

surface density, but not of the surface excess (r) of the polysaccharide.

In the présence ofspread DMPC, the polymer surface excess are higher than at the

monolayer free air-water interface suggesting a favorable interaction between the

polymer and the lipid. In the présence of polymer micelles in the subphase, no
modification ofthe lipid monolayer has been observed in spite ofthe strong affinity ofthe
polymer for the interface. Consequently, mixed DMPC/CHP films can be prepared with
varying surface density of the lipid.
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Part II

Lyotropic phases



CHAPTER IV

Effect of small sugars and polysaccharides on the swelling of the

DMPC lyotropic lamellar phase.

Abstract

The effect of carbohydrates on the swelling of the DMPC La phase has been

studied by small angle X-ray scattering (SAXS). The carbohydrates are glucose, oligomers

of glucose (up to N = 5) and polymers of glucose (pullulan).

Two régimes of swelling hâve been observed: (1) Small sugars (up to N = 3)

penetrate into the aqueous layers of the lamellar phase and cause a monotonie swelling

by modifying the force balance between the van der Waals attraction and short range

répulsive hydration forces. (2) Macromolecular carbohydrates are sterically excluded from

the aqueous layers and retain some of the water in a coexisting isotropic phase; this

causes an osmotic compression of the lamellar phase.

The swelling of the DMPC lamellar phase by small sugars is a function of their

size, up to a limit which corresponds to the size exclusion of the soluté from the

interbilayer spacing. At that limit, an intermediate situation is observed: the

oligosaccharide maltopentaose is partially excluded from the interbilayer région.

For the séries of oligomers diffusing in the aqueous interbilayer spacing, the

equilibrium between the swollen lamellar phases and the sugar solutions in excess are

preceded by the coexistence of two metastable lamellar phases in equilibrium with the

sugar solutions. Thèse two lamellar phases with différent periodicities are nevertheless in

true thermodynamic equilibrium.
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I Introduction

Lecithins are zwitterionic phospholipids which represent the most important class

of lipids in biological membranes. DMPC is a synthetic lecithin which forms lamellar

structures in water over a wide range of concentrations (1). The lamellar stacking of thèse

compounds originates from their form parameter (p = v/al) which was defined by

Israelachvili (2). Lecithins hâve a form parameter close to one: they form aggregates with

negligible spontaneous curvature (3, 4): planar lamellae, large unilamellar vesicles (LUV)

and large multilamellar vesicles (MLV). By sonication or extrusion it is possible to

prépare small unilamellar vesicles (SUV) with higher curvature .

Repulsion between electrostatically chargea membranes is due to the electric

double layers created by charged polar head groups. When this electrostatic repulsion is

not screened by added sait, it overcomes the van der Waals attraction and leads to

swollen phases stable at very low surfactant volume fractions (-» 1 %). Thèse swollen

lamellar phases are observed with cationic double chain surfactants such as DDAB (5-7),

single chain surfactants such as SDS (7-9), or anionic surfactants such as AOT (7, 11-13).

Only a few lipids forming lamellar phases like phosphatidylserine can overcome the van

der Waals attraction (14).

In lecithin lamellar phases, the lack of electrostatic repulsion between bilayers and

the absence of undulation forces due to membrane rigidity, lead to low swelling limits (15-

17). For DMPC this swelling limit is observed at a hydration level of 40 % water (1). At

hydration levels above this value, the La phase at maximum swelling coexists with almost

pure water in excess. The coexisting phase is in fact a very dilute isotropic solution of the

-5
lipid at the CMC (10 mM) (18). In this binary system, the lamellar phase is described by

the repeat distance d* (61 À), which divides in the bilayer thickness db (35.5 À) and the

bilayer séparation, i.e. the water layer thickness between the membranes dw (25.5 À).

Both bilayer thickness and bilayer séparation are concentration dépendent in the

La monophasic domain of the phase diagram of DMPC (1). An increase of d* is observed

as a function of the hydration until the maximum swelling is reached. In the biphasic

domain (La + water) the bilayer thickness and the séparation between the membranes

are constant so that d* does not dépend upon the water content of the samples.

In this biphasic domain, the repeat distance of the lamellar phase is due to the

complète equilibrium between two competing mechanisms: the attractive van der Waals

force and the short range répulsive contribution of the hydration forces which originate
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from the interaction of water molécules with the polar head groups of the lipid. As the

investigated system is biphasic, the water in excess forms a reserve which allows the

swelling of the lamellar phase when the force balance of the system is modified or when a

new force is applied to the bilayers.

Adding sugars to the water solvent is a way to test this assumption which is the

basis of membrane physics: 1) they modify the equilibrium between the hydration force

and the van der Waals attraction which counter-balance at maximum swelling, and 2) as

they are completely insoluble in apolar phases such as alcanes, they are not incorporated

in the membranes, and consequently they do not change the bilayer thickness. It results

that when the bilayer thickness is known, the measure of d* by scattering techniques is a

direct détermination of the bilayer séparation if the density of water is assumed to be

constant.

The effect of small sugars and polysaccharides on the swelling of lecithin lamellar

phases has been studied twenty years ago by Parsegian and coworkers and has been

reported in a séries of papers (19-22). They investigated the egg-lecithin La lamellar

phase in mixture with a monosaccharide (glucose), a disaccharide (saccharose) and high

molecular weight dextran (200,000-275,000). They pioneered the osmotic stress method

which is now widely used for measuring short range répulsive forces between polar

surfaces, either charged or uncharged, by the use of high molecular weight soluble

polymers. The equilibrium of the freely suspended lipid in the aqueous solutions of

dextran caused an osmotic compression of the lamellar phase, and was used to quantify

the hydration force as a function of the bilayer séparation.

By increasing the concentration of the small mono- and disaccharide in the

aqueous région of the lamellar phase, they observed an increase followed by a decrease in

the maximum swelling of the lamellar phase. Thèse observations were interpreted as

successive weakening and strengthening of the attractive van der Waals force with

increasing sugar concentrations. Thèse changes in the van der Waals attraction were

explained by the modification by the added sugars of the index of refraction of the

aqueous layers in the lamellar phase.

Our aim is to hâve a better knowledge of carbohydrates/DMPC/water ternary

Systems and to évidence a possible influence of the size of the sugars on the swelling and

on the osmotic compression of the lamellar phase.

The particular case of the CHP derivatives will be developed in chapter V.
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II Materials

II. 1 Chemicals

The chemical structures of the carbohydrates are detailed in Fig. IV.1. The

chemical structure ofpullulan and DMPC are given respectively in chapter I (Fig. I.l) and

III (Fig. III.l).

DMPC (1,2 Dimyristoyl-sn-glycero-3-phosphocholine > 99 %) was purchased from

Avanti Polar Lipids Inc. (Birmingham, Alabama). Glucose (a-D glucopyrannose) and

maltose (D-maltose monohydrate) were purchased from Fluka (Buchs, Switzerland). The

oligosaccharides maltotriose and maltopentaose were purchased from Merck (Darmstadt,

Germany).

Pullulan is a linear exopolysaccharide produced by the fungus Aureobasidium

pullulans. Its structure and molecular weight may be controlled by the conditions of

culture (23-27). Purification is obtained by ultrafiltration (28-29) and préparation of

isomolecular samples is achieved by liquid chromatography on preparative GPC columns.

Pullulan is a flexible, amorphous, and water soluble homopolymer composed of

maltotriose repeat units with glucose subunits linked via oc-1,4 and ot-1,6 glycosidic bonds

(30-32). It is supplied by several companies (Sigma, ICN, Serva, ...) but generally under

the form of crude extracts, i.e. with a high polydispersity. However, isomolecular and

pure samples, obtained by fractionation on preparative GPC columns, are delivered by

Hayashibara Biochemical Laboratories (Okayama, Japan) and Showa Denko (Tokyo,

Japan). Therefore it is possible to find commercially samples of pullulan with a well

defined and narrow molecular weight distribution.

The pullulan we hâve used (molecular weight = 45,000) was a product from

Hayashibara Biochemical Laboratories. We hâve checked the molecular weight and

polydispersity of native pullulan by size exclusion chromatography-law angle laser light

scattering. The results yielded Mn = 44,500 and Mw = 57,500 and a polydispersity of 1.29.

Water was produced by the Milli-Q water purification system from Millipore

(Bedford, USA). Ail experiments were performed in glassware cleaned with a solution of

(NH4)2S208 in pure sulfuric acid and abundantly rinsed with the Milli-Q water.
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II.2 Dimensions of the carbohydrates

The dimensions of the sugars we hâve used in this work may be calculated from
géométrie considérations. Thèse dimensions are reported in Table IV.l.

Table IV.l: Characteristic dimensions of carbohydrates.

N L d M yd) Rs(2> R (3)Kg

carbohydrate (À) (g.cm" ) (g.mol' ) (À3) (À) (À)

glucose 1 6 1.56 180 192 3.6 .

glucose, H20 1 6 1.54 198 214 3.7 -

maltose, H2O 2 12 1.54 360 388 4.5 -

maltotriose 3 18 #1.54 504 #543 #5.1 -

maltopentaose 5 30 #1.54 828 #893 #6.0 9.5

pullulan 45 280 1680 #1.54 45,000 # 48.500 #22.6 71.0

(D v M
d.NA

volume of anhydrous sugar

radius of anhydrous sugar (considered spherical)

with a =6Â(glucose unit) and 0=60°, according to the mo

(2,*-^F
(3,Rg=aJNJ1+COse

g V6Vl-cosO
del of the

unperturbed rotation between monomers in a flexible chain (33), where 0 is the solid angle of the
rotation between to monomers around the C-O-C glycosidic bond (120°) (34).

II.3 Gyration radius and critical overlappingconcentration ofpullulan in water

The dependence of the gyration and hydrodynamic radius of pullulan in water with

molecular weight has been investigated by Kato (35) and Nordmeier (36) by static and

dynamic light scattering. Kato determined, in a large range of molecular weights, the
relation:

Rg(À)=L47xl(T1Ma58 (IV.l)
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In their study, the authors hâve used isomolecular GPC standards (Ip = 1.34 to 2.07) in a

range of molecular weights from 11,200 g/mol to 147,500 g/mol. For pullulan 45,000, this

empirical relation yields a gyration radius Rg =74 Â, close to the value reported in

Table IV.l.

The critical overlapping concentration C* is calculated according to (37):

C* =
3M

w

47tNAR;
(IV.2)

This relation yields C* = 43 g/1 for pullulan of molecular weight 45,000. In our osmotic

stress experiments the pullulan concentration is in the range 1 - 40 w %. The DMPC

samples are equilibrated with pullulan solutions at concentrations ranging from the

dilute régime (C*/4) to concentrated solutions (10C*).

II.4 Electron density of materials

The scattering length densities of the used materials are calculated by the

relation:

P =
Ln. l.n.

V M/NAd
10

24
(IV.3)

-4 ? .with 1the scattering length of the électron (0.282 10" A), ne the number of électrons per

molécule, Vthe molecular volume (Â ), Mthe molecular weight (g.mol'1), NA Avogadro's

number and d the density (g.cm" ). The électron densities of water, DMPC and

carbohydrates are reported in table TV. 2.

II.4.1 Scattering length density profile normal to a membrane in water

We hâve used the values reported by Parsegian and coworkers (21) for the polar

head group layer thickness of egg-lecithin in the La phase (5.5 À) and the value reported

by Janiak for the total thickness of the DMPC bilayer in the La phase at maximum
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material formula ne" V ne/V P

À3 e/À3 io5À"2

water H20 10 30 0.333 0.94

DMPC

averaged C36H7208NP 374 1095 0.342 0.96

polar head C10H18O8NP 164 295 0.556 1.56

hydrophobic tail ^26H54 210 800 0.262 0.74

glucose ^6^12^6 96 192 0.500 1.41

glucose, H20 C6H1407 106 214 0.495 1.40

maltose, H20 C12H24^12 192 388 0.495 1.39

-(glucose)n- -(C6H10O5)n- nx86 nxl62 0.531 1.50

Table IV.2: Optical properties of materials expressed in électrons per volume unit and by their

scattering length density.

swelling (35.5 À) (1). According to thèse values and to the calculated scattering length

densities (Table PV^), we can draw the scattering length density profile normal to a

bilayer. This profile is shown on Fig. rV.2.

According to this step profile we can see that there are two interfaces with a high

-5 ? -2
contrast that scatters the X-rays: the water/polar head group interface (Ap = 0.62 10 À )

-5 s -2
and the polar head groups/hydrophobic tails interface (Ap = 0.82 10 À ).

II.4.2 Scattering length density profile in a sugar solution

Sugars are known for their ability to change the X-ray scattering length densities

of aqueous média as they are highly soluble and hâve a high contrast with water. Our aim

is to understand the effect of the solubilisation of sugars in the interbilayer spacing on

the force balance in the DMPC La phase. The solubilisation of the sugars in the aqueous

layers of the lamellar phase contributes to diminish the contrast at the water/polar head

group layer interface. However, with DMPC for which there is a high contrast with water,

the profile of Fig. IV.2 shows that at high sugar concentrations (40 w %), there remains a
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Fig. IV.2: The 'three level' model is the simplest possible model ofX-ray scattering length density
profile normal to a bilayer. The profile is given in pure water and in a 40 w % glucose
solution. For an exact détermination of the scattering length density profiles of liquid-
crystalline bilayers see ref. 38.

good contrast between the aqueous layers and the polar heads while the contrast between

the head groups and the tails is unchanged. This remark is valid if we do not consider

adsorption or depletion of the sugars at the water/polar heads interface.

II.5 Préparation of the samples

The carbohydrates are dissolved in water at the final water content of the samples.

Weighted amounts of DMPC are directly hydrated with the carbohydrate solutions. The

samples are sonicated and incubated for 14 days before the small angle scattering

experiments. Ail steps involving the lipid are performed at 40°C, a température higher

than the Pp'/La transition of the pure lipid in water (23°C) (39). At that température, the

aliphatic chains of the lipid are molten (fluid La state).

As small sugars and pullulan are very soluble in water it is possible to prépare

samples in a large range of concentration through this procédure.
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II.6 Small angle X-ray scattering set-up

The X-ray scattering experiments were performed on two différent laboratory-built

small-angle-scattering caméras: A Guinier-Méring type caméra using a bent germanium

monochromator and a high-flux, Huxley-Holmes type, SAXS caméra.

