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SOMMAIRE

Le but de ce travail est de développer un support solide permettant d'immobiliser
des vésicules lipidiques. Un tel systéme posséde de nombreuses applications dans des
domaines aussi divers que la libération controlée de médicaments, le développement de
supports chromatographiques, l'encapsulation d'enzymes membranaires...

Au cours de ce travail, nous avons mis au point deux systémes a base de
polymeére, en utilisant une ancre de nature peptidique comme intermédiaire entre le
support solide et la vésicule lipidique.

Un premier systéme sera constitué d'un peptide amphiphile greffé sur une résine
polymeére. La premire partie du travail a consisté 4 concevoir un peptide amphiphile le
plus simple possible, soluble dans ['eau et capable d'interagir spontanément et fortement
avec une vésicule sans la perturber. Quatre peptides différents ont ét€ synthétisés et
étudiés. Afin d'optimiser le design du peptide qui sera greffé sur le support solide, on a
fait varier des paramétres tels que la longueur du segment hydrophobe, la présence de
charges positives 2 une extrémité ou aux deux extrémités du peptide, ainsi que son sens.
Les peptides synthétisés ont une structure primaire amphiphile et sont constitués d'un
segment hydrophobe 2 base d'alanines et de leucines, ainsi que de segments hydrophiles
4 base de lysines. Un tryptophane a été inséré a l'interface hydrophile-hydrophobe
comme sonde fluorescente dans un but analytique. On a ainsi pu déterminer que la
longueur désirable pour le segment hydrophobe est de 24 acides aminés. En effet un
peptide avec un segment hydrophobe de 12 acides aminés est trop court pour adopter
une conformation stable et pour établir des interactions hydrophobes avec des vésicules
neutres. La présence de charges négatives aux deux extrémités du peptide empéche la
translocation du peptide 4 travers la membrane lipidique. Le peptide le plus performant a
ainsi pu étre déterminé. Sa structure primaire est la suivante: Ala-Ala-Leu-Leu-Leu-Ala-
Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Trp-Lys-
Lys-Lys-Lys-Lys-Lys (AzLsA10WKs). Malgré la présence du segment hydrophobe, on a
pu déterminer que les interactions peptide-lipide sont majoritairement de nature
électrostatique. Ce peptide a ensuite été synthétisé en phase solide sur des billes de

polystyréne. L'affinité de vésicules lipidiques pour ce systéme polymere-peptide a €été
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mesurée pour différentes populations de vésicules, en faisant varier la proportion de
lipides chargés négativement dans la composition des vésicules. En neutralisant les
charges du peptide dans un cas et en utilisant des lipides chargés négativement, on a pu
montrer que la nature de linteraction entre les vésicules et les billes de polymeres
recouvertes de peptides est majoritairement électrostatique. On a pu immobiliser jusqu'a
200 pmol de lipides par gramme de résine séche. Ce systéme a ensuite €t€ utilisé pour
immobiliser une enzyme membranaire modéle, la y-glutamyltranspeptidase. L'enzyme a
été reconstituée dans des vésicules qui ont été subséquemment immobilisées sur le
systéme polymeére-peptide. Cette approche a permis d'obtenir un réacteur dont la mise en
ceuvre est simple et rapide et qui maintient l'activité de I'enzyme pour plusieurs cycles.
En effet, aprés 8 cycles, l'enzyme conserve 50% de son activité.

Le deuxiéme systéme est constitué d'un copolymeére thermosensible, le poly(N-
isopropylacrylamide-co-N-acryloxysuccinimide) réticulé par de la polylysine. Il en
résulte un hydrogel transparent présentant lui aussi des propriétés de thermosensibilité.
A la température critique de transition, I’hydrogel se retracte tout en expulsant de I’eau.
La mesure de cette température de transition, ainsi que la compréhension du phénomeéne
restent problématiques dans le cas de polyméres réticulés. Nous avons mis au point une
méthode de spectroscopie infrarouge simple permettant de mesurer cette température
avec plus de précision que les méthodes classiques et permettant d'obtenir des
informations quant aux groupements impliqués dans la transition. Les principales
conclusions ressortant de cette étude sont que les chaines principales et latérales sont
impliquées dans la transition et que la transition est de méme nature pour les polymeres
linéaires et les hydrogels qui en dérivent.

Dans une deuxiéme partie, nous avons synthétisé plusieurs hydrogels, avec des
polylysines de différentes longueurs et avec plus ou moins de points d'attache sur le
polymére. Les propriétés de ces différents gels, incluant l'affinité des vésicules pour ces
hydrogels ont été déterminées. On a pu constater que la longueur de la polylysine a une
influence sur le gonflement du gel, ainsi que sur l'immobilisation des vésicules.
L'hydrogel le plus performant est constitué de poly(N-isopropylacrylamide-co-N-
acryloxysuccinimide) (94-6 mol.) réticulé par de la polylysine longue avec un degré de

polymérisation de 288. Ce gel est capable d'immobiliser jusqua 1000100 pmol de
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lipides par gramme de gel sec sans que perméabilité des vésicules soit perturbée.
Comme application, nous montrons que ce systéme peut relarguer le contenu de
vésicules immobilisées par simple augmentation de la température au-dessus de la

température de transition de I'hydrogel.