II.6.1 Guinier-Méring caméra

The Guinier-Méring caméra is operating in vacuum with an horizontal linear 1024

channel detector. The sample to detector distance is 490 mm. The Q range dépends on the

angular position of the detector which was configured for the small angle experiments. In

this configuration, the Q range is 0.03-0.75 À" . This range is sufficient to observe the

first two or three Bragg peaks.

With small sugars and for the osmotic stress experiments the lamellar spacings

are smaller than the resolution (2fl/Qmin =210 À) of the caméra and the dynamic Q range

suits for our experiments. In the case of samples that orient spontaneously in the cells

and give anisotropic scattering patterns an important part of the scattered intensity is

lost. In this case, a two-dimensional detector is required.

II.6.2 High-flux Huxley-Holmes caméra

The Huxley-Holmes caméra is described in détails in refs 40 and 41. The technical

characteristics and a schematic layout of the caméra are given in appendix II.

The X-rays are generated by a rotating anode (RU 400, Rigaku) with 15 kW

electrical power and a 1x8 mm actual size of X-ray source.

The caméra is equipped with a 2D 256x256 channels detector operating in an

enclosure under vacuum. This caméra allows the study of samples that scatters the X-

rays anisotropically. The sample to detector distance is 2100 mm. In our experiments the
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II.7 SAXS spectra

The spectra obtained on the Guinier caméra are presented in arbitrary units with

the empty cell subtracted. The SAXS spectra obtained with the Huxley-Holmes caméra

are represented by the I(Q) = f(Q) function were I(Q) is the radially averaged scattered

intensity of the two-dimensional pattern obtained on the 2D detector, and Q the

scattering vector. The radially averaged intensity of the empty cell (Iec) is subtracted to
the intensity of the sample (Is) and the différence is divided by the transmission of the

sample (<I>/Oo) where O and <I>0 are respectively the incident and transmitted X-ray fluxes.

The data treatment also take into considération the thickness of the cell (1) so that the

intensity is scaled in absolute units (cm"1): I(Q) =(Is - Iec) / [(O/O0) *1]. The experimentally
recorded intensity I(Q) is given by (6):

VJ d* Q2 (IV.4)

where V is the irradiated volume, P(Q) the form factor of the bilayer and S(Q) the structure
factor of the stack. For a detailed description of S(Q) and P(Q) applied to the modélisation of
X-ray and neutron scattering spectra of lyotropic lamellar phases, see the paper of Nallet et al.
(7).

The periodicity of the lamellar phase is calculated according to the relation using
the position observed for n Bragg peaks:

,* 27tn
dn =

Qn

II.8 Osmotic pressure experiments

(IV.4)

The osmotic pressure of the pullulan solutions was measured on a thermostated

A0278 Knauer membrane osmometer (Berlin, Germany). The membranes we used hâve a

molecular weight cut-off of 10,000 which is small enough to avoid any transfer of material

(pullulan 45,000) through the pores of the membrane. The experiments were performed at

25 °C. The osmometer opérâtes in a pressure range 0-8000 N/m2 but the range ofpullulan

concentrations we hâve used to stress the DMPC lamellar phase corresponds to pressures

much larger than 8000 N/m . To détermine thèse pressures, we hâve fitted the osmotic

2

pressure in the range 0-8000 N/m by a polynomial function and extrapolated this

function at high osmotic pressures. As the corrélation between the fît and the

expérimental data is good (r —» 1) we did not détermine the pressures by another method.
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III Results

III. 1 DMPC/lactose/water system

The lamellar repeat distance of the La phase is plotted against the lactose

concentration in the hydrating solution on Fig. rV.3. The corresponding SAXS spectra

obtained on the Guinier-Méring caméra are given on Fig. FV4. The water/DMPC ratio

has been kept at 30/70 w/w for ail lactose concentrations; consequently the samples

contain the lamellar phase in equilibrium with excess water (the excess water is in the

sugar solution where the lipid is also présent at the CMC, the concentration of the lipid in

this coexisting solution is negligible because of the CMC value of DMPC: 10" mM).

This curve shows the swelling effect of a small sugar whose size allows its

diffusion between the lamellae. For comparison we hâve added to our expérimental data

the points obtained by LeNeveu with glucose and saccharose (21).

*

0 10 20 30 40 50

concentration (%)

Fig. IV.3: Repeat distance of the DMPC lamellar phase, as a function of the concentration of

lactose in the hydration solution (•). The hydration of the lipid is 70 % by weight. For

comparison, we hâve plotted the data from LeNeveu et al. (21) obtained in the egg-

lecithin/water system with glucose (•) and saccharose (o).
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concentrations. The température of the samples is 30°C and the hydration 70 w % so that

the samples are in La phase.



118 effect ofcarbphydrates onthe swelling ofthe DMPC lamellar phase

III.2 DMPC/pullulan/water system

The influence of pullulan on the swelling of the DMPC La phase has been studied

in a large range of concentration (0-40 weight %). The plot of the lamellar repeat distance

as a function of the polysaccharide concentration is shown in Fig. TV.5. The corresponding

spectra, obtained on the Guinier caméra, are given in Fig. rv.6.

From Fig. TV.5, we can observe the decrease in lamellar spacing upon the addition

of the macromolecular sugar. This curve is typical of an 'osmotic stress' experiment. The

osmotic compression originates from the equilibrium of the chemical potential of water

molécules in the two coexisting phases, the La and the solution in excess. This

equilibrium is obtained by diffusion of water molécules from the lamellar phase to the

solution, while the polysaccharide remains sterically excluded from the interbilayer

aqueous région. The conséquence of this exchange is to decrease the water layer thickness

in the lamellar phase. From thèse experiments it is possible to détermine the relation

between the water layer thickness and the pressure in the coexisting isotropic solution of

pullulan. This relation will be used to détermine the hydration force which competes with

the van der Waals attraction. This part is treated in the discussion.

0 10 20 30

concentration (%)

40 50

Fig. rv.5: Repeat distance of the DMPC lamellar phase as a function of the concentration of

pullulan at a lipid hydration of 70 %. The straight line is a least squares fit to the data.
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Fig. IV.6: SAXS spectra of biphasic DMPC samples stressed by pullulan solutions at various
concentrations. The hydration of the lipid is constant at 70 w %.



120 effect of carbphydrates on the swelling of the DMPC lamellar phase

III.3 Osmotic pressure of pullulan solutions - comparison with dextran

Isomolecular samples of pullulan are usually used as standards for the calibration

of GPC columns used in aqueous média. Thèse samples are expensive and dextran is

usually preferred for osmotic stress experiments which require large amounts of

polysaccharide. In our case it was necessary to check the efficiency of the native pullulan

to stress the DMPC lamellar phase. This gives also a référence for the comparison with

the hydrophobically modified pullulan with the same molecular weight investigated in

chapter V.

The osmotic pressure of pullulan 45 (MW = 45,000) measured on the membrane

osmometer, is plotted as a function of the concentration on Fig. rV.7. The polynomial fit of

the curve is given on the figure. For comparison, we hâve also plotted the osmotic

pressure of dextran solutions.

On Fig. 1^.8 we hâve plotted LT/RTC against C to check, from the osmotic

pressures in the dilute régime, the molecular weight of pullulan and to détermine the

excluded volume.

0 10 20 30

concentration (g/1)

40 50

Fig. IV.7: Osmotic pressure of pullulan 45,000 solutions as a function of concentration. The line is

a least squares polynomial fit to the data. The osmotic pressure of concentrated pullulan

solutions used in the osmotic stress experiments (0 -» 40 %) are obtained by

extrapolation of the polynomial fit to higher concentrations.
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According to the relation between the osmotic pressure and the concentration of

the polymer in dilute régime we hâve the relation (42):

n

RTC M
+A2C +A3C2+-' (IV.5)

where A^ and A3 are the second and third virial coefficients. In dilute régime, the A3C

term is negligible and a linear relation is obtained from which we can calculate A^. A^ —» 0

in 0 solvent or at the 6 température of a given solvent. A2 is defined by:

A9=V„
ANA

vMny
-X 12

(IV.6)

where V0 is the solvent molar volume (for water at 20°C, V0 = 0.018 1/mol), N the number

of monomer units of a chain and %12 the Flory polymer/solvent interaction parameter. In 9

conditions 3C12 = 0.5 and we hâve A^ = 0. Eq. IV.5 is then simplified to a perfect gas law of

polymer chains in solution.

:3.Uh,-5

;§? 2.5E-5
o

U
H

S 2.0E-5

1.5E-5 '—l

0

n/RTC = 2.21xl0"5 + 1.34xlO"7C

R2 = 0.961

-i ' i i ' '

10 15

concentration (g/1)

20

Fig. IV.8: Il/RTC of dilute pullulan 45,000 solutions as a function of C. The straight line is a least

squares fit to the data. The fit yields A2 = 1.34x10"' mol.l.g2, Mn = 45,250 g/mol,

Ve =4.51xl05 À3 (Re =48 À), and \2 « 0.32.
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Our calculations using Eq. IV.6 and the slope of the linear relation from Fig. TV.S

give a Flory parameter equal to 0.32. This corresponds to a typical X12 value for a flexible

chain in good solvent (32, 42). Using the same method, Evans and Needham (43) derived

the Z12 parameter from the second virial coefficient of dextran fractions which are usually

used in osmotic stress experiments. The molecular weights were Mn = 3139 (Ip=2.07),

Mn = 27,200 (Ip = 1.34), and Mn = 94,300 (Ip = 1.56). The X12 parameter was respectively

0.437 and 0.428 for the two higher molecular weights. As X12 does not vary between

27,200 and 94,300, a range of molecular weight were our sample falls, the comparison

with pullulan is possible. It appears that water is a better solvent for pullulan than for

dextran of same molecular weight. This justify its use for the osmotic stress experiment

and its efficiency.

III.4 DMPC/oligosaccharides/water system

The effect of oligomers of glucose has been studied in order to détermine the

maximum size of molécules which can penetrate into the lamellar phase at maximum

swelling (biphasic system). The oligomers correspond to N = 1 (glucose), N = 2 (maltose),

*
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75 -

-

• d lst incubation

• \

• 2nd incubation

/ D \ l

L / \ \
J solubilisation and swelling

Y X 1 exclusion and compression

r «

• •

1 1 1 i i ( • 1 1 • • • i i i i i i
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60

55

1 10 .100
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1000

Fig. IV.9: Repeat distance of the DMPC lamellar phase hydrated with 20 w % sugar solutions as
a function of N, from glucose (N = 1) to pullulan 45,000 (N = 280) The samples are
biphasic with a constant hydration of the lipid (70 w %).
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N = 3 (maltotriose), and N = 5 (maltopentaose).

Fig. rv*.9 shows the lamellar repeat distance of mixed DMPC/oligosaccharides

samples in the La phase as a function of N, for two incubation periods of 14 and 28 days.

The corresponding two-dimensional patterns obtained on the Huxley-Holmes caméra, and

the radially averaged intensities are given on Fig. rV.lO. The hydration of the lipid is

70 w % so that the samples are biphasic. The sugar concentration in the aqueous phase is

constant (20 w %).

This experiment shows the influence of the sugar size on the swelling of the

lamellar phase. From glucose to maltotriose the lamellar phase is swollen with the

following efficiency: maltotriose > maltose > glucose. The opposite behaviour is observed

with maltopentaose which compresses the lamellar phase by osmotic stress. The point

corresponding to pullulan (N = 280), has been added to the oligomer séries to show the

similarity between the polysaccharide and maltopentaose. For the three sugars

solubilised in the lipid phase the second incubation period results in a higher swelling,

showing the effect of the diffusion kinetic of sugars from the aqueous phase in excess into

the lamellar phase. For maltopentaose and pullulan, no kinetic effects are observed, the

equilibrium of the system is obtained at the end of the water diffusion step when the

sugar remains excluded from the lamellar phase.

sugar

glucose

1 incubation

2 incubation

maltose
• •t
1 incubation

2 incubation

maltotriose

1 incubation

2 incubation

maltopentaose

1 incubation

2 incubation

N

L«, La

(main peak) (shoulder)

d*(À) Ad*(Â) d*(À) Ad*(Â)

58.8 -2.1 55.2 -5.7

65.2 +4.3 - -

67.5 +6.6 58.8 -2.1

70.2 +9.3 60.8 -0.1

70.1 +9.2 56.9 -4.0

76.1 +15.2 60.8 -0.1

56.9 -4.0

56.9 -4.0 . -

Table IV.3: Repeat distances of the metastable lamellar phases in equilibrium with oligo-

saccharide solutions after 14 and 28 days of incubation. From the spectra of Fig. IV.10.

Ad* =d* - d^ iPure dmpc ' Ad* >0-¥ swelling and Ad* <0-> compression.
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Fig. IV.IO: Radially averaged intensity of two dimensional SAXS patterns (preceding page) of mixed
DMPC/oligosaccharides biphasic samples (La+ solution) after two incubation periods (14 days
(dashes) and 28 days (crosses). The sugar concentration in the aqueous phase is 20 w % and
the lipid/water ratio is 30/70w/w. The 2D patterns correspond to the first incubation and show
the broadening of Bragg peaks upon solubilisation of the sugars in the lamellar phase. The
broadening increases from glucose to maltotriose and then diminishes with maltopentaose
which is partially excluded from the interbilayer spacing.
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The analysis of the spectra (Fig. rV.10) shows that after the first incubation period,
the concentration ofthe sugar in the lipidic phase is not homogeneous, and two lamellar
phases in coexistence are observed. The Bragg peaks of the samples in a non-equilibrium

state are divided in a main peak (La s) and a secondary peak (shoulder, La). The shoulder

is more or less pronounced but it can be seen for the three diffusing sugars. The spacings
corresponding to the main peak and the shoulder are given in Table IV.3. At equilibrium

the samples contain a single lamellar phase (LKs) in coexistence with the sugar solution.

The La phase has always a repeat distance smaller than that of pure DMPC in

equilibrium with water, because the pressure of the phase is determined by the pressure
of the sugar solution.

IV Discussion

rVM Balance between hydration and van der Waals forces

In the biphasic région corresponding to the coexistence ofthe lamellar phase with
almost pure water in excess, the repeat distance corresponds to the equilibrium between
the attractive van derWaals force and the répulsive hydration force. This hydration force
has been discussed in détail by Israelachvili and Wennerstrôm (44). The range for which
this force is larger than 100 Pa is 0-30 À. In the case of DMPC which is a zwitterionic

lipid, electrostatic forces may be neglected. We also do not consider undulation forces

because ofthe membrane rigidity ofDMPC bilayers (k» kT), evidenced by the relative
sharpness of Bragg peaks (Ôq/q).

The results obtained with small sugars show that they induce a significant
swelling of the lamellar phase from 61À in pure water to 76À at 40 % lactose

concentration. Consequently, if we consider that the bilayer thickness is not modified by
the addition of lactose, the increase in repeat distance (Figs rv.3 and TV.9) may be
attributed to the change in interbilayer thickness caused by the modification of the

equilibrium between the hydration and van der Waals forces. However, it is not possible
to conclude whether the hydration or the van der Waals force is modified by the
solubilisation of thèse sugars in the interbilayer région.

In the work of LeNeveu (20), the modification of the egg lecithin lamellar repeat

distance by the addition ofsmall sugars was discussed in terms ofsuccessive weakening
and strengthening of the van der Waals attraction. After an increase of the lamellar
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spacing in the sugar concentration range between 0 and 20 %, a decrease was observed at

higher concentrations. This effect was observed with glucose and saccharose, with a

swelling effect slightly higher with the disaccharide than with the monosaccharide.

Addition of sugar to the water increases its permeability (ea) and consequently, as

the permeability of the polar head groups layer (Ep) remains constant, the différence in

permeabilities (ea - Ep) decreases, thus decreasing g the contribution of visible frequencies

to the total electrodynamic interaction (see Eqs IV.7 and IV.8). The leading term in the

van der Waals pressure [A/(...)] involves the square of the différence (ea - Ep) and the sum

2 2
(£a - Ep) /(Ea + Ep) goes trough a minimum. The calculations made by Parsegian show that

2

the différence (£a - Ep) decreases and then increases with increasing concentration of the

sugar: at sufficiently high sugar concentrations, the aqueous polarisability begins to

exceed that of the hydrocarbon or polar layers and the total interaction increases with

added sugar, resulting in a stronger van der Waals attraction between bilayers.

n -Ai
lvdw

67C dw3 (dw+2dp+dh)3 (dw +4dp+2dh)3

2A<

6n (dw+dp)3 (dw+dp+dh)3 (dw+3dp+dh)3 (dw+3dp+2dh)'

where

6k (dw+2dp)3 (dw+2dp+dh)3 (dw+3dp+dhy

£a -e.Al=£kTYp-
1 2 4den +

n=0V a P7

^a ^p
V

eh-etA2=-|kTX
2 n=0Vea+epÀeh+epJ

As=|kT£ £h-£p

ÔVeh+£P.

(IV.7)

(IV.8)

(IV.9)

(IV.IO)
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Comparison with our findings

We also observe a sugar size dependence of the swelling, but our results are not

consistent with the decrease at high sugar concentration and with the strengthening of

the van der Waals attraction. In the 0-20 % sugar concentration range, we observe a

swelling effect as found by LeNeveu et al. with an increase of 8 À at 20 % lactose

(Fig. IV.3). However at higher concentrations, the lamellar phase continues to swell. The

disaccharide used in our work is lactose and not saccharose, but récent results obtained

by F. Ricoul in our laboratory with saccharose are consistent with our findings (45). From

the kinetic observations made on Fig. ^.9 we hâve seen that samples in a non-

equilibrium state may change their swelling in a direction opposite to that of the

equilibrium state. For instance, after the first incubation period, glucose stresses the

lamellar phase slightly while after the second one it swells it. The observed decrease in

lamellar spacing observed by LeNeveu et al. may be attributed to such kinetic effects if

the samples hâve not been incubated until equilibrium between the coexisting phases was

obtained.

In the DMPC/small sugars/water Systems, we can write the force balance:

^hydrat, s +Hvdw, s + nsugar j^ = *Isugar, sol (IV-H)

As the discussion on the origin of the swelling by non-adsorbing small sugars

remains open, we consider the van der Waals pressure I"Ivdw s and the hydration

pressure nhydrat; s in the présence of sugar. nsugaf) La and nsugar> sol are respectively the

osmotic pressures of the sugar in the lamellar phase and in the coexisting isotropic

solution. One can see easily from this equilibrium that an eventual différence in

concentration between the two aqueous régions, due to partial exclusion of the sugar from

the lamellar spacing, can not be confused with the swelling effect since it would results in

a compression (nsugar La ^ nsugar soi). However, at high sugar concentration, if this

différence is important (for kinetic or sterie reasons), the resulting osmotic pressure is

such that the swelling effect may be completely matched. This is the reason why the

samples must be at complète thermodynamic equilibrium.

This equilibrium remains true for any sugar ; in the case of the complète exclusion

we simply hâve nsugar L =0, i.e. a quantitative osmotic compression.
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IV.2 Compression of the lamellar phase by osmotic stress

The sterie exclusion of the polysaccharide from the lamellar interbilayer water

région may be related to the respective dimensions of the macromolecule and of the water

layer thickness in the pure La phase at maximum swelling.

The diameter of gyration of pullulan 45,000 is 148 Â, much larger than the

interbilayer spacing of the lamellar phase (26.7 À) (1). Therefore, the swollen polymer is

sterically excluded from the interbilayer spacing, and the amount of water in the

interbilayer région is determined by an osmotic equilibrium.

In this system the lamellar spacing measured at equilibrium is governed not only

by the hydration and van der Waals forces, but also by the osmotic pressure of the

system. In equilibrium with pure water in excess, the La phase is at the maximum

swelling and the two contributions, the hydration pressure and the van der Waals

pressure, counter-balance.

nT =nwater = 0 (IV. 12)

H hydration + ^vdw —** OV.13)

The equilibrium of the pressures between the La phase and the coexisting pullulan

solution is:

nLa=npullulan (rv.i4)

<=> n hydration + • vdw = n osmotic (IV. 15)

which is the simplified expression of Eq. IV. 11 for the case of complète exclusion. The

strength of the osmotic contribution to the total pressure of the system, is measured by

osmometry on pullulan solutions (Fig. IV.7).

The van der Waals pressure applied to bilayers of thickness db separated by a

water film thickness dw is assumed to be, at the simplest possible approximation model:

1 1 V#1w7 _Lvdw
6n

+ •

(db+dw)a (2db+dw)(
(IV16)

where A is the non-retarded Hamaker constant calculated according to Israelachvili (46)
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for the symmetric case of two identical apolar phases (1) interacting across water (2) (we

neglect the additional contribution of neighbouring membranes), known as 'triple film'
case:

A = Av=0+Av>0=-kT
4

^e1-e2f 3hve H-nf)
——- +—;=— —?tt (rv.17)

^e1 + e2>/ *(nî-n?V

.-34where h is Planck's constant (6.63x10" J.s), ei and e2 are respectively the dielectric

constants in the hydrocarbon région and water, ni and n2 the refractive indexes of the

hydrocarbon and water, and ve the absorption frequency. Taking £i = 2, e2 = 80,

ni = 1.464 (from ref. 47), n2 = 1.333 and Ve =3xl015 s"1 we obtain:

A = Av=0 + Av>0 = 2.9x10~21 +2.2xl0-21 = 5.1xlO"21J (1.2 kT)

which is in good agreement with the hterature data. See refs. 48 and 49 for a récent (and

controversial) discussion of Hamaker constants of phosphatidyleholine bilayers in water.

From the osmotic pressure measurements on pullulan solutions, and according to

the calculated attractive van der Waals pressure, it is possible to détermine through

Eq. IV.15 the répulsive hydration as a function ofthe bilayer séparation (dw).

The relation between the hydration pressure and dw is presented on Fig. rv.ll.

The linear régression of this relation yields the exponential decay length of 1.91 Â and the

pressure at zéro séparation, i.e. when bilayers are in contact. This yields the relation

between the hydration pressure and dw:

nhydration =4-5xl09 é^31 (IV.18)

The decay length is close to the 1.93 À found by LeNeveu et al. for the egg
lecithin/dextran system (20), and the value of Gawrich (2,2 Â) for DPPC stressed by PEO

solutions (50). The magnitude of this force (prefactor in Eq. IV.17), is quite large

(4.5xl09 N/m2). In the egg-lecithin lamellar phase, this pressure at zéro séparation was
10 2

higher 10 N/m (21), while our value is in perfect agreement with that found for DPPC

9 2

4.7x10 N/m (50). Concerning this pressure at zéro séparation, one has to extrapolate the

pressures which are generally obtained in a range of bilayer séparations between

approximately 15-25 À. At such séparations the pressure in the lamellar phase is high
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and osmotic pressures that counter-balance this hydration force correspond to

concentrated polymer solutions. Therefore, high osmotic stresses are needed to obtain a

significant decrease of the lamellar spacing. This explains the high value of the pullulan

concentrations used to stress the lamellar phase (Fig. TV.5).

rV.3 Crossover from solubilisation to exclusion

Fig. ^.9 shows that the limit between the régimes of solubilisation and sterie

exclusion occurs at low sugar molecular weights : At a concentration of 20 %, maltotriose

(N = 3) swells the lamellar phase from 60.9 À to 76.1 À, while maltopentaose (N = 5)

compresses it to 57.0 À.

Kinetic observations make it possible to understand the steps that lead to the

equilibrium state of the swollen or compressed lamellar phase. In both cases the first step

that follows the addition of the solution to the dry lipid is a rapid diffusion of water from

the solution to the lamellar phase. This diffusion is driven by the hydration pressure in

the lamellar phase. When the sugar is sterically excluded, the equilibrium is reached at

the end of this step and the lamellar phase is compressed.

For instance, with maltopentaose and pullulan, no change in lamellar spacing is

observed between two incubation periods of 14 days. In the opposite case where the sugar

is sufficiently small, this first step is followed by the diffusion of the sugar from the

solution into the lamellar phase. This second step is rate limiting and takes place over

longer times: several weeks, compared to a hydration step of a few minutes.

Thus, considering that the diffusion of the sugar is negligible during the initial

step of water diffusion, one may say that in ail cases the hydration of the lipid by a sugar

solution results first in a 'kinetic stress'. This is observed with glucose at the end of the

first incubation period: the samples are not at equilibrium, and the différence in sugar

concentration between the solution and the interbilayer water is strong enough to

produce an osmotic compression of the phase. After the second incubation period the

sample is closer to the equilibrium state and we observe the swelling effect by the small

sugar.

We hâve represented schematically the évolution of the mixed

DMPC/carbohydrates Systems investigated and their state at equilibrium on Fig. ^.13.

From thèse kinetic observations, one may wonder if the two cases of exclusion and

solubilisation are really opposed or if the resuit at infinité incubation time would be the

same regardless of the size of the sugar: a partition of the soluté between the two aqueous

phases, the solution in excess and the interbilayer space. It would bë équivalent to
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consider that the equilibrium of the system is not size-dependent but that the time scale

to obtain the equilibrium varies strongly from a monosaccharide to high molecular weight
polysaccharides.

The origin of the exclusion of small sugars by the lamellar phase is interesting.

Indeed, the lamellar spacing is large enough to incorporate the sugar molécules into the

aqueous layers. A plausible explanation is that the sugars are excluded from the

hydration layers ofthe polar head groups. The accessible water thickness in the La phase

at maximum swelling would be reduced from 25.7 À to 13.1 Â (we take 13 water

molécules per polar head group (21), a molecular volume of 30 À3 for water and an area of

62 À2 per DMPC head group (1)). The resulting loss in accessible water thickness is

2x(13x30/62) =12.6 À. Reduced to 13.1 À, d^ is now smaller than the size of the exclude

maltopentaose which has a gyration radius of 9.5 À and a length of 30 À when it is
completely stretched.

V Conclusion

The equilibrium ofDMPC samples hydrated by sugar solutions requires very long
incubation periods (several weeks). The size of the carbohydrate dissolved in water is the

main parameter which détermines its ability to diffuse into the aqueous layers of the
lamellar phase. The diffusion ofthe sugar from the hydrating solution into the aqueous
layers of the lamellar phase is the kinetically determining step. Consequently, the
kinetics are also a function of the size of the sugar since the diffusion kinetic of a soluté

varies as a function of 1/r, r being the soluté radius.

We hâve determined the size exclusion limit of oligosaccharides by the lamellar

phase. This limit observed for n =5 (maltopentaose) détermines the ability ofa sugar to
swell or to stress the lamellar phase.

The swelling ofthe lamellar phase dépends on the size ofthe solubilized sugar. We
hâve observed the following efficiency: maltotriose > maltose > glucose. The spacings of
the swollen phases are a few Angstroms higher than that of pure DMPC with excess

water (60.9 -» 76.1 À), i.e. the involved contributions are the same and hâve the same

range: a short range hydration force and the van der Waals attraction but with a

modification of the force balance due to the solubilization of the small sugars in the
aqueous layers of the lamellar phase.

Three différent régimes hâve been observed: 1) In the case ofsmall sugars such as

glucose, no sterie exclusion occurs and one may expect that the concentration in the
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solution in excess and in the accessible water in the lamellar phase is the same. 2) With

excluded sugars, for instance maltopentaose, the concentration in the coexisting isotropic

solution is higher than in the lamellar phase and causes an osmotic stress. If some sugar

has been solubilized in the lamellar phase, the induced osmotic compression competes

with the swelling effect due to the solubilization of the sugar. The value of d* measures

the balance of thèse two opposite effects. This shows that the lamellar phase may be

stressed by small oligosaccharides whose gyration radius is close to or slightly higher

than the water layer thickness (dJ2) in the lamellar phase. 3) With high molecular

weight polysaccharides complète exclusion of the macromolecular soluté is achieved and

the osmotic compression may be quantifïed.

This osmotic compression has been used to quantify the hydration force which

counter-balance the van der Waals attraction at the maximum swelling of the DMPC La

lamellar phase.

We hâve observed a step of coexistence of two metastable lamellar phases in

equilibrium with the sugar solutions (triphasic samples). The lamellar phases hâve very

close periodicities but the analysis of the SAXS spectra shows a of the Bragg peaks

corresponding to the two coexisting phases. A high resolution caméra would be necessary

for a better analysis of this system. This coexistence step précèdes the final equilibrium

between the sugar solution and the swollen lamellar phase (biphasic samples). The

observation of two-dimensional patterns and radially averaged spectra shows a

broadening of the Bragg peaks which is attributed to the disorder created by the

solubilization of the sugars in the aqueous layers of the lamellar phase. This is not

observed with the excluded polysaccharide.