Mots clés

Peptide amphiphile, perméabilité, interactions peptide-lipide, polymére, immobilisation,
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thermosensibilité, FTIR, LCST, polylysine, libération contrdlée



iv

TABLE DES MATIERES
SOMMATRE. ......coicte s ssiswisisansasssmegissriysns oo nesrhusss 005 RSsous o f#as s5asE st s s 8538 45358 i
TABLE DES MATTERES ci.uii vespaerithssssisssissasosss bessmsens iidacikssbss omispantss s soabssinshs iv
LISTE DES TARLBAUD o6 i i omriiistinasis i it i is s memss g ves sl s mniady viii
LISTE DES FIGTIRES..........cocsresianse cesenamperrais soswrossorssasmmmeyimsss boppintmm s pegust jes3 ix
LISTR DESABBEVIATIONS woce. it aiornistaiss sssiisisossmssmsmstmsmasessnissiiosssiissnuias xiii
REMERCIEMENTS ......otiiierieteternecseinseiisiessssss e ssesssseessbasssneasssesessaenssesssesans XV
CHAPITIRE 1:/ BN ERIEDAIC TN v s cumisaisedoiok e amss iR diioes bmindiossm b $4 0 e Aot 1
1.1 INTERET DE LA RECHERCHE ET APPLICATIONS POSSIBLES...0eueersessurasanersseseeenss 1
1.2 SYSTEMES DEJA EXISTANTS .c.eveverersversssismsamssssersessesssnsssasansssssessnsnesnnsssssnsassos 3
1.2.1 Immobilisation non covalente des liPIdes ..........ouceuureecimminsiciiicrcneneniiniieecenens <)
1.2.1.1 Piégeage dans une matrice POIYMELE uvvverrenrimersemsirnceniessansissnnsinncsanananes 3
1.2.1.2 Immobilisation par adsorption: Vésicules sphériques supportées ............. 7
1.2.1.3 Adsorption avec interaction hydrophobe.....cccocerveereieeciinicninniiniiininnn. g
1.2.1.4 Interactions spécifiques: avidine-biotiNE ....cccevvemrerriaririiiiniininiecciins 11
1.2.2  Immobilisation covalente des lipides: Membranes artificielles immobilisées
{EAMY covaive vommmgommrafsnrosssas bhanspns suntsin s resumms nms sobo b dmas v ada s s 8 43108 bk s s Sxsan 1t
1.3 WOTEE B PROCEI 510058525 2 dus sonmowemic6s Wi ih dibasinisss it e €ssmes ani s fuom b Wpwas 4450558 14
1.3.1 Développement d'un systéme polymére-peptide amphiphile........................ 15
1.3.2 Développement d'un hydrogel chargé pOSUIVEHENL ........ccveereecerennrcniennnnns 19
IB.8  ADDIGEEIIONS visssisqoses msivesnsoransisnssn et soasis gaigsammspsspensesgotsmmeasisosas ssus ssmomsnraes 19
1.4 LES TRCHM B T TILISEES e ocimes scnabtbeil ihaglnntssanss e som s i s suusiaisons 1 aat wisdhad 58 5
1.4.1 Principe d'utilisation de la fluorescence du tryptophane pour les tests
QA'APfINILE. ....ovrserrnineeraesersinissresnssiesnessssssssssarnssn s tsssesssossossssesantessanasnranas 22
1.4.2 Technique d'analyse de fUILe ...........oeeevverecinerieriiiiicticec e 24
1.4.3  La SpectroSCOPIe iNfraroUge........uerveeierrereniasseaseisssessssnsemnsnssssssssesssassanenns 29
y i DESCRIPTION DES PROJETS ...ucecucesresesserssssarsrsssnenssssassasmssnssssssassasssassasssssasss 31
1.6 R B FEREINCIR svs s e cmianiom oo ¥4 3384 4 I8 Fasm inmases Sk 58 1# b 435 404 S50 s namuopuwes 33



CHAPITRE 2: DESIGN AND CHARACTERIZATION OF ANCHORING
AMPHIPHILIC PEPTIDES AND THEIR INTERACTIONS WITH LIPID

NEETCEIES e nmmrssmogiisn ssasmsieniy sy s ort 4400002 Fot o (YRS |1 95 St e gemwoms 401w phSR 13 36
2.1 DI TR T ki e iy B 4 Sy bt o8 b VY Ll o ao W PR A AR N i i i 37
2.2 TITERODUCTION ssiviasonssirsssiosssspesisnmsmmn ot 355038 ar #5054 18 0+ namssmmem ompmammsn oo s sgmes 38
2.5 MATERIALS AND METHODS ...ucoresscssmensessesasasnsnsassanessrsnssnassassnssasesaissassssssssns 40
2.3.1 Peptides synthesis and PUrifiCaiion .......ueecevinnenressieisessnisineeen. 40
2.3.2  Preparation Of VESICIES........uuervervcernniinceiicst it i s nanns 41
2.3.3  Binding SHUGIES.....c.ocoverreeeriacresireannsinsenssiessiosireaseessnrsct st sasssssnessns s essaraves 41
2.3.4  Leakage eXPeriMents ... uuereeeienesieasiesessiessesetesre st ess s ne s 42
2.3.5  CD EXDEIIMENLS ......cvomrecverrrrenniassassssnssasssnssssssssasesassssnssssssssssssisssnsnamssnnse 43
2.4 RESULTS AND DISCUSSION. .. tcuermueecesarasrsscnriresiresisssersiissessnsansiosisaesnsssnssnnons 44
2.4.1 Binding of the peptides 10 lipid DIIAYETS......coovevevvvinniiinnniiininsinsecnneriinn, 44
2.4.2  Peptide CORfOrMALION ........cuviverrererienessrsiesseeiestis s s snasnsaes 50
2.4.3 Leakage eXPEriMents.....uuivrvisreiseeseessesstestesstesnesssesaseeimeissssssnessssnsssseens 53
2.5 A TR St o 00 Bt o B BN 193 03 s 53
2.6 TR EBREINGES permecrssmssssacsyagon sowins vnswssn ombasatssiorswsssssps opos dois s bmbiesieat buiiach bhiogs pse 55