Thèse observed size dependence of the swelling of the lamellar phase and the

monotonie increase with increasing sugar concentration do not confirm the proposed

explanations previously reported.
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CHAPTER V

Swelling of the DMPC lyotropic lamellar phase by cholesteryl-
pullulan derivatives

Abstract

The swelling of the DMPC La phase by a hydrophobically modified polysaccharide,

cholesteryl-pullulan (CHP), has been investigated by small angle X-ray scattering (SAXS)

and small angle neutron scattering (SANS).

In spite of their dimension in solution, cholesteryl-pullulan derivatives (CHP) can

be introduced into the aqueous layers of the DMPC La phase. The stability of the system

originates from the anchoring of the cholestérol groups in the membranes that keep the

polymer chains confined in the lamellar lattice.

Consequently, the hydrophobically modified pullulan does not compress the

lamellar phase by osmotic stress like native pullulan. It forces the layers to swell at water

thicknesses of several hundreds of Angstroms, much larger than those observed in

absence of polymer. The polymer containing lipid phase is a new 'polymer-rich' lamellar

phase (Lp) observed either in thermodynamic coexistence with the 'polymer-free' La

phase, or as a single phase in a large monophasic domain. In this Lp phase, the osmotic

pressure of the polymer chains that was quantified in the osmotic stress experiments

with native pullulan (chapter TV) is acting as a new répulsive contribution.

In the Lp phase, the grafted DMPC bilayers are bent by the anchored

polysaccharide chains as predicted recently by Lipowsky (1). The bending of the

membranes results is an excess area in the lamellar phase which induces a strong

déviation from the predicted idéal swelling of rigid membranes in lyotropic lamellar

mesophases.

The phase diagram of the mixed DMPC/CHP/water ternary system is given. The

dilution law and the long range sterie stabilisation of the Lp phase are discussed.
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I Introduction

We hâve seen in the preceding chapter that the solubilisation of small sugars in

the aqueous layers of the DMPC lamellar phase induces a significant swelling from 61 Â

to 76 À with 20 w % sugar solutions. However, repulsions in thèse ternary Systems
remain short range and the observed swelling are of the same order as that observed in

pure DMPC/water samples because the two opposed contributions, hydration and van der

Waals, still counterbalance and no new répulsive contribution is introduced in the

system. With small sugars we can only play on the balance between thèse two

contributions (2-5).

In this part we are interested in the behaviour of cholesteryl-pullulan (CHP), a

hydrophobically modified polysaccharide obtained by modification of natural pullulan.

This semi-synthetic polymer is of interest because of its surfactant properties and

associative behaviour in aqueous solution (6-8). Polymer solutions of CHP in water lead to

the formation of soluble micellar type aggregates, with a hydrophobic cholestérol core

surrounded by the solvated polysaccharide chains. The formation of thèse aggregates is

hydrophobically driven and originates both from intramolecular and intermolecular

interactions between cholestérol groups. The ability of this class of hydrophobically

modified soluble polymers to interact with phospholipid bilayers by anchoring of latéral

hydrophobic groups has been already investigated (9,10).

Up to now, two types of dilutions of the DMPC lamellar phase hâve been

described: 1) Dilution of the DMPC lamellar phase by alcohols like pentanol has been

reported by Safinya et al. (11). Solubilisation of the alcohol in the membrane results in an

increase of the spontaneous curvature and flexibility of the membranes. Membrane

fluctuations originate in the softening of the lamellar phase and introduce a long range

sterie repulsion (« 200 À). 2) The electrostatic stabilisation of the DMPC lamellar phase

by introduction of surface charges has been reported by Rhydag and Gabran (12). The

swelling of the lamellar phase increases dramatically in the présence of a few % of CTAB

incorporated in the membranes (270 Â with 5.8w % of the cationic soap), and drastic

effects are already observed at 1 w %ofCTAB (130 Â).

In biological liquids and in commonly used buffers for biological préparations the

ionic strength is ~ 150 mM (NaCl), so that charge screening results in an important

réduction of the electrostatic stabilisation (12).

Consequently, for a system whose development lies in médical applications, it is

fundamental that the forces observed in simplified Systems (no sait, no buffer) are not

screened in contact with the 'high sait' biological milieu. It is then of great interest, to

understand how non-adsorbing anchored chains at a lipidic surface will change the force
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balance of the system. Hère, the investigation of the membranes organised in stacked

lamellae rather than as individual membranes, lies in the simplification of the study of

thèse Systems by scattering techniques. The lamellar phase is then assumed to be a good

model of synthetic membranes (artificial cell, vesicle,...) at large dilutions.

It is expected that if the CHP derivative might be introduced in the aqueous layers

of the lamellar phase, this would resuit in a more or less non-screenable sterie

contribution that could stabilise the lamellar phase at much larger dilutions than what is

observed in the DMPC/water system (13-16).

Now the question is: how to introduce a polymer in the aqueous layers of a

'collapsed' lamellar phase ? Like pullulan, the size of CHP derivatives in solution, either

in their free or aggregated form, is much larger than the lamellar spacing of the La phase.

Consequently, upon hydration of the lipid by CHP solutions, sterie exclusion of the

polymer from the interbilayer aqueous région will hâve to compete against the affinity of

cholestérol groups for the bilayers, i.e. the anchoring energy. Furthermore, we hâve seen

in the preceding chapter that direct hydration of the lipid by carbohydrate solutions

results in 'kinetic osmotic stresses' that further reduce the accessible water layer

thickness at time t .
0

We are not aware of any report of polysaccharide solubilisation in lyotropic

lamellar phases since they are usually used for osmotic stress experiments and remain

excluded in a coexisting solution in equilibrium with the compressed lamellar phase

(chapter I~V). Solubilisation of non-ionic polymers (polyethylene glycol) in lamellar

lyotropic mesophases has been reported, in charged Systems (17) and in lecithins (18).

The introduction of polymers in electrostatically stabilised lamellar phases is a particular

case where the solubilisation does not hâve to overcome the sterie exclusion of the

polymer. This solubilisation may hâve no effect on the repeat distance of the smectic

phase (17, 19). A strong decrease of the periodicity and a stretching of the lamellae has

been observed in the CPCl/hexanol/brine system in the présence of polyacrylamide by

Singh (20).

The simple case of linear polymers with a single lipid anchor has been recently

reported theoretically (1). In our system, the polysaccharide backbone is a rather low

molecular weight isomolecular flexible chain in good solvent in water (21, 22), with an

average number of three anchors per chain (na). The low molecular weight of the chains

(MW = 50,000, N = 300) makes negligible the configurational entropy loss

(l/2kTln(N) = 3kT) arising from the anchoring of the chains at the lipid/water interface

compared to the anchoring energy which is proportional to number of anchored

cholestérol groups. By définition this number lies between 1 and na.
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Our aim is then to introduce the CHP polymer in the aqueous layers of the DMPC

lamellar phase and to examine how the anchoring and the swelling of the confined
macromolecules affect the thickness ofthe water layers and the membrane properties.

Il Materials

II. 1 Chemicals

The origin ofDMPC is the same as that used in the monolayer study(chapter III).

CHP5o-o.9 (MW =50,000 and degree of substitution =0.9) is a random copolymer of

unmodified native A units (99.1 mol %) and hydrophobically modified B units (0.9 mol %)

described in chapter I (Fig. I.l). The substitution degree ofthis derivative corresponds to
an average number of 3 hydrophobic groups per chain. The mean distance between two

hydrophobic groups on the perfectly stretched chain is 450 À. CHP50.09 was a gift from
J. Sunamoto and K. Akiyoshi and was synthesised as described in ref. 7.

Water was produced by the Milli-Q water purification system from Millipore
(Bedford, USA). Ail experiments were performed in glassware cleaned with a solution of

(NH4)2S208 in pure sulphuric acid and abundantly rinsed with the Milli-Q water. Heavy

water used in the SANS experiments (deuterium enrichment = 99.8 %) was from Euriso-

top (Saclay, France).

II.2 Scattering length density profile of a bilayer in water

The scattering length densities ofthe materials hâve been calculated and reported
in chapter III (Table III.l). We hâve used the same thicknesses for the polar head groups
layer and for the membrane as those used for the détermination of the électron density
profiles in chapter IV (Fig. IV.2) (from refs. 2 and 15).

The scattering length density profiles of a DMPC bilayer in water and in heavy
water are shown on Fig. V.l. The profiles are given for DMPC with hydrogenated and
deuterated aliphatic chains.

As we hâve seen it in the neutron reflectivity study (chapter III), neutron

scattering experiments enables the use of various scattering length density contrasts,

which is not the case in X-ray scattering experiments. In a given system composed of
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Fig. V.l: Illustration of the possible contrasts in DMPC/water Systems by simplified neutron
scattering length density profiles of DMPC and DMPC-d54, in water (top) and in heavy
water (bottom). The scattering length densities of the polar heads and hydrophobic tails
hâve been calculated in chapter III and are reported in Table III.l. The dotted lines
represent the scattering length density of the solvent. In this work we hâve used the
protonated lipid in heavy water (bottom, left contrast).
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synthetic materials, one has generally the choice between solvents and compounds having
différent scattering length densities obtained by isotopic substitution. The most common
and efficient isotopic substitution is obtained by replacing hydrogen by deuterium. Thèse
two isotopes hâve effectively highly contrasted scattering lengths with opposite sign
(bH =-0.374xlO-4À and bD =0.667X10"4 À). Mixtures of deuterated and protonated
compounds (solvent and/or soluté) are used in contrast matching experiments, but in our
case, the aim is to get the best contrast between the aqueous phase and the bilayers in
order to détermine the repeat distance of the lamellar phase with the best précision.

In our ternary system DMPC is available with alkyl chains completely substituted
by deuterium but the polysaccharide is anatural product and in addition its scattering
length density dépends on the composition of the solvent due to the HT) exchange of
labile hydrogens from the hydroxyl groups of the sugar units (see chapter III, Fig. III.2).

From Fig. V.l we can see that the best contrast between the aqueous phase and
the membranes are obtained with the protonated lipid (Nb =0.28xl0'6 À"2) in pure heavy
water (Nb =6.37xl06 À"2) and with the deuterated lipid (Nb =5.42xl0"6A*a) in water
(Nb =-0.56xlO-6À-2) (hère, Nb is the scattering length density averaged on the polar and
hydrophobic layers, i.e. the mean scattering length density of the membrane). The two
other contrasts are interesting but hâve not been investigated. With the protonated lipid
in H20, and with deuterated chains in D20, the aliphatic région is quasi-contrast matched
to the solvent. At such contrast, the scattering originates only from the polar head groups
layer. In a contrast matching experiment the scattering length density of the aqueous
phase would be adjusted with a mixture of H20 and D20 for a perfect matching of the
aliphatic région.

Because of the cost of deuterated DMPC and of the required quantities for the
small angle scattering experiments, we hâve used the contrast obtained with the
protonated lipid in pure D20 in ail experiments.

II.3 Small angle scattering experiments

II.3.1 SAXS experiments

The SAXS experiments were performed on the high-flux Huxley-Holmes caméra of
the laboratory in the same conditions as those described in chapter IV.
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II.3.2 SANS experiments

The SANS experiments were performed on the PAXE spectrometer located at the

end of the G5 cold neutron guide of the Orphée reactor (Laboratoire Léon Brillouin, CEN

Saclay). A schematic représentation and the technical characteristics of the spectrometer

are given in appendix III. The spectrometer is equipped with a 2D 64x64 channels

detector. In this work, most experiments were performed with a sample to detector

distance of 5100 mm and a wavelength of 7 Â with a spread in àX/X = 10 %. With this

configuration the Q values range from 0.007 to 0.11 À" . Some additional experiments

were carried out with a wavelength of 15À to investigate lower Q values (0.003 A ) and

to enhance the resolution in this Q range. We hâve also observed some selected samples

on the DU and D17 lines at the Institut Laue-Langevin in Grenoble.

The samples were held in 1 mm thick quartz cells which were thermostated during

the experiments.

The SAXS and SANS spectra are represented by the I(Q) = f(Q) function were I(Q)

is the radially averaged scattered intensity of the two-dimensional pattern, and Q the

scattering vector. The lamellar repeat distance (d*) is calculated from the relation

d* = 2rc/Q.

III Préparation of the samples

The samples were prepared in Milli-Q water for the SAXS experiments and in

pure heavy water in the SANS experiments.

Due to problems with homogeneity of polymer concentration in concentrated lipid

samples, great care was taken in préparation procédures.

III.l Procédure 1

This procédure is that used in Chapter IV for the hydration of the lipid by the

small sugars and pullulan solutions.

The CHP derivatives are dissolved in water at the final water content of the

samples. Weighted amounts of DMPC are directly hydrated with the polymer solutions.

The samples are sonicated and incubated for 14 days before the small angle scattering

experiments. Ail steps involving the lipid are performed at 40°C, a température higher
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than the Pp'/La transition of the pure lipid in water (23°C) (16). At that température, the

aliphatic chains of the lipid are molten (fluid La state).

III.2 Procédure 2

Due to the low solubility of CHP in water, it is not possible to hydrate the lipid

with concentrated solutions of polymer. In addition, the différences in polarities between

phospholipids and carbohydrates, make it impossible to prépare a binary mixture of the

two compounds in organic solution. For instance, DMPC is soluble in alcohols, chloroform

and other chlorinated solvents while CHP derivatives are only soluble in water (slightly)

and DMSO which are both non-solvents of DMPC. Consequently, the commonly used

method of hydration of a mixed film obtained by evaporation of the solvent is not efficient

in this case.

Therefore, we first solubilise DMPC in chloroform (2 mg/ml). The solvent is

removed by evaporation in a rotating evaporator and the obtained lipidic film is hydrated

by a large excess of diluted polymer solution. Typically, the lipid concentration is 0.5 %

(w/w) and the concentration of the polymer solution is 0.1 %. The suspension is sonicated

and extruded at 40°C on polycarbonate membranes (porosity 200 nm) to form small

unilamellar vesicles (SUV). This step allows non sterically excluded interactions between

the lipidic surface and the polymer. Anchoring of the hydrophobic cholestérol groups in

the bilayers is made possible. After incubation of the dilute ternary system, the

suspension is freezed by immersion in liquid nitrogen to avoid any phase séparation and

then lyophilised. The resulting powder is weighted and rehydrated at fixed water

contents. The samples are incubated at 40°C during 14 days before the small angle

scattering experiments. As in procédure 1, ail steps are performed at a température

largely higher than 23°C.

We hâve controlled the chemical integrity of DMPC by comparing the SANS

spectra of pure DMPC hydrated by procédure 1 and with this method. The treatment has

no effect on the lamellar spacing and on the shape of the Bragg peaks. We conclude that

no dégradation of the lipid occurs during the préparation and incubation periods of the

samples. This is not a true chemical control, but it is well known that chemical

dégradation of phospholipids leads to the production of lysophospholipids and charged

fatty acids by hydrolysis. We also know that the hydration/van der Waals forces

equilibrium at maximum swelling is very sensitive to the introduction of a few surface

charges in the system and that dramatic effects would resuit in a hydrolysis rate inferior

to 1 % (10). No risk of oxidation of the aliphatic chains has to be considered since DMPC
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contains two saturated C14 chains that are not sensitive to oxygen. The validity of the
procédure was also checked on mixed DMPC/CHP samples by comparing the spectra of
independently prepared samples with the same composition. Finally, some selected
samples hâve been conserved and kept at the incubation température (40°C) for 3months
after the first incubation of14 days. The comparison ofthe spectra show that the samples

are at the thermodynamic equilibrium after 14 days when prepared by that procédure.

IV Results

IV.1 Comparison ofSAXS and SANS spectra ofDMPC in excess water

The X-ray and neutron scattering spectra of DMPC samples containing 70 w %of
water are presented in Fig. V.2. On SAXS spectra the first and second Bragg peaks are
observed while in SANS experiments, the Q range has been adjusted in a such way that

the first Bragg peak corresponds to the upper limit ofthe studied Q range. This make it
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Fig. V.2: Comparison of SAXS and SANS spectra of DMPC hydrated in excess water and heavy
water (70 %). The data are normalised to the first Bragg peak intensity. SAXS and bAMb
yield respectively a lamellar repeat distance of 60.9 Àand 61.4 À. Insert: log/log plot
showing the Q^ power law of the scattering at low Q, indicating the existence of La
microdomains freely suspended in water.
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possible to examine both the pure La phase and highly swollen lamellar phases on a
single dynamic Q range.

The scattering increase seen at low angle in SANS data is due to the diphasic
nature of the sample :excess pure D20 and freely suspended La microdomains. The insert

of Fig. V.2 shows the Q4 power law of this scattering, indicating spherical compact La
microdomains in suspension in water.

According to SAXS and SANS, the lamellar repeat distance of the La phase at
maximum swellingis respectively 60.9 À and 61.4 À.

Fv\2 SANS by dilute and semi-dilute CHPsolutions

We know that two concentrations are characteristic of the solution properties of
CHP derivatives: the CAC (critical aggregation concentration) and C*. Determined by
fluorimetry by Akiyoshi, the CAC of CHP55.X 6is approximately 0.01 g/1 (10 ppm) (6), and

the critical overlapping concentration of the polymer micelles Cm is 5 %(calculated

according to Eq. IV.2, using the gyration radius given by Akiyoshi for aggregated CHP
55-1.6

and the mass of the aggregate: nxMW, nbeing the aggregation number).
We show on Fig. IV.3 the SANS spectra of the polymer in the dilute

regime(2 %, C*/2.5) and in the semi-dilute régime (10 %, 2C*). The two concentrations are
largely higher than the CAC of the polymer. The gyration radius determined in the
Guinier range yields the radius of the cholestérol core of CHP micelles since the contrast
originates mostly from the cholestérol core/aqueous phase interface. The polymer corona
is highly solvated and has a scattering length density close to that of pure water
(NbD20 =6.37x 10"6À"2 and NbCHP10% =6.02x 106À"2). However, since the polysaccharidic
corona is not perfectly contrast matched to water, it interfères in the core radius
détermination. We hâve seen in chapter III that this polymer/solvent contrast was high
enough for a concentration profile détermination at the air-water interface by neutron
reflectivity. This explains the high value obtained for the gyration radius of the
cholestérol core. Acontrast matching experiment (the same as in chapter III, Fig. III.15)
would be necessary for an exact détermination of the radius.

In dilute solution the polymer micelles do not interact and may be considered as
non-correlated particles. In the semi-dilute régime excluded volume type interactions
between polymer micelles lead to correlated positions and a large corrélation peak is
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Fig. V.3: SANS spectra of CHP solutions in pure heavy water. Left: Guinier plot of the non-
correlated polymer micelles in dilute régime (2 w %, C*/2.5). Right: interacting CHP
micelles in the semi-dilute régime (10 w %, 2C*). The spectra were obtained on the
D17 line at ILL. The wavelength is 8.5 Â (left) and 16 À (right). See the text for
the discussion of the radius détermination.
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Fig. V.4: Simplified scattering length density profile of two interacting CHP micelles in the semi-
dilute régime in pure heavy water. The concentration of the polymer is 10 w%(2C*).
The center-to-center corrélation distance is 435 Àfor a FCC organisation.
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Phase d n [micelle] mol/1 N Nchol

FCC ^ =435 À 4 2/d3 =7.4xl0-5 25 69
9n

BCC — =355 À 2 4/d3= 8.1 x 10'5 27 75
! 110

d = center-to-center distance " ' "
n = micelle/unit

N = CHP chain/micelle

Nchol =cholesterol/micelle = Nx cholesterol/chain = Nx 2.8

Table V.l: Characteristics of CHP micelles ina semi-dilute solution at 10 w%.

observed at 0.025 À1. From this corrélation distance we can calculate the concentration of
the micelles and the aggregation number (N) of the polymer, i.e. the number of chains per
micelle. N is deduced from the relation:

[CHP] mol%
N = T î (V 1)[micelle] mol% K '

It is also possible to deduce the number of cholestérol groups per core. Table V.l gives the
value of the mean center-to-center distance, the micelle concentration and the
aggregation umber for two cubic phases: body centered (BCC) and face centered (FCC).
From thèse calculations we can see that the corrélation distance is a function of the
considered organisation. As only one large corrélation peak corresponding to the first
order is observed we can not say what type of cubic phase we hâve hère. However, the
calculated aggregation number is the same for the two cubic phases.

The simplified 'three levels' scattering length density profile of two interacting
polymer micelles in the semi-dilute régime is given on Fig. V.4. We consider that the
hydrophobic cholestérol core does not contain water.

^.3 Comparison ofthe phasediagrams ofpullulan and CHP in water

From the knowledge of the overlapping concentration of pullulan and CHP
aggregates and from the critical aggregation concentration, we can draw the binary phase
diagrams ofpolysaccharide solutions (Fig. V.5).
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Fig. V.5: Phase diagram ofpullulan and CHP solutions.

IV.4 Preliminary SAXS results on mixed DMPC/CHP samples

We first investigated the DMPC/CHP system by SAXS on samples directly
hydrated with CHP solutions varying in their concentrations (procédure 1). The first
results were unsuccessful. We had problems ofreprodudbility and the time to obtain the
equilibrium of the samples was not controlled by this procédure.

However, thèse preliminary results gave us some qualitative informations: 1) we

never observed any compression of the lamellar phase by the hydrophobically modified

polysaccharide, and 2) the observed swellings were larger than those obtained with small
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sugars so that the expected molecular weight dependence observed with oligosaccharides

could be confirmed.

We hâve seen with the oligosaccharides that the diffusion of the sugar from the

solution to the lamellar phase is the kinetically determining step. If the limiting

parameter in the préparation of samples at thermodynamic equilibrium originates from

the diffusion of the polymer, we can understand from the results obtained with the

oligosaccharides that we will hâve to wait unrealistic periods of time to obtain this

equilibrium. Furthermore, if diffusion of the polymer takes place in the aqueous layers, it

will hâve to compete against the anchoring of the cholestérol groups in the membranes.

The diffusion of the free polymer could be completely disabled if this anchoring is

irréversible and would require the latéral diffusion of the anchored chains. The reptation

of the chains in the lamellar lattice is also probably strongly reduced, again because of the

anchoring points in the membranes.

Now, if we want to eliminate this diffusion step we must find a way to obtain a

homogeneous concentration of the polymer in the sample. The goal to achieve is to

prépare samples where the polymer is in contact with the lipid before the hydration step.
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Fig. V.6: Comparison of SAXS spectra of DMPC samples prepared in excess water. Samples
prepared by procédure 1 are directly hydrated by water; procédure 2 corresponds to the
hydration-freeze-drying-rehydration séquence; procédure 3 to the ultracentrifugated
sample.
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As described in procédure 2, to achieve this objective we hâve prepared very dilute

mixtures in water and then extracted the water to obtain dry mixtures of the two

compounds. There are several ways to remove water from a system to reduce it to a dry

powder. In procédure 2, we hâve used the most common which is freeze-drying.

Spray-drying has been also considered but the required volumes of préparation

were to much important. We hâve also tried to reduce the water content of our samples by

ultracentrifugation from the dilute Systems (procédure 3). We did not try the alternative

procédure which consists in mixing the dry compounds before hydration.

To be sure that the modification of the lamellar phase by the CHP derivatives

originates only from the addition of the compound and not from the préparation

procédure, it was important to check that the procédure has no effect on pure DMPC

spectra (référence).

Fig. V.6 shows the SAXS spectra of pure DMPC samples obtained by procédure 1,

by procédure 2 (freeze-drying, rehydration) and by ultracentrifugation of the diluted

SUVs (275,000 g, 6 hours). The samples prepared by procédure 2 give almost the same

spectrum as that obtained by procédure 1. We hâve eliminated the procédure using the

ultracentrifugation which does not form the lamellar phase again.

Procédure 2 was then used for the préparation of the samples in SANS
experiments.

IV.5 SANS on mixed DMPC/CHP samples

Two dilution lines corresponding to fïxed DMPC/CHP ratios of 95/5 w/w (line 1)

and 70/30 w/w (line 2), and one line corresponding to a fïxed lipid/water ratio 30/70 w/w

(line 3) with increasing concentration of CHP hâve been investigated by SANS. Thèse

lines are drawn in Fig. V.7. Additional samples were prepared to détermine more

precisely the limits of the observed phases. In this system, ail samples hâve been

prepared according to procédure 2 ; their composition is given in table V.2.

Dilution line 1: DMPC/CHP = 95/5 w/w

SANS spectra corresponding to the 95/5 DMPC/CHP ratio at hydration ranging

from 50 %to 90 %are shown in Fig. V.8 (spectra B to F).

The spectrum of pure DMPC in excess water (70 %) is given in A. On spectrum B,

one observes two main diffraction peaks at 0.0397 À" and 0.0972 Â", and a secondary
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CHP

DMPC/CHP: 70/30

DMPC/CHP: 95/5

water DMPC

Fig. V.7: Expérimental lines studied in the DMPC/CHP/water ternary system.

line lipid/polymer ratio sample hydration

DMPC/CHP water %

(w/w)

dilution 1 95/5 50.0
»

60.0
»

70.0
»

80.0
»

82.5
»

85.0
»

87.5
»

90.0
»

92.5
n

95.0

dilution 2 70/30 75.0
»

80.0
»

82.5
»

85.0
» 87.5
»

90.0
»

92.5
»

95.0

line 3 100/0 70.0

99.5/0.5
»

99/1
»

95/5
»

90/10
»

Table V.2: Compositions studied on the 3 expérimental lines of Fig. V.7 in the DMPC/CHP/water
ternary system.
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Fig. V.9: Lamellar repeat distances of L„ and Lp phases determined by SANS in the domain of

coexistence of the two phases as a function of 1Apdmpc (^dmpc *s me total uPid fraction of
the samples, not that of each lamellar phase).

peak overlapping with the peak at 0.0972 À" . The peak at 0.0972 À"1 corresponds to the

first orderofthe pure La phase. The peak at 0.0397 À1 corresponds to another phasewith

a much larger swelling. The secondary peak at 0.0787 À" corresponds to the second order

of the swollen phase. The position of thèse two peaks is characteristic of the séquence of a

lamellar phase (Q, 2Q, 3Q,...) with a repeat distance of 158 À. Increasing the hydration of

the samples from 50 to 80 % (B-E), the observed séquence is conserved, indicating that

the phase is still lamellar. The second order of the swollen phase moves away from the

first order of the La phase, and its position relative to the first order may be determined

more precisely. The position of the first order of the La phase is not affected by the

hydration of the samples.

Therefore, in this diphasic system composed of two coexisting lamellar phases, the

La phase is at maximum swelling while the Lp phase continues to swell from 0.0397 À

(158 À) at 50 %water to 0.0329 À"1 (191 À) at 80 %water. The dilution of the samples
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causes a decrease of the intensity of the Bragg peaks but their shape is not affected and

no broadening is observed.

The effect of dilution is shown in Fig. V.9 where the lamellar repeat distance has

been plotted as a function IAPdmpc in the domain of coexistence of the two lamellar

phases. O^pç is the total lipid fraction of the sample. One can see that the Lp phase

swells linearly with I/O, showing that it behaves ideally like a separated monophasic

lamellar phase under the effect of hydration. Ail the water added to the sample is

absorbed by this Lp phase. The swollen Lp phase follows the idéal dilution law:

d*= *
O

(V.2)
lipid

but hère in the particular case of a coexistence with another lamellar phase at maximum

swelling (La). In this équation, db is the bilayer thickness and Ohpid the volume fraction of

the lipid. The fact that the swollen Lp phase coexists with the La phase at maximum

swelling, shows that the pressure in the two coexisting phases is close to zéro as the La

lamellar spacing is close to that of the La/water diphasic system where the pressure is

zéro.

Dilution line 2: DMPC/CHP = 70/30 w/w

SANS spectra corresponding to the 70/30 DMPC/CHP ratio at hydration levels

ranging from 75 to 87.5 %are shown on Fig. V.10 (spectra A to F).

On spectrum A, three diffraction orders of the Lp phase are observed with a
lamellar séquence and a corresponding repeat distance of 186 À. From 75 to 87.5 % water

the Lp phase continues to swell and reaches a spacing of 570 Â at 87.5 %water. In order

to observe such large periods and to enhance the resolution at low Q, the samples hâve

beenobserved at a wavelength of15Â. Thespectra obtained at 7 Â and 15Â are given for

the samples at 82.5 %, 85 % and 87.5 % water (spectra C, D and E). At 85 % and 87.5 %

water, the intensity of the Bragg peaks is very low and the best représentation to

détermine the Bragg peaks séquence is obtained by plotting log[I(Q).Q] as a function of Q.