CHAPITRE 3: IMMOBILIZATION OF LIPID VESICLES ON POLYMER SUPPORT
VIA AN AMPHIPHILIC PEPTIDIC ANCHOR: APPLICATION TO A

MEMBRANE ENMZYME.......coiiosimsstissab somvasses Sameomos dimbemsbiioniassrsion soomsva aeesassbbns 57
Sk R TR AT T oo imsranes i i o3 o B S48 e e A O o B4 5w 5 s s 58
- Jo) INTRODUCTION w..coevve covsessstasuas sonesatingmyerspensss 05 0essosthibusmmtanaciivtshasuses sy soasibers 58
5.3 MATERIALS AND METHODS ...cvecrversesssesstmssnessassassrssssisssssssmsessarasssssssssassases 61
3.3.1  MAICEIAL..nneeeeeeeeeeeeceeresesssessanessnn s s sasssesssanas s ssssnssa s n s e re e et s sabbs 61
3.3.2 Peptite SYNTRESIS . coiiisiimin e mncsarscinonnimisssnssbisbrodiinncsoesionisisisssasaiasine sonsianses 62
3.3.4 Binding SUHIES . c..cmms. cmmsmressimstspsommines sons sessssaronsansnsabisnepes sxsmasass ssos sumss 62
3.3.5  Leakage eXperiments ... uceriereeeseriesestessesssantantentestssasssssstssnsssnnsessnnas 63
3.3.6  Preparation and immobilization of y-GT-bound lipoSOMes...............ccce.e... 64
3.4 RESULTS AND DISCUSSION. .cccuuresuteissmrssrissressresssssssmssssassntessaneessasssssnanssssnesns 65

3.4.1 Immobilization Of POSOMES .........cocuveerveriririniisissieenesr st nenee 65



3.4.2 Enzymatic reaction of reconstituted y-GT in liposomes immobilized on the

DOLYMETr-PEPLIAE SYSLEM «.vnverrerierererincnsansisnnreisiess b sttt s s s 68
3.5 CONTETEITIME 5, oo ois sunemoiissidhiaps wesss som sonsog S6854 msmerEeuary nas sy sa g peed iy g s asea s 71
3.6 REFERENCES . .euucrerareemrsassorsssssssassosssanmsiessnsastsassossstatantsnstssssnsssssarssssasnnennrses 73

CHAPITRE 4: A SIMPLE FTIR SPECTROSCOPIC METHOD FOR THE
DETERMINATION OF THE LOWER CRITICAL SOLUTION TEMPERATURE
OF N-ISOPROPYLACRYLAMIDE COPOLYMERS AND  RELATED

HYDROGELS . ..o eeiieeiteeeeeeeeeesetsesaesiessassssessesssssnsasstassscasssesassssstasesaranassnssnsnasosaas 76
4.1 A BSTRACT ..vvceurersrsrsrersaresstasssersssssatsssisssssnssasasssatsransasss sssutassantiasissanaasesnsan 7 ¥)
4.2 INTRODUCTION ..vcureeseeransseeessssmsrmmnsmssssnessnsasssssnessenansrsessstsssssssssssannasnassssans 77
4.3 EXPERIMENTAL....veuverueensenseteseserecsuessssssssssanssmsssssssssssesssonsisssmssssssansssssssass 79
4.3.]1  COPOIYMEIIZALION ......vevererrnrnnireise sttt ettt s s e 79
4.3.2  Synthesis of the hydrogel with MBA as the crosslinker .........ouveeercecenes 80
4.3.3  Synthesis of the hydrogel with PL as the CYOSSINKET ......ccovvveverccricninsnrnnnn: 80
4.3.4 Cloud point determination Of PNIPAS ... 81
4.3.5 Thermal FTIR SpectroSCOPIC SHUY c.ueeveeveevivuesrcssiasinsiesiesaiisnsessnnsnnnssnessenses 81
4.4 RESULTS AND DISCUSSION. .. eccuterereruesressersessamemsarsssssraesssesssssansssasnsassssanas 82
4.4.1 Characterization of the COPOIYIET ......cvverviiroreecciriiniiiiientniinnieneastsssenae 82
4.4.2 Characterization of the related RYdrogels............cccovvvvveiniianininnnnncnen 90
4.5 CONCLUSIONS uveuveererseresssesssesmasestessesssnsestnssssasssssssostestsassnssssssossssssansassansns 94
4.6 REFERENCES . cieuirentestrereseesissieasionerimssssieasensaonsvastosssesissiosnsmasanstesesssrssnsastoouss 96

CHAPITRE 5: NEW HYDROGELS BASED ON N-ISOPROPYLACRYLAMIDE
COPOLYMERS CROSSLINKED WITH POLYLYSINE: MEMBRANE

IMMOBILIZATION SYSTEMS ... o eeiieeserrrneeesaestesessnssnerissssssassessassssessassssassasases 98
5.1 A BSTRACT «evvereeeseareressressresassarssaresssisssasensstessssnsenssssasssssnnnssnsssssassosesssssnsansne 99
5.2 INTRODUCTION ceveeeeriruenseesessssssersrssssssssesssossnssssssossssassessannentossssessssssasntsnsanes 99
5.3 MATERIALS AND METHODS «evvveeereierueessemsorsnnnsessssesissesssnnnssssnsssssarssmnnsnensros 101