The lamellar repeat distance of the Lp phase is plotted as a function of H^^uvc on

Fig. V.ll. We hâve calculated the idéal swelling of the lamellar phase as a function of

l/<Plipid with a bilayer thickness of 33 À. The dashed line represents this idéal swelling.
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Fig. V.ll: Lamellar repeat distance of the Lp phase determined by SANS as a function l/<ï>DMpC.
The dotted line represents the idéal swelling calculated according to Eq. V.2 with a
bilayer thickness of33À. Thepoints at low dilution are from Janiak for the Laphase (1).
Régime I is dominated byhydration and van der Waals forces. Régime II corresponds to
the idéal swelling of the Lp phase by the polysaccharide. Finally in Régime III
observe the strong déviationfromideality due to surface excess in the lamellar ph~-

we

lase.

We hâve added the points from Janiak obtained with pure DMPC (15). They correspond

to the swelling of the lamellar phase in the La monophasic domain. The authors

determined from the linear portion the bilayer thickness of35.5 Â. This plot shows that in

a first régime below 80 %water (I/O =6.9), the Lp phase swells ideally (-* 220 À). In a

second régime, corresponding to hydrations higher than 80 % water, the expérimental

lamellar spacing is higher than the idéal one.

IV. 6 Reproducibility ofthe préparations and stabilitywith time.

We hâve tested the reproducibility of the préparation of pure DMPC/water

samples by procédure 1 and 2 (Fig. V.4). It was also necessary to check that in the
présence of CHP, independent préparations by procédure 2yield the same SANS spectra.
Finally, we hâve checked that the observed coexistence of the two lamellar lyotropic
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phases (La +Lp) correspond to a true thermodynamic equilibrium and not to the
coexistence of metastable phases in slow évolution as observed with the small sugars
(chapter IV).

The spectra of two independent préparations of mixed DMPC/CHP/water samples
are shown in Fig. V.12. The samples correspond to the point of the phase diagram were
the dilution line 1(DMPC/CHP: 95/5 w/w) and the line at fïxed DMPC/water ratio (70/30)
cross each other. On this figure the spectra obtained after 3months is compared to that
obtained after the usual incubation of 14 days for the same DMPC/CHP ratio hydrated at
50%.

0.00 0.03 0.06 0.09

Q(Â-')
0.12 0.00 0.03 0.06 0.09 0.12

Q (A")

Fig. V.12: Left: SANS spectra obtained by independent préparations using procédure 2. The
composition of the sample is DMPC/CHP: 95/5 w/w and the hydration 70 %. Right: SANS
spectra after 14 days of incubation (solid line) and 3 months later (dotted line) The
composition of the sample is DMPC/CHP: 95/5 w/w and the hydration is 50 %. The two

préparations fall inthe biphasic (La +Lp) région of the phase diagram.

IV.7 Ternary phase diagram of the DMPC/CHP/water system

We hâve drawn the phase diagram of the ternary system on Fig. V.13 according to
the results obtained by the investigation of the lines 1 to 3.
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»\DMPC

Fig. V.13: Phase diagram of the DMPC/CHP/water ternary system. The solid lines indicate the
phase limits determined experimentally. The dotted lines indicate identified phases
whose limit are not known exactly.
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IV.8 Effect of température

Biphasic La/Lp samples at 5 % CHP

Fig. V.14 shows the dependence of the swelling of the Lp and La phases in the

domain of coexistence of the two phases for a sample containing 60 % water at a

lipid/polymer ratio of 95/5. The corresponding d* values of the Lp and La phases are

reported in Table V.3. The effect of an increase of température on the Lp phase is a slight

decrease of the lamellar spacing from 169 À at 30°C to 157 À at 50°C. Thèse changes in

repeat distance of the Lp phase with température are réversible and values obtained upon

cooling perfectly reproduce those obtained before the heating séquence. The lamellar

repeat distance of the La phase is not affected by the increase of température.

In the biphasic sample containing two coexisting lamellar phases (Lp + La), the

deswelling of one of the two phases (Lp) means that water has been transferred from this

phase to the other one. As the lamellar repeat distance of the La phase is not modified

-0.25

-0.75

Ë -1.25

-1.75 -

-2.25

0.00 0.03 0.06

QCÀ-1)

0.09 0.12

Fig. V.14: Effect of température on SANS spectra of biphasic Lp/Loc samples from 30°C to 50°C.

The hydration of the sample is 60 % and the lipid/polymer ratio 95/5.



Température

30°C

40°C

50°C

d* La (A)

66

66

65

d* Lp (A)

169

163

157
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Table V.3: Température dependence of d* in the domain of coexistence of the two lamellar phases
La and Lp.

upon heating we can conclude that the lipid has been transferred to the La phase with

water in the same proportions as the lipid/water ratio in the La phase.

The slight température dependence is consistent with the fact that

hydrophobically modified polysaccharides are less solvated in water when the

température is increased. A decrease in the swelling of the polysaccharide is then

expected until the critical température where water becomes a 9 solvent of the polymer.

The decrease of d* évidences a deswelling of the polymer chains in the aqueous layers of

the lamellar phase. This observation also shows that hère, the origin of the swelling of the

Lp phase does not originate from undulations which are thermally induced (~(kT) ).

Biphasic La/Lp samples at 0.5 and 1 % CHP

On Fig. V.15 one can see the effect of heating from 30°C to 50°C on the coexistence

of the two phases in samples containing small amounts of polymer (0.5 and 1 %). Thèse

compositions correspond to samples on the line 3 represented on Fig. V.5., very close to

the pure DMPC/water line. While on the samples containing 5 % CHP no significant

modification of the biphasic nature of the samples was observed (Fig. V.14), hère upon

heating from 30°C to 50°C, we observe a transition from the biphasic Lp/La system to a

monophasic system with a very large corrélation peak at 0.053À (118 Â) intermediate to

that of the Lp and La phases observed at 30°C. The calculated repeat distances taking a

bilayer thickness of 35.5 À and the expérimental volume fractions of the lipid of 29.85 %

(sample at 0.5 % CHP) and 29.7 % (1 % CHP) lead to the values of 118.9 Â and 119.5 À.

Back to 30°C this lamellar phase (Lp) returns to the biphasic Lp/La system. The observed

transition is réversible with température.

We hâve represented the domains of coexistence of the two lamellar phases at two

polymer concentrations as a function of température and lipid content in Fig. V.16. The
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Fig. V.15: SANS spectra of biphasic Lp/La samples heated at 50°C, showing the transition between

the two coexisting lamellar phases and a single soften phase (Lp'). The position of the

large corrélation peak is consistent with a lamellar structure. The composition of the

samples correspond to the expérimental line 3 (Fig. V.7): hydration 70 w %, and

lipid/polymer ratio 99.5/0.5 (left) and 99/1 (right).
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Fig. V.16: Domains of existence of La , Lp and Lp' phases as a function of température and lipid
content at two lipid/polymer ratios. The diagrams are constructed from the lipid volume

fractions determined according to the position of Bragg peaks of Fig. V.4 (left) and

Fig. V.5 (right). The values of d* are reported in table V.3.
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DMPC/CHP ratio are 99/1 and 95/5 w/w. Thèse diagrams hâve been drawn from the

position of Bragg peaks observed in Fig. V.14 and V.15. They show the critical behaviour

observed at low polymer content and the stability of the equilibrium between the two

lamellar phases at higher polymer content.

V Discussion

V.l Coexistence of two lamellar phases

The coexistence of two lamellar phases requires the introduction of an additional

répulsive contribution which may induce a non-monotonie purely répulsive force (23, 24).

In such cases, when the différent contributions are known, a Maxwell construction yields

the periodicity of the two coexisting phases. In our system, the two-phase behaviour may

be predicted since the répulsive contribution induced by anchored polysaccharide chains

decreases monotonically with distance. However, we do not know the distance

dependence of this sterie force so that the Maxwell construction cannot be drawn

quantitatively.

We hâve observed a critical behaviour at low polymer content, but the coexistence

of the two lamellar phases at higher polymer concentration seems to be rather stable. The

deswelling of the Lp phase upon heating (Fig. V.14) slightly reduces the domain of

coexistence of the two lamellar phases (Fig. V.16) indicating a possible critical point at
higher températures.

In the biphasic system (La + Lp), the CHP derivative is located in the polymer rich

Lp phase. It is possible that at high polymer content (DMPC/CHP 95/5 w/w) the transition

from the Lp to the Lp' phase would involve a higher entropy loss than at low polymer

concentration, since the periodicity of the Lp' phase is smaller than that of L phase and

results in a stronger confinement of the chains. This could be an explanation of the higher

stability of the two coexisting phases at high polymer content.

V.2 Swelling by CHP polysaccharides

The phase diagram of the DMPC/CHP/water system determined by SANS

experiments is shown on Fig. V.13. The highly swollen polymer rich Lp phase has been
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observed in two domains of the phase diagram, either in thermodynamic coexistence with

the pure La phase, or as a single phase in a large monophasic domain. Two new régimes

of swelling hâve been observed:

1) A first one that foUows the idéal dilution law and extends the monophascic domain of

the La phase (régime I ofFig. V.ll) from 61À to 220 Â(régime II).This régime has been

observed in the biphasic Lp/La domain (Fig. V.9) and in the monophasic Lp domain at

spacings below 220 Â (Fig. V.ll). This swelling is attributed to the swelling of the

confined polysaccharide chains anchored into the membranes. The force balance in the

system may be written for this first régime:

nL„ =nvdw +n^ cv.»

where IIpol is the osmotic pressure ofthe polymer solutionconfined between the bilayers.

The effective pressure applied to the membranes is the osmotic pressure of the polymer

solution at the mid-point (25). For the calculation of this pressure we need the osmotic

pressure of the polymer as a function of the concentration, and the concentration of the

polymer at the mid-point (d^/2), i.e. the concentration profile of the confined polymer.

The scattering length density profile of the grafted membrane could be determined by

considering the profile of the DMPC bilayer combined with the concentration profile of

the polymer at the lipid water interface. Theoretical SANS spectra could be calculated

according to the model of Nallet et al. (26). This would be a way to fit the expérimental

spectra and to détermine the concentration profile of the confined polymer solution.

In this régime, the lamellar spacing is such that short range hydration forces do not

contribute to the force balance. As long as n j r > Tlvdv, the Lp phase continues to swell

upon the addition of water.

2) A second régime where d* diverges from ideality at spacings higher than 220 Â (noted

régime III on Fig. V.ll). In this second régime of swelling:

Ht, — ll„j,„ T ll„,i„™,*, r ll„„j„io(;„„ vV•*/

Now, the Lp phase swells upon the addition of water as long as

"polymer + nunduiation >n^- T1*8 régime is discussed in the following.



chapter V 169

V.3 Long range sterie stabilisation by undulation forces

As mentioned above, a non-ideal régime is observed at large distances (Fig V.ll).

In this régime, the expérimental lamellar spacing is higher than that calculated according

to Eq. V.2 with a bilayer thickness of 33 Â.

In order to explain this déviation from ideality, we hâve introduced an additional

répulsive contribution to the sterie repulsion originating from anchored polymer chains in

the force balance. We hâve used the logarithmic déviation proposed by Roux which

accounts for the case of dilute lyotropic lamellar phases dominated by undulation forces

(27). According to Roux the dilution law is of the form:

d*~
O lipid

1 kT i1+ In
47ÏK

1

a W O lipid y

This dilution law has the form d*Oh .. = A - Bln<D, .., with
lipid ••

A = d>

and B = di

1 +
kT

4îtK

kT

47CK

-\

In
a VkT

(V.5)

where Kis the membrane bending constant, c a constant equal to {32l3n)m (24) and a the

transverse size of DMPC.

According to their authors, this équation is valid at large dilutions where d*»db

which is our case. A plot of d*.q\pid as a function of lM>Upid gives a linear relation in

Systems dominated by membrane fluctuations (11, 27, 29). This plot is shown on Fig. V.17

where we hâve also reported the values from Janiak (13) using the same représentation.

We effectively observe a dilution range where the Eq. V.4 is verified, followed by a

plateau which corresponds to the maximum swelling of the Lp phase. This swelling limit

is not consistent with the hypothesis of stabilisation by undulation forces and implies the

existence of an attractive contribution.

In absence of an attractive contribution the lamellar phase should swell infinitely.

Since at such large spacings the van der Waals contribution is negligible, there must be

another attractive contribution. The bridging of the membranes by chains anchored in

neighbouring membranes is possible. The mean distance (1) between two anchors on a

stretched polysaccharide chain of length (a.N) that bears n anchors is (a.N )/n. For
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Fig. V.17: d*.<PDMPC vs ln<PDMPC for the DMPC/water system (left, values from Janiak (13)), and for

the water dilution line 2 at fïxed DMPC/CHP ratio (70/30 w/w) (right). The bending

constant of the DMPC membranes grafted by CHP derivatives is calculated according to

Eq. V.5 (22). The value of k (kT/20) is given for this lipid/polymer composition which

corresponds to a cholesterol/DMPC ratio of 1.6/98.4 mol/mol.

CHP5(W)9 this yields 1=620 À. The limit of swelling observed by SANS (570 À) is

consistent with a bridging by residual chains whose cholestérol groups are not ail

anchored in the same membrane. This could also explain the high viscosity of the samples

observed at large dilutions.

From the slope of the linear portion we hâve calculated the membrane bending

-21
constant K of the polymer grafted DMPC bilayer. We obtain a value of 0.22x10 J (kT/20)

which is more than 2 orders of magnitude smaller than the value of K for pure DMPC in

the L« phase (1.5xl0"19 J, 35kT) (28).

For rigid membranes such as DMPC, K»kT and the second term in Eq. V.4 tends

to zéro. In this case, the slope of the function plotted in Fig. V.16 is zéro (11, 29) and one

may neglect the undulations in the force balance of the system. This is also observed with

flexible membranes stabilised by electrostatic interactions that compete with the

undulations (11). Eq. V.2 is then verified without correction in thèse Systems. This is
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what is observed with the pure DMPC/water system (13). The effect of CHP is to reduce K

which becomes smaller than kT.

V.4 Compétition between membrane undulations and polymer configurational entropy

This is an attempt of qualitative explanation of the idéal swelling observed in

régime II that précèdes régime III dominated by undulations. Most arguments of this

discussion hâve been reported in détail and quantitatively by Lipowsky (1).