5.3.1 Synthesis Of N-aCryloXySUCCINIMIAE .......vevvemeirmensnioriueucnsisnsnninsnniienss 101

5.3.2  Synthesis of poly(N- -isopropylacrylamide-co-N-acryloxysuccinimide)...... 102



5.3.3 Crosslinking of the copolymers by POIYIYSINE .........cocveuivreiesieseninnnaerineins 102
5.3.4 Characterization Of the COPOIYMEFS ....o.varericeneucinriniiiiinniintiescitis e 102
5.3.5 Characterization of the Synthesized gelS .........cccovuvvervumvmmiimniiiiinnessnnenns 103
5.3.6 Acetylation of hydrogel QMIn0 GrOUPS ........cumeeuicersenssissnisiinisase sanenns 103
5.3.7 Interaction of the free and grafted PL with the VESICIES «.covrrvreemrvenrcenens. 104
5.3.8 Controlled release With [eMPEraIUTE .......uwevvereeeriseseisimsisnrisanneiisssansessesns 105
5.4 RESULTS AND DISCUSSION.ccveesersiseeissessmsreessessnsssssmsassscssssssnsssassnssssenssssese 106
5.4.1 Synthesis and characterization of the COPOIYMETS.....vvvcvevrarsvisisrarsnen. 106
5.4.2 Crosslinking of the copolymers With POIPIYSINE .......ceerieesrsicinnenscssirinns 112
5.4.3  Immobilization Of VESICIES .......veeeeeeerssiiesrnncsisiiininntisis et cnees 114
5.4.4 Thermally CONIrOlled releASe ...ouunemcuirirmeniniiiniiieniice et 118
5.5 CONCLUSIONS ..veuvereesuneveesesseressssscssessasesssasmastsssssssssssssssnmssasasassnss ........... 120
5.6 REFERENCES. c.v1evrueeseeaseseseessesereesssssstassesssesmessessastasseesesesntesassanssanasssnoses 121

CHAPITRE 6: CONCLUSIONS......oi ettt tessce st asssanssnssessssassene 123



Table I
Table II
Table I
Table IV

Table V

Table VI

viii

LISTE DES TABLEAUX
The primary structures of the model PePtides....owuiveceretssciennsses e 39
Effective charges and surface partition constants of the peptides................. 50
o-Helical contents of the free and bound peptides......ccvceeecveieniininicninnennee 51
Characterization of the COPOLYMETS....vivueerieiieracirarenen st e e e 109

Characterization of the gels and of the immobilization and of the

permeability of the vesicles at 25°C..uiiiiiini e 113

Stoichiometry of the immobilization of vesicles by free and bound polylysine

................................................................................................................. 115



ix

LISTE DES FIGURES

Ficure 1.1 Représentation schématique d'un gel poreux contenant des liposomes piégés
g P q gelp P picg

dans les mailles du réseau POIYMETE.......ccvviveiiiiiiiiiiririetieiir e e eveseens 4

Figure 1.2 Micrographies a4 balayage électronique d'hépatocytes immobilis€s sur un

BUD O] TR CT O OEOLIE:. i v gvocsess o s imswomsa s T ars sobaevos Rosen g sso s N S Ac L Y439t 6
Figure 1.3 Représentation schématique d'une SSV ......oivviiimincineniveinecerec e, 8

Figure 1.4 Représentation schématique d'une vésicule lipidique immobilisée par des
interactions hydrophobes entre les lipides et les ligands alkyles recouvrant la

surface Ot SUPPOTE S0HAE i..... e smiricssinsiasssssin Saimmiscbism sononsatus s assesabasn 10

Figure 1.5 Représentation schématique d'un liposome biotinylé immobilisé par des
liaisons (strept)avidine-biotine dans un gel poreux et & la surface d'un

LRI e om o e 53158934955 608 2918900 i o s i 48 AP Bt 12

Figure 1.6 Représentation schématique de membranes artificielles immobilisées (IAM)

Figure 1.8 Représentation schématique d'un peptide amphiphile transmembranaire inséré

dans une bicouche lipidique perpendiculairement au plan de la membrane.. 18

Figure 1.9 Représentation schématique de liposomes immobilisés & la surface d'une bille

de polymeére par l'intermédiaire d'ancres peptidiques.......occeveeieereeereniinnnen. 18

Figure 1.10 Représentation schématique de liposomes immobilisés dans une matrice
polymére chargée positivement par lintermédiaire  d'interactions

Al e TS IIES cuui it o rrees e s oo baiobibors s s e Fa s el oo pbussbu Siimsisimans S s Siml o 4 20



Figure 1.11 Courbe d'affinité de K;A2L3A10WKs pour des vésicules de POPC:POPG
EESL TP e comtns G i e AT e s i i b B S PR e 23

Figure 1.12 Structure de la calcéine et de la SRB........coiuvrrernencnisnnenansensnnrarancc e 25

Figure 1.13 Variation de l'efficacité de l'auto-extinction de la calcéine et de la SRB

encapsulées dans des vésicules de POPC en fonction de leur concentration

ItOrne (PR 6) icoiicicasiaminneermessposivsisndovmnancmunssnns dbsndtasdsivonsso dns vassbienwsinabsons 26

Figure 1.14 Variation de l'intensité de fluorescence de la calcéine lors du relargage

induit par l'addition de mélittine en présence de vésicules de POPC et par
l'addition de KoAslsApgWKs en présence de vésicules de POPC:POPG
[B5715) ceucmen st nemmameumarasrasresnayyes sssmmensasere suameanes shboogmat a3 b g 47445 0 s bvs semtinanas 28

Figure 1.15 Région située entre 2850 et 3050 cm™ du spectre FTIR correspondant aux
bandes d'absorption associées 4 1'élongation C-H des chaines acyles pour le

poly(N-isopropylacrylamide-co-N-acryloxysuccinimide) (98-2) a 25°C

COITEHE POUE TBRE - cv.ooe i onsieii s suiiass va Voo ¥ svivsi s ommmsi e st < 4s A e sy S mE TG ars s 30
Figure 1.16 Mode de vibration Amide I du groupement amide. .....occoveiivciinicinnnnnen 30

Figure 2.1 Binding isotherms determined by the shift of the fluorescence band
maximum of the tryptophan of KoALzA1eWKs and KsWAjlzAsK,
AoLsA19WK, and A;,WKs to vesicles in the fluid phase: POPC, POPG and
POPCIPOPE (BHE 15 i1s5smsmsurssossomneisossmmnssnue s3s onsatumssommes msmsgaspas snsys sisapasss 45

Figure 2.2 Fluorescence emission spectra for KoAzLsA10WK with and without POPC.
The peptide and the lipid were cosolubilized in a mixture of organic solvents,

colyophilized and then hydrated. Rj = 562 ....eovvvvvereneniniciiiinnnceiens 47

Figure 2.3 Isotherms of KoApLsAjwWKs and ArLsA;j9WKs binding to POPC:POPG

TTICITIDTATIES vvvnverneeneennermeerenseensestossssssanssossssssnesnsssrnsrossentananrssssnsssnsssassanssansanes 49

Figure 2.4 CD spectra of KeWA;9LsA2Ko, KoAzL3A10WKe, AlzAjsWKs and ApaWKe
free in the buffer and with POPC:POPG (85:15) vesicles......corvurrmvarrann. )



xi

Figure 3.1 Schematic representation of the peptide-polymer system which is used to

immobilize the enzyme-containing lIpOSOMES..cccovereeeerimieeinrcee e 60

Figure 3.2 Quantity of immobilized lipids on the polymer support grafted with the
deprotected Apl3A10WKs peptidic anchor and on the support grafted with
protected AoLsA;gWKs as a function of the POPG content in the vesicles
made of POPC:POPG mixtures. The binding constant (K;) of the free peptide
e, shows) TOr Three POPET e ruiesstiis s sss 6850 peobe obhstien s s smimes dsmbamt s sigens 67

Figure 3.3 Relative activity for the immobilized membrane-active enzyme y-GT and for
the adsorbed enzyme on the polymer-deprotected AL zA10WKs system
plotted as a function of the number of utilization cycles. As a control
experiment, the loss of the enzyme was periodically probed (N = 0, 5 and 10)
by measuring the enzymatic activity in the supernatant for the immobilized
enzyme and for the adsorbed enzyme. The activity assay was made at 25°C

and the absorbance was measured at 410 DM «....oovvevinviiinniieniiiieee s 70
Figure 4.1 Preparation of the linear copolymer and related hydrogels.......cccceevceeneennee 83

Figure 4.2 Determination by FTIR spectroscopy of the LCST of PNIPAS following as a
function of temperature the position of the asymmetric and symmetric vc-n
bands of the N-isopropyl groups and the asymmetric vcu band of the

methylene groups of the backbone. The ligth transmittance of the same

solution observed at 600 nm 1S al1SO SHOWN.e.uveverevieeceee e rrer e e enenne 84

Figure 4.3 FTIR spectra of PNIPAS in the vc.i region and the amide I and II region at
25, 35 a0d 45°%C ettt s e e e s e s 85

Figure 4.4 Amide I band of a PNIPAS solution. A (25°C) and C (45°C) show the
experimental and simulated spectra. The three components obtained from the
band fitting and the residual curve are also displayed. B (25°C) and D (45°C)

show the corresponding deconvolved SPectra.. .. rrreveieicniieiiiiiiicinens 88



xii

Figure 4.5 Thermal variations of the relative intensity of each amide I component for

PNIPAS and the MBA-crosslinked hydrogel .....ooooeeeeiiniiiiniinnicinaninninans 89

Figure 4.6 Thermal transitions determined by FTIR spectroscopy following the variation
of the asymmetric vcn band position of the N-isopropyl groups as a function

of temperature for the MBA-crosslinked gel and the PL-crosslinked gel..... 92

Figure 4.7 FTIR spectra of the amide I and II region of the MBA-crosslinked hydrogel
and the PL-crosslinked hydrogel recorded at 25°C and 45°C ....coccnceininncnees 93

Figure 5.1 Synthetic schemes of the copolymers (PNIPAS) and the crosslinking of
PNIPAS DY POLYLYSINE c.ccveeriviniriirniesessmsssanssseseesemiassssinsnsssassnesassssassonescs 107

Figure 5.2 IR spectra of the monomers, NIPAAm and NAS, and the polymers,
PNIPAAM and PNIPASS .....cocceeveeerseessrissmissnesanisnssssssissassasessessssssssssansans 108

Figure 5.3 IR spectra of standard mixtures of NAS/NIPAAm monomers with defined

Figure 5.5 Fluorescence quenching measurements: the SRB release induced by the

addition of Triton-X as a function of time for free POPC/POPG vesicles and
for the same vesicles after immobilization on PNIPAS6-PLL.........oeeunenens 117

Figure 5.6 Elution profile determined by measuring the SRB absorbance and lipid

concentration as a function Of tIME ....vveevericrcmrere et rees s renaesss 119



BSA:

NAS:
NHS:
PC:
PL:

PNIPAAm:

PNIPAS:
POPC:
POPG:
P8

RMN:

LISTE DES ABREVIATIONS

Acide acrylique

Alanine

Albumine de sérum bovin (bovine serum albumin)
Dimyristoylphosphocholine

Degré de polymérisation

Infrarouge 4 transformée de Fourier (Fourier transform infrared)
y-Glutamyl transpeptidase

Chromatographie liquide & haute pression (high pressure liquid
chromatography)

Membrane artificielle immobilisée (immobilized artificial membrane)
Température critique de solution (lower critical solution temperature)
Grosse vésicule unilamellaire (large unilamellar vesicle)

Lysine

N,N'-Méthylénebisacrylamide

N-Acryloxysuccinimide

N-Hydroxysuccinimide

Phosphatidylcholine

Polylysine

Poly(N-isopropylacrylamide)
Poly(N-isopropylacrylamide-co-N-acryloxysuccinimide)
Palmitoyloléoylphosphocholine
Palmitoyloléoylphosphoglycérol

Polystyréne

Efficacité de I'extinction de la fluorescence (quenching)
Rapport molaire d'incubation lipide/peptide

Résonance magnétique nucléaire

xiii



Xiv

SRB: Sulforhodamine B
SSV: Vésicule sphérique supportée (spherical supported vesicles)
SUV: Petite vésicule unilamellaire (small unilamellar vesicle)

Trp: Tryptophane



REMERCIEMENTS

Je tiens & témoigner ici ma profonde reconnaissance 2 mes deux directeurs de
thése, les professeurs Julian Zhu et Michel Lafleur. Je remercie Julian de m’avoir
acceptée dans son groupe de recherche et d’avoir suivi ce travail avec un enthousiasme
communicatif. J’ai apprécié sa disponibilité, méme & distance, ainsi que la grande liberté
qu’il m’a laissée tout au long de ce travail, le constant intérét et la confiance qu’il m’a
accordés tout au long de ma recherche. Je remercie Michel d’avoir accepté de
m’accompagner tout au long de ce travail. J’ai tout particuliéerement appréci€ sa rigueur
scientifique ainsi que ses qualités humaines. Je le remercie pour sa grande disponibilité,
les discussions quotidiennes et stimulantes, et finalement pour son soutien quotidien tant

moral que scientifique.

Je remercie le Dr Michel Belletéte pour le support technique apporté lors des
expériences de fluorescence, ainsi que le professeur Gilles Durocher pour le prét des

appareils.

Je remercie toute I’équipe de I'atelier mécanique et d’électronique, ainsi que

Clément Chayer et Sylvie Marceau pour leur aide.

Je remercie Jean Lefebvre de I’Institut de Recherches en Biotechnologie,
responsable de la synthése des peptides, pour sa patience et ses réponses a mes

nombreuses questions.

Je remercie tous mes collégues d’en haut et d’en bas: Alexandra, Damien, David,
Fric, Iren, Lucie, Marcella, Mohand, Rachida, Sébastien, Sumitra, Sung Jong, Vera,
Wilms ... et en particulier Chantal et Laurent qui m’ont accompagnée durant toutes ces

années. Je remercie Nancy pour son soutien quotidien, son amiti€ et sa bonne humeur.

Je remercie finalement mes parents pour leur soutien tout au long de mes études

et pour bien d’autres choses encore.



CHAPITRE 1

INTRODUCTION

1.1  Intérét de la recherche et applications possibles

L'immobilisation de vésicules lipidiques ou de cellules sur des supports solides
fait 1'objet de nombreuses recherches dans le domaine de la chimie. Les membranes
biologiques et modéles sont capables d'interagir plus ou moins fortement avec une
grande variété de biomolécules, incluant les médicaments, les sucres, les acides aminés,
les acides nucléiques et les protéines. Cette propriété fait des membranes lipidiques des
entités de choix dans la mise au point de nouvelles phases stationnaires pour l'analyse
chromatographique de biomolécules. Par extension, d'autres applications peuvent étre
envisagées, telles que la mise au point de réacteurs enzymatiques ou l'immobilisation de
cellules entieéres. Au cours de cette thése, nous allons donc présenter le design et le
développement de nouveaux supports polymeéres permettant d'immobiliser de fagon
stable et rapide des vésicules lipidiques intactes. L'aspect innovateur de ces supports est
qu'ils sont constitués de polymeéres auxquels sont couplés des (poly)peptides qui servent
de sites d'ancrage aux membranes. Leur polyvalence sera illustrée a l'aide des exemples
de libération contr6lée et de création d'un réacteur enzymatique.

La chromatographie est une technique analytique permettant de séparer, d'isoler
et d'identifier les composés d'un mélange. La chromatographie liquide & haute pression
(HPLC) en phase inverse est de plus en plus populaire notamment pour la séparation des
peptides. Dans ce cas, la phase stationnaire utilisée est hydrophobe. Selon leur
hydrophobicité, les peptides interagiront plus ou moins avec la phase stationnaire et

seront retenus en conséquence par la colonne. Cette technique d’HPLC en phase inverse
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est déja utilisée comme modele physico-chimique de systémes biologiques’, cependant,
ce modele reste éloigné de la membrane biologique.

Aujourd'hui, de nouveaux systémes chromatographiques sont développés: des
membranes lipidiques sont immobilisées sur la phase solide constituant la phase
stationnaire®™. Les analytes, en fonction de leur affinité pour les lipides interagiront plus
ou moins avec la phase stationnaire. De tels supports solides permettent d'étudier les
interactions entre les biomolécules et les membranes, de calculer des constantes
d'équilibre ainsi que l'énergie impliquée dans le phénomeéne d'adsorption. Ces phases
stationnaires peuvent aussi étre utilisées pour la purification de protéines
membranaires™ . Dans certains cas, des récepteurs peuvent étre recomnstitués dans les
membranes lipidiques immobilisées de la phase stationnaire et permettre d'étudier
l'interaction de ces récepteurs avec différentes protéines®.

Le méme type de support peut étre utilisé en biotechnologie pour la mise en
ceuvre de nouveaux réacteurs enzymatiques. En effet, l'immobilisation d'enzyme est un
secteur de la biotechnologie en développement car elle présente de nombreux avantages
tels que: une réutilisation possible de la biomasse, la possibilité d'arréter la réaction
enzymatique rapidement en enlevant l'enzyme du milieu réactionnel, la stabilisation de
l'enzyme, un milieu réactionnel non contaminé par l'enzyme (important dans l'industrie
alimentaire, la médecine et le pharmaceutique), ainsi que le développement de nouvelles
méthodes analytiques (biosenseurs, électrodes)g. Il existe une vaste littérature portant sur
l'immobilisation d'enzymes. Plusieurs stratégies peuvent étre utilisées, telles que la
réticulation de l'enzyme avec le support solide ou 2 sa surface, I'attachement covalent au
support solide, l'adsorption a la surface ou 2 lintérieur du support solide'’. Cependant,
plusieurs enzymes fonctionnent de fagon optimale lorsqu'elles sont solubilisées dans des
structures organisées. La reconstitution de l'enzyme dans une membrane permet
d'optimiser les performances de l'enzyme tout en la stabilisant. Afin de combiner les
avantages de limmobilisation d'enzymes sur un support solide & ceux de la
reconstitution de l'enzyme dans une membrane biologique, il est intéressant
d'immobiliser I'enzyme reconstituée dans une membrane lice 3 un support solide.

La membrane biologique étant principalement constituée de lipides, des supports

solides d'immobilisation de membranes peuvent aussi étre utilisés pour immobiliser des
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cellules vivantes. Les cellules ainsi immobilisées, capables de maintenir leur activité
métabolique pendant une longue période peuvent présenter des applications intéressantes
dans des domaines tels que la médecine (développement d'organes artiﬁciels“),
I'environnement (immobilisation de bactéries') ou la biologie (étude de la prolifération

des cellules™).

1.2 Systemes déja existants

Dans la littérature, il existe de nombreux exemples de systémes permettant
d’immobiliser des lipides. On peut séparer tous les systémes mis au point en fonction de
la stratégie utilisée pour immobiliser les lipides. Ils peuvent étre divisés en deux grandes
familles: les méthodes mettant en jeu une interaction non covalente entre le support
solide et les lipides et les méthodes impliquant un lien covalent. Dans chacun des cas,
nous analyserons les avantages et les inconvénients de chacune des méthodes et nous

détaillerons certaines des applications développées.

1.2.1 Immobilisation non covalente des lipides:
1.2.1.1 Piégeage dans une matrice polymeére:

Lors du piégeage des liposomes dans un réseau de chaines de polymeére
enchevétrées, aucune interaction spécifique n'est impliquée entre les lipides et le support
solide (Fig. 1.1). Les objectifs visés sont d’immobiliser les lipides de facon & avoir la
plus grande surface lipidique possible et & maximiser les interactions analyte-phase
stationnaire. Plusieurs méthodes sont utilisées afin de piéger les liposomes, telles que la
dialyse, des cycles successifs gel-dégel, la lyophilisation suivie d’une réhydratation et
I’évaporation en phase inverse. Chacune de ces méthodes posséde ses avantages et ses
inconvénients. Un des principaux inconvénients communs 2 ces méthodes est la faible

stabilité de I’immobilisation. Sous I'effet de gradients d’élution, de la pression ou du
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matrice polymere

vésicule lipidique
piégée

i X
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Figure 1.1 Représentation schématique d'un gel poreux contenant des liposomes

piégés dans les mailles du réseau polymere.



Chapitrel : Introduction 5

stockage, on observe une diffusion des liposomes vers l'extérieur de la matrice
polymere. De plus, avec les méthodes décrites ci-dessus, il est impossible d’encapsuler
des molécules 3 I’intérieur des vésicules. La dialyse présente en plus l'inconvénient
d'étre un procédé lent, impliquant l'utilisation de détergents. Ces méthodes peuvent aussi
mener 2 l'obtention de vésicules multilamellaires, ce qui peut étre problématique pour
certaines applications. Cependant, aucune modification préalable des lipides ou du
support n’est nécessaire et la nature des lipides immobilisés peut étre facilement
modifiée.

De tels biomatériaux ont été mis au point par Lundahl et al et sont utilisés
comme supports chromatographiques. Les formes monoméres et diméres de l'albumine
de sérum bovin (BSA) ont pu étre ainsi séparées par chromatographie sur une colonne
de Sépharose 6B dans laquelle ont 6été piégées des vésicules constituées de
stéarylamine/lécithine d'ceuf (20/80). Les protéines sont alors adsorbées a la surface des
liposomes et séparées en fonction de leur charge et de leur taille'. Des vésicules de
phosphatidylsérine/phosphatidylcholine (PC) ont aussi été piégées dans des billes de gel
d’agarose et utilisées pour séparer des protéines telles que le lysosyme, la ribonuclease
A et le cytochrome C". Le potentiel de cette approche est grand puisque de multiples
supports peuvent étre mis au point en variant la composition des vésicules immobilisées.

La y-glutamyl transpeptidase (y-GT), une enzyme membranaire modele, a pu étre
immobilisée dans des billes de gels par piégeage des liposomesm’”. Le bioréacteur
obtenu présente tous les avantages liés a I'immobilisation des enzymes. La y-GT ainsi
immobilisée et reconstituée dans une membrane lipidique est activée et stabilisée. En
vue d’applications reliées aux enzymes, le mode d’immobilisation des liposomes est un
paramétre trés important car certains traitements peuvent dénaturer enzyme et affecter
son activité (présence de détergent lors de la dialyse qui peut s’avérer dénaturante,
tampons utilisés) ',

Des cellules entiéres peuvent aussi étre piégées dans les pores d’un support
polymére. Des cellules de foie ont ainsi pu &tre piégées dans les pores d'un support
microporeux & base de cellulose recouverts de collagéne. Un tel bioréacteur peut étre

utilisé comme foie artificiel" (Fig. 1.2).
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Figure 1.2 Micrographies a balayage électronique d'hépatocytes immobilisés sur un

support microporeux (agrandissement: A, x 700; B, x 2000y,
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1.2.1.2 Immobilisation par adsorption: Vésicules sphériques supportées

(SSV)

Une bicouche de lipide peut étre adsorbée a la surface de billes de silice. Le
support est alors recouvert d’une bicouche lipidique séparée de la surface du support par
une mince couche d’eau (Fig. 1.3). Ces supports ont tout d’abord été développés afin de
combler le manque de systémes modeles unilamellaires, avec une forme bien définie,
préférablement sphérique, ajustable, avec une étroite distribution de taille. De tels
modeles permettent d’obtenir des informations fondamentales sur la structure et la
dynamique des membranes biologiques. Ces systémes modeles ont été développés par
Bayerl et al'® et sont appelés vésicules sphériques supportées ou SSV pour “spherical
supported vesicles”. Dans ce cas, des vésicules intactes ou des cellules ne peuvent étre
immobilisées sur le support.

Une bicouche de dimyristoylphosphocholine (DMPC) a été adsorbée sur une
bille de verre'®. Les propriétés physiques de la membrane ont pu &tre étudiées par
résonance magnétique nucléaire (RMN) du H. Des paramétres tels que la taille des
billes ainsi que la nature des lipides sont facilement modifiables. De plus, les bicouches
immobilisées présentent la méme température de transition, ainsi que les mémes
propriétés dynamiques qu’une bicouche sans support.

La méthode de SSV peut étre utilisée pour recouvrir la surface de gel de silice
utilisés en chromatographie. Certaines protéines possédent une affinité différente pour la
bicouche lipidique selon qu’elle est en phase gel ou en phase fluide. Cette propriété a 6té
utilisée pour isoler la ‘bindine’, une protéine extraite du sperme de I'oursin, qu'on
adsorbe lorsque les SSV sont en phase gel et qu'on désorbe lorsque la température de la
colonne est augmentée au-dessus de la température de transition des SSV°. Un tel
systéme a aussi permis de séparer des protéines avec différents points isoélectriques
dans des conditions douces (sans nécessiter de changement de force ionique), par simple

chauffage®.
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bicouche

lipidique

i"‘“;". i g
Lo
Ill|"““““““““““ll bille de verre

Figure 1.3 Représentation schématique d'une SSV*,
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1.2.1.3 Adsorption avec interaction hydrophobe:

Les vésicules peuvent étre adsorbées sur des surfaces et dans ce cas, des dérivés
hydrophobes du support solide doivent étre préparés (Fig. 1.4). Les groupements
hydrophobes interagissent alors avec le segment hydrophobe des lipides. Le groupement
hydrophobe sert alors d’ancre entre le support solide et les lipides. Cette méthode est

utilisée pour immobiliser des bicouches lipidiques planes'®?

6,23

ainsi que des vésicules
intactes sur différents types de surfaces. La nature des lipides, les conditions
thermodynamiques d'immobilisation, ainsi que la nature et la densité des ligands
hydrophobes sur le support déterminent l'organisation des lipides immobilisés. Dans
certaines conditions, on peut méme induire la fusion des vésicules et utiliser ce
phénomeéne pour étaler les bicouches lipidiques sur le support. Dans la suite de ce
travail, nous nous interesserons principalement a l'immobilisation de liposomes. Pour
des applications en chromatographie, l'existence d'interactions parasites entre les ancres
hydrophobes et les analytes doit étre prise en compte. De courtes chaines alkyles (de 4 a
12 carbones) ou des groupements aryles sont souvent utilis€s pour recouvrir le support
solide. Un tel systéme peut étre utilisé pour concentrer des vésicules, pour étudier les
interactions lipide/surface hydrophobe, la perméabilité des membranes, les interactions
membrane/médicaments ou pour immobiliser des enzymes membranaires.

Des billes d’agarose fonctionnalisées par des groupements octyls ont été utilisées
pour immobiliser des liposomes 2 base de lécithine d'ceuf. Ces billes ont été utilisées
comme phase stationnaire afin de séparer des solutés capables de pénétrer dans le
liposome de ceux qui ne le peuvent pasﬁ. Une protéine transmembranaire responsable du
transport du D-glucose 2 travers la membrane a été reconstituée dans la bicouche
lipidique et a permis de séparer I’énantiomere bioactif, le D-glucose de la forme inactive
L-glucose’. Le méme type de support a été utilisé afin de prédire la diffusion de
médicaments 2 travers la membrane®.

La méme stratégie a été utilisée pour immobiliser des cellules sur un substrat

fonctionnalisé par des lipides®.
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Surface fonctionnalisée par

des groupements alkyles

Figure 1.4 Représentation schématique d'une vésicule lipidique immobilisée par des
interactions hydrophobes entre les lipides et les ligands alkyles

recouvrant la surface du support solide”.
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1.2.1.4 Interactions spécifiques: avidine-biotine

L’interaction avidine-biotine peut aussi étre utilisée pour immobiliser des
vésicules lipidiques sur un support solide. Certaines applications chromatographiques
ont été mises au point par Lundahl et al®. Les billes de gel dérivées par de I’avidine ou
de la streptavidine permettent d’immobiliser des liposomes unilamellaires de taille
variable contenant une certaine proportion de lipides biotinylés. Cette technique permet
d’immobiliser de petites vésicules unilamellaires (SUV) ainsi que de grosses vésicules
unilamellaires (LUV) int2gres avec une grande stabilité. Un tel support est utilisé en

chromatographie, comme phase stationnaire®

ou en électrophorése capillaire pour
recouvrir les parois du capillaire®®, afin  d’étudier les interactions

médicaments/membrane (Fig. 1.5A et 1.5B).

1.2.2 Immobilisation covalente des lipides: Membranes artificielles
immobilisées (IAM)

Les membranes artificielles immobilisées (ou IAM pour “immobilized artificial
membranes”) ont été développées dans le but de mettre au point des supports
chromatographiques mimant les membranes biologiques®. Dans ce cas, la surface du
support doit &tre