The adsorption of a free chain from solution results in an entropy loss

(l/2kTln(N) = 3kT) which is in our case largely compensated by the anchoring energy of n

cholestérol groups in the bilayers (n x 23kT). We approximate the anchoring energy of a

cholestérol group (nc carbons) to that of a lipid with two hydrocarbon chains of nc/2

carbons given by Cevc (30). Logically, the number of anchored groups na lies between 1

and n the number of cholestérol groups per chain (3 for CHP5009). At the transition

between the dilute and semi-dilute régime the chains suffer an additional entropy loss

which originates from the confinement by neighbouring chains.

In the DMPC/CHP system with the ratio 70/30 w/w there is no excess of polymer

in water and ail the chains are assumed to be anchored in the bilayers. This is easily

verified by a calculation of the total lipidic surface area from the polar head group area of

2 2 2
DMPC 62 À (550 m /g), and by comparison with the surface covered by CHP50 09

(400 m /g) which is known from the surface excess at the lipid/water interface determined

2

in chapter III by neutron reflectivity (2.5 mg/m ). With the lipid/polymer ratio of 70/30

w/w, the excess of lipid is 550*70/400*30 = 3, so that no polysaccharide chain remains free

in the interbilayer aqueous région.

There are two contributions that may resuit in a modification of the membrane

curvature. 1) the defects caused by anchored cholestérol groups in the membrane, and 2)

the soluble tethered polymer chains that require the maximum aqueous volume to

maximise their configurational entropy. We know from studies of DMPC in mixture with

cholestérol that the lamellar stacking of the membrane is still observed at high

cholestérol concentrations indicating that cholestérol does not modify significantly the

curvature of the membranes. Furthermore, the DMPC/cholesterol ratio in the bilayers

grafted by CHP is very low even if we assume that ail cholestérol groups are anchored. In

this case, the molar ratio is 98.4/1.6. We can then consider that the modifications

originates from 2).
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1) régime I, La phase

2) régime II, Lp phase, C > C*, no surface excess

3) régime III, Lp phase, C < C*

Fig. V.18: Schematic représentation ofthe membranes in the Lpphasein the 3 observed régimes.
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The question is now: why no déviation from ideality is observed in régime II while

the lipid/polymer ratio in the two régimes is constant ? For this we must consider the

energy that has to be supplied to bend a membrane, with a bending rigidity k,

symmetrically grafted by a layer of polymer chains in the semi-dilute régime. In other

words, does the local configurational entropy gain in a convex région of the bent

membrane counterbalance the entropy loss in a concave région where the chains are

further confined ? If the answer is positive, bending will be favoured, but if not the

membrane has no reason to bend.

There are two possible explanations that can not be discriminated in the présent

stage. 1) The ideality may be due to the fact that in régime II the bending constant of the

grafted membranes is higher than at higher séparations, limiting the effect of

undulations. The second reason could lie in the fact that bending a membrane

symmetrically grafted by polymer chains results in a configurational entropy loss when

the membranes are not sufficiently separated. The entropy loss would be reduced when

the polymer brush is diluted and would resuit in the appearance of the undulations at

larger séparations. The excess area in the lamellar phase has a dynamic origin in this

case.

However, the excess area may originate from an asymmetrical grafting of the

membranes allowed only at large séparations. The membranes are bent locally to satisfy

the entropy of the chains. The structure of the Lp phase at large séparations may be

represented with an anisotropy in the grafting density of the membranes with concave

régions having a low polymer surface density and with polymer-rich convex régions. Such

anisotropy would be consistent with the observed excess area and with a limited

configurational entropy loss of the polymer chains. At the transition from régime II to

régime III, this rearrangement would involve either a latéral diffusion of the anchored

chains or a desorption-readsorption séquence from a concave région to a convex one. Since

the membranes are in the fluid La state, such latéral diffusion is made possible.

A schematic représentation of the expected structures of the membranes in

régimes I, II and III is given in Fig. V.18.

V.5 Force balance in the DMPC/CHP/water ternary system

The membrane fluctuations induce a long range répulsive contribution which has

to be taken into account in the force balance of the system. The pressure induced by thèse

undulations may be calculated from (31):
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_3n2 (kT)2
128k.(</*)3

n
undul (V.6)

Actually, the value of k found for the DMPC grafted membrane seems excessively

small and we do not know weather the surface excess in the lamellar phase has to be

attributed to a dynamic process with undulations, or to the static bending of the

asymmetrically grafted membranes. We cannot calculate the pressure induced by the

bending of the membranes.

At the studied DMPC/CHP ratio (70/30 w/w) the membranes hâve a composition

that corresponds to a cholesterol/DMPC ratio of 1.6/99.4 mol/mol. In order to détermine

separately the contribution of the cholestérol anchors and that of the soluble polymer

backbones on the softening of the lamellar phase, it would hâve been necessary to vary

the anchor/lipid ratio, either by changing the polymer/lipid ratio or by using CHP

derivatives with varying degrees of substitution at constant polysaccharide molecular

weight.
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Fig. V.19: SANS spectra of the mixed DMPC/CHP phase observed on the dilution line 2

hydration intermediate to the swollen Lp phase and to the vesicles (90 w % water).

at a
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V.6 What happens upon further dilution of the Lp phase ?

The Lp phase has been observed until a hydration of 87.5 %. At higher hydrations

the system is not lamellar anymore but the observed phase is highly ordered as evidenced

by the number of Bragg peaks (Fig. V.19). We show the spectra of this phase obtained at

8.5 Â and 16 À on the D17 line at ILL. The structure of this phase is actually not known

but we can identify six well defined Bragg peaks which cannot be indexed according to a

lamellar séquence. Thèse spectra are very difficult to reproduce. Actually it is not possible

to observe this phase directly after its préparation. Its growth requires incubations of at

least one month for a well defined Bragg peaks séquence to be observed. This phase looks

like a transparent solution. It is viscous but flows slowly, and it is very sensitive to

stirring. Finally, its domain of existence is very sharp (around 90 w % water at the

studied DMPC/CHP ratio of 70/30 w/w).

V.7 Mixed DMPC/CHP vesicles

Mixed DMPC/CHP vesicles hâve been prepared by two différent procédures. In the

first one the vesicles are prepared in pure water: the lipidic film obtained by solvent

evaporation (chloroform) is hydrated. The suspension is sonicated and then extruded at

40°C (10 times) on polycarbonate membranes (porosity 200 nm). In a final step, the

vesicles are diluted by the CHP solution. Using this procédure, it is expected that the

membranes are asymmetrically grafted by the polysaccharide, and that no polymer is

entrapped in the vesicles.

In the second procédure, the lipidic film is directly hydrated by the polymer

solution before sonication and extrusion. The polymer interacts with the two sides of the

membranes which are supposed to be symmetrically grafted in this case. This procédure

corresponds to the first step of the procédure 2 used previously for the préparation of the

lamellar phases. At the différent stages of the préparation, the size distribution of the

unillamellar vesicles was controlled by quasi-elastic light scattering (QELS) which yields

the hydrodynamic diameter of the particles.

The électron micrographs obtained after freeze fracture of the suspensions are

shown in Fig. V.20 and V.21 respectively for pure DMPC vesicles and for the grafted

vesicles. In freeze fracture experiments, the aqueous phase is cleaved randomly. The

surface with the lowest adhésion energy being in the middle of the membrane, at the

-CH^-CHg groups interface, the membranes are cleaved in two monolayers and the
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Fig. V.20: Freeze fracture électron micrograph of pure DMPC vesicles prepared by extrusion at
40°C on polycarbonate membranes (porosity 200 nm). The solvent is a mixture of water
and glycerol (70/30 v/v). Note the présence of exclusively unilamellar vesicles. The bar
represents 200 nm. (cliché from T. Gulik-Krzywicki).
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Fig. V.21: Same as in Fig. V.20 with DMPC vesicles grafted by the CHP derivative. The

DMPC/CHP ratio is 1/1 w/w with a concentration of 1 w % for the lipid and 1 w % for

the polymer. The vesicles hâve been prepared according to procédure 2. The same

micrograph is obtained with procédure 1. The bar represents 200 nm. (cliché from T.

Gulik-Krzywicki).
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system

mean diameter

95 % limits

pure DMPC

153 nm

146 -160 nm

DMPC/CHP 50/50 w/w

procédure 1

210 nm

199 - 221 nm

procédure 2

154 nm

147 -160 nm

Table V.4: Hydrodynamic diameter of pure and grafted DMPC vesicles determined by QELS. The
vesicles were prepared by extrusion on polycarbonate membranes at 40°C. The polymer
was added after extrusion in procédure 1 (polymer exclusively on the external side of
the membrane), and before extrusion in procédure 2 (polymer on both sides of the
membrane). Note the increase in hydrodynamic diameter using procédure 1 due to the
calibration of the vesicles by extrusion before the addition of the polymer. No change is
observed when the vesicles are prepared according to procédure 2, i.e. when they are
calibrated after the addition of the polymer

observed lipidic surfaces correspond to -CH3 groups (either concave or convex fracture

surfaces). Then, the soluble aqueous part ofthe anchored polymer cannot be observed.

At the studied concentration (lipid + polymer = 2w %) and lipid/polymer ratio
(50/50 w/w), no différence in the shape of the vesicles was observed between the two

procédures. No membrane adhésion and no membrane fusion has been observed upon
addition of the CHP derivative. The vesicles are well separated and no bridging by the
polysaccharide has been observed. The size of the vesicles shown in Figs V.20 and V.21

are given in Table V.4. From thèse values obtained by QELS we can see that the size of

the vesicles is determined by the porosity of the membranes and that an increase of their

diameter originates from the addition of the polymer after the extrusion step. The

observation of Fig. V.21 seems to indicate a slight increase of the polydispersity of the
vesicles size, but the 95 %limits of the size distribution determined by QELS is the same

for the sample prepared without polymer and with polymer by the same procédure (2).
Using procédure 1, the increase of the vesicles diameter is of the order of 57 nm,

corresponding to a hydrodynamic thickness of the polymer layer = 285 À. In thèse

samples there is an excess surface oflipid (550 m2/g) compared to the surface that can be

covered bythe polymer (400 m /g). Consequently, there are no free chains and no polymer

micelles in the solution. This is confirmed by the électron micrographs where no micelles

hâve been observed.
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VI Conclusion

Hydrophobically modified polysaccharides can be introduced in the aqueous layers

of the lamellar phase because their hydrophobic groups keep them anchored in the lipid

bilayers. Since the sugar backbone of the macromolecule is repelled rather than adsorbed

by the polar heads, water is driven into the aqueous layers and swells the polymer

backbones.

It results that the osmotic pressure of the polysaccharide chains acts as a new

répulsive contribution in the lamellar phase. The osmotic pressure of pullulan solutions

determined in chapter IV act in an way opposite to the case of the osmotic stress.

At intermediate bilayer séparations (61 - 220Â) compétition between the bending

energy of the membranes and configurational entropy of anchored chains leads to an idéal

swelling behaviour followed by a régime dominated by undulations at larger séparations.

The anchoring of the polysaccharidic chains in the DMPC bilayers reduce their

initial rigidity. The value of k (kT/20) determined according to the model of Roux seems

excessively small. However, the déviation from idéal swelling observed at high dilution

can be attributed to the bending of the membranes by the anchored chains. Actually, we

can not conclude whether the excess area in the lamellar phase originates from a dynamic

process (undulations) or from a static bending of the asymmetrically grafted membranes.

Concerning mixed DMPC/CHP vesicles, no solubilisation of the lipid by the

polymeric surfactant has beenobserved even at high polymer concentration (lipid/polymer

1/1 w/w). No bridging between the vesicles and no shape modification hâve been observed

indicating the compatibility ofthe lipidic structure with the présence ofthe polymer.



180 mixed DMPC/CHP lyotropic phases

Références

1. R. Lipowsky, Bending of membranes by anchored polymers, Europhys. Lett., 30 (1995) 197.

2. D. M. LeNeveu, R. P. Rand, and V. A. Parsegian, Measurements of forces between lecithin
bilayers, Nature, 259 (1976) 601.

3. D. M. LeNeveu, R. P. Rand, V. A. Parsegian, and D. Gingell, Measurement and modification of
forces between lecithin bilayers, Biophys. J., 18 (1977) 209.

4. D. M. LeNeveu, R. P. Rand, D. Gingell and V. A. Parsegian, Apparent modification of forces
between lecithin bilayers, Science, 191 (1975) 399.

5. V.A. Parsegian, N. Fuller and R.P. Rand, Measured work of déformation and repulsion of
lecithin bilayers, Proc. Natl. Acad. Sci. USA, 76 (1979) 2750.

6. K. Akiyoshi, S. Deguchi, N. Moriguchi, S. Yamaguchi, and J. Sunamoto, Self-aggregates of
hydrophobized polysaccharides in water. Formation and characteristics of nanoparticles,
Macromolecules, 26 (1993) 3062.

7. K. Akiyoshi and J. Sunamoto, Physicochemical Characterization of Cholestérol Bearing
Polysaccharides in Solution, in Organized Solutions - Surfactants in Science and Technology, p.
289, Marcel Dekker, New York, 1992.

8. K. Akiyoshi, S. Yamaguchi, and J. Sunamoto, Self-aggregates of hydrophobic polysaccharides
derivatives, Chem. Lett. (Japan), (1991) 1263.

9. H. Ringsdorf, J. Venzmer, and M. Winnik, Interaction of hydrophobically modified poly-N
isopropylacrylamides with model membranes - Or playing a molecular accordion, Angew.
Chem., Int. Ed. in English, 30 (1991) 315.

10. J. C. van de Pas, Th. M. Olsthoorn, F. J. Schepers, C. H. E. de Vries, and C. J. Buytenhek,
Colloidal effects of anchored polymers in lamellar liquid-crystalline dispersions, Colloids and
Surfaces A, 85 (1994) 221.

11. C. R. Safinya, E.B. Sirota, D. Roux, and G. S. Smith, Universality in interacting membranes:
the effect of cosurfactants on the interfacial rigidity, Phys. Rev. Lett., 62 (1989) 1134.

12. L. Rydhag and T. Gabran, Phase equilibria in the system dimyristoyl phosphatidylcholine/N-
hexadecyl-N,N,N-trimethylammoniumbromide/water at 30°C. Swelling behaviour of the
lamellar phase with différent electrolyte solutions, Chem. Phys. Lipids, 30 (1982) 309.

13. M. J. Janiak, D. M. Small, and G. G. Shipley, Température and compositional dependence of
the structure of hydrated dimyristoyl lecithin, J. Biol. Chem., 254 (1979) 6068.

14. M. J. Janiak, D. M. Small, and G. G. Shipley, Nature of the thermal pretransition of synthetic
phospholipids: dimyristoyl- and dipalmitoyl-lecithin, Biochemistry, 15 (1976) 4575.

15. G. S. Smith, E. B. Sirota, C. R. Safinya, and N. A. Clark, Structure of the LB phases in a
hydrated phosphatidyleholine multimembrane, Phys. Rev. Lett., 60 (1988) 813.

16. G. S. Smith, E. B. Sirota, C. R. Safinya, R. J. Piano and N. A. Clark, X-ray structural studies of
freely suspended ordered DMPC multimembrane films, J. Chem. Phys. 92 (1990) 4519.

17. P. Kekicheff, B. Cabane, and M. Rawiso, Macromolecules dissolved in a lamellar lyotropic
mesophase, J. Colloid Interface Sci., 102 (1984) 51.

18. A. Khan, K.-W. Zhang, and C. Mendonca, Solubilization of non-ionic polymers in a lyotropic
lamellar mesophase: lecithin-water-polyethylene oxide system, J. Colloid Interface Sci., 165



chapter V 181

(1994)253.

19. C. Ligoure, G. Bouglet, and G. Porte, Polymer induced phase séparation in lyotropic smectics,
Phys. Rev. Lett., 71 (1993) 3600.

20. M. Singh, R. Ober, and M. Kleman, Polymer in a lyotropic lamellar system: An expérimental
study, J. Phys. Chem., 97 (1993) 11108.

21. T. Kato, T. Katsuki, and A. Takahashi, Static and dynamic solution properties of pullulan in a
dilute solution, Macromolecules, 17 (1984) 1726.

22. E. Nordmeier, Static and dynamic light-scattering solution behavior of pullulan and dextran in
comparison, J. Phys. Chem., 97 (1993) 5770.

23. H. Wennerstrôm, On the coexistence of two lamellar phases, in Physics of amphiphilic layers,
Proceedings in Physics séries, N°21, p. 171, éd. by J. Meunier, D. Langevin, and N. Boccara,
Springer-Verlag, Berlin (1987).

24. Th. Zemb, D. Gazeau, M. Dubois, and T. Gulik-Krzywicki, Critical behaviour of lyotropic liquid
crystals, Europhys. Lett., 21 (1993) 759.

25. P. G. de Gennes, Polymers at interfaces: a simplified view, Adv. Colloid Interface Sci., 27 (1987)
189.

26. F. Nallet, R. Laversanne and D. Roux, Modelling X-ray or neutron scattering spectra of lyotropic
lamellar phases: interplay between form and structure factors, J. Phys. II (France), 3 (1993) 487.

27. D. Roux, F. Nallet, E. Freyssingeas, G. Porte, P. Bassereau, M. Skouri, and J. Marignan, Excess
area in fluctuating-membrane Systems, Europhys. Lett., 17 (1992) 575.

28. L. Golubovic and T. C. Lubenski, Smectic elastic constants of lamellar fluid membrane phases:
crumpling effects, Phys. Rev. B., 39 (1989) 12110.

29. D. Roux, C. R. Safinya, F. Nallet, Lyotropic lamellar La phases, in Micelles, Membranes,
Microemulsions, and Monolayers, Partially Ordered Systems séries, W. M. Gelbart, A. Ben-
Shaul and D. Roux eds., Springer-Verlag, 1994.

30. G. Cevc and D. Marsh, Phospholipid bilayers: Physical principles and models, Wiley, New York,
1987.

31. W. Helfrieh, Sterie interaction of fluid membranes in multilayer Systems, Z. Naturforsch., 33a
(1978)305.



CONCLUSION GÉNÉRALE



Nous avons montré que l'empilement localement lamellaire de la DMPC,

monocouches, phases lamellaires et vésicules, est compatible avec la présence des dérivés

polysaccharidiques cholestéryle-pullulan (CHP). Dans les différents cas étudiés, ces

structures sont conservées dans le système ternaire DMPC/CHP/eau.

Nous avons démontré que l'adsorption de polymères solubles de masse

relativement faible (50,000) est possible lorsque les macromolécules portent un nombre

faible de groupements hydrophobes latéraux (= 1 mol %).

L'adsorption des chaînes par ancrage des groupements cholestérol permet de

confiner le polymère aux interfaces air/eau et lipide/eau et entre les membranes d'une

phase lamellaire. L'énergie d'ancrage des groupements cholestérol est suffisamment

grande pour qu'un petit nombre (3) de groupements répartis de façon statistique sur la

chaîne compense la perte entropique liée à son confinement. L'utilisation de polymères de

petite masse limite également cette perte entropique (~ln(N)). La structure des phases est

donc dominée par l'interaction entre le cholestérol et la DMPC et par les contraintes

stériques imposées par le polymère.

La comparaison des données thermodynamiques et structurales des films

d'adsorption du polymère montre que les propriétés tensioactives des dérivés sont

directement liées au taux de greffage de la chaîne polysaccharidique: la pression de

surface des films d'adsorption croît avec le taux de greffage. Cependant, les excès de

surface du polymère diminuent lorsque le nombre de groupements hydrophobes ancrés

augmente. On se trouve donc dans une situation paradoxale où la tension superficielle à

l'interface air/CHP/eau (y) et l'excès de surface (T) varient dans un sens opposé. La plus

forte densité en chaîne est donc observée avec le dérivé le moins substitué, c'est à dire

dans un système où les chaînes ont conservé un plus grand degré de liberté puisque
ancrées par un nombre de sites faible. Lorsque le degré de substitution augmente

(0,6 à 2,5 %) le nombre de sites d'adsorption par chaîne augmente (de 2 à 8), et l'on passe
d'un régime de brosse proche du cas de chaînes ancrées par un site unique à l'une des
deux extrémités, à un régime où les chaînes adoptent une structure plus étalée à la
surface.

Dans le cas de la solubilisation du polymère dans la phase lamellaire de DMPC,

nous avons mis au point et utilisé une méthode originale de mise à l'équilibre rapide des

échantillons via une séquence de dilution-lyophilisation-réhydratation des échantillons

(voir figure). La dilution vers la phase de vésicules unilamellaires mixtes permet

d'assurer le mélange moléculaire du polymère et du lipide et le contact du polymère avec

les faces interne et externe des vésicules. Par cette méthode nous avons pu contourner les

phénomènes d'exclusion stérique du polymère qui sont à l'origine du stress osmotique des

membranes en milieu concentré. On s'affranchit également des contraintes cinétiques

liées à la diffusion du polymère confiné dans la phase lamellaire qui est considérablement

limitée par l'ancrage des groupements hydrophobes latéraux dans les membranes. La

diffusion est donc limitée à des déplacements latéraux du polymère ancré à l'interface
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CHP

eau DMPC

Schéma général représentant les étapes conduisant à la préparation d'échantillons
concentrés à l'équilibre thermodynamique dans le système ternaire DMPC/CHP/eau. Les
phénomènes d'exclusion stérique du polymère et de diffusion en milieu confiné sont
éliminés. © dilution du système ternaire à rapport lipide/polymère constant puis
formation d'une phase de vésicules unilamellaires en milieu dilué, © lyophilisation de la
phase de vésicules, ® réhydratation à teneur en eau fixée.

lipide/eau. Par les méthodes de préparation classiques, cette étape de diffusion du

polymère est cinétiquement limitante et peu dans certains cas aboutir à des systèmes

métastables en très lente évolution qui ne permettent pas d'observer l'équilibre

thermodynamique. Ces systèmes métastables 'bloqués' cinétiquement peuvent avoir des

propriétés et des structures très différentes selon le temps d'incubation des échantillons

(compression osmotique/gonflement osmotique).

On peut ainsi obtenir une phase lamellaire à l'équilibre thermodynamique dans

laquelle le polymère confiné modifie considérablement l'équilibre entre forces

d'hydratation et forces de van der Waals. Les chaînes ancrées introduisent une

contribution répulsive à longue distance qui domine l'attraction de van der Waals. En

l'absence de charges, la pression osmotique du polymère ancré est la seule contribution

répulsive du système à longue distance. L'existence de cette contribution est liée à

l'absence d'interaction entre la tête polaire du lipide et la chaîne polysaccharidique qui

conserve ses propriétés de polymère flexible en bon solvant à l'interface lipide/eau.

Nous avons observé la succession de plusieurs régimes de gonflement dont un à

grande distance (220 - 600 À) où la phase lamellaire riche en polymère (Lp) présente un

excès de surface important. Cet excès de surface a pour origine la courbure des
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membranes autour d'une position moyenne, mais l'origine de cette courbure, statique
(concentration en polymère non homogène, greffage localement asymétrique des
membranes) ou dynamique (ondulations) reste encore à démontrer expérimentalement.

Enfin, sous l'effet de la dilution, cette nouvelle phase Lp tend vers une limite de

gonflement (== 600 Â) qui indique l'existence d'une contribution attractive à longue
distance qui peut avoir pour origine un pontage résiduel des membranes par des chaînes
de polymère ancrées dans deux membranes voisines. La distance moyenne entre points
d'ancrage sur la chaîne polysaccharidique étirée est compatible avec cette limite de
gonflement.

La phase lamellaire gonflée par le polymère (Lp) a été observée en coexistence avec

la phase lamellaire de lipide pur (L«) et dans un large domaine monophasique. A la limite

supérieure du domaine biphasique (La + Lp), un comportement critique a été observé à

faible teneur en polymère (polymère/lipide < 1 %). A concentration en polymère plus

élevée, la stabilité de l'équilibre entre les phases La et Lp est conservée dans une large

gamme de températures.

L'observation de la phase Lp stabilisée à grande distance intermembranaire

permet de prédire que les vésicules mixtes présenterons également une contribution

répulsive à l'origine de la formation d'une dispersion stable. Cette contribution répulsive
à longue distance ayant été mise en évidence dans un système plan, il reste à l'étudier sur
des objets sphériques tels que les vésicules.

Les perspectives de ce travail reposent sur le fait que l'on peut maintenant

envisager la solubilisation de polymères de masse élevée dans des phases lamellaires qui

à l'origine ne gonflent pas, faute de contribution répulsive à longue distance. On évite

ainsi de tomber dans le schéma classique: exclusion stérique-stress osmotique-

compression de la phase lamellaire abondamment décrit dans la littérature. On dispose

ainsi de nombreux systèmes qui sont des exemples de confinement de macromolécules

dans un espace restreint à géométrie définie. Selon le protocole utilisé, et pour un même

système, on est donc capable de faire sortir de l'eau du système (compression osmotique)

ou d'en faire entrer (gonflement osmotique). Enfin, selon le rigidité des membranes et

selon la flexibilité du polymère, on peut étudier la contrainte imposée par le polymère aux

membranes (membranes déformables), ou inversement la contrainte imposée par les

membranes sur la configuration du polymère (membranes rigides). Il reste à étudier la

stabilité des phases gonflées par des polymères qui n'interagissent pas avec les

membranes, où la perte entropique liée au confinement du polymère n'est pas compensée

par l'énergie d'adsorption ou d'ancrage du polymère dans les membranes.



Appendices



appendix 187

Appendix I: Schematic layout and technical characteristics of the time of flight neutron

reflectometer DESIR (Dispositif pour l'Étude des Surfaces et des Interfaces
par Réflexion), data taken from Equipements expérimentaux, Laboratoire

Léon Brillouin, Edition LLB, janvier 1995.
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Angular range from 0.1° to 2°
Angular resolution from 0.007° to 0.15° (standard:.03°)
Position of the surface horizontal

Horizontal beam size at the sample 18mm
Vertical beam size at the sample from 0.3mm to 3mm
Multidetector

Type XY
Détection 3He
Efficiency of détection 30%at5Â
Number of cells 128 x 128
Size of the cells 1.5mm x 1.5mm
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Maximum intensity 6 counts/s/channel at 6.0Â
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Minimum measurable reflectivity 2.10"5 (1.10"5 with lowest resolution)
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Appendix II: Schematic layout and technical characteristics of the high flux Huxley-
Holmes SAXS caméra (data taken from ref. 41, chapter IV)
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Appendix III: Schematic layout and technical characteristics of the SANS spectrometer

PAXE, data taken from Equipements expérimentaux, Laboratoire Léon

Brillouin, Edition LLB, janvier 1995.
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Abstract: Our aim is to introduce a soluble polymer in a lyotropic lamellar phase, and to

modify the force balance in the case of a collapsed system where no répulsive contribution

overcomes the van der Waals attraction, except at very short distances where hydration

forces dominate (i.e. a collapsed stack of membranes).

Mixed layers of a synthetic lecithin (DMPC) and a hydrophobically modified

polysaccharide (cholesteryl-pullulan, CHP) hâve been investigated at the air-water

interface by surface tension experiments and by specular reflection of neutrons. The

DMPC/CHP/water ternary phase diagram has been determined by small angle X-ray

scattering (SAXS) and small angle neutron scattering (SANS).

CHP derivatives are associative polymers bearing latéral cholestérol groups that

interact with apolar phases such as phospholipid monolayers and biological membranes.

Thèse derivatives are surface active and self-aggregate in solution leading to the formation

of soluble micellar type aggregates.

The interaction of CHP derivatives with lipidic structures involves the anchoring of

the cholestérol groups that yields to the tethering of the polysaccharidic backbones at

lipid/water interfaces. Thèse polysaccharidic backbones are flexible chains in good solvent

in water. Using thèse derivatives and a new préparation procédure, we show that it is

possible to avoid the depletion of the polysaccharide due to its sterie exclusion by the

collapsed DMPC lamellar phase. We are able to prépare samples at thermodynamic

equilibrium with the polysaccharide solubilized in the lamellar phase, a situation opposed

to the well known behavior of mixed polysaccharide/lecithin Systems commonly used in

osmotic stress experiments. Hère, the osmotic pressure of the chains confined in the

lamellar lattice acts as a new long range répulsive contribution in the DMPC lyotropic La

phase and results in the swelling of the lamellar phase at large membrane séparations

(570 A). Such bilayer séparations allow out of plane membrane fluctuations when the

confined polymer layer is diluted above its critical overlapping concentration in the

lamellar phase. A new polymer rich lamellar phase (Lp) has been observed in a large

monophasic domain, but also in thermodynamic coexistence with the pure DMPC La phase.

keywords: phospholipid, polysaccharide, associative polymer, carbohydrate, monolayer,

membrane, lamellar phase, vésicule, X-ray scattering, neutron scattering, neutron

reflectivity.
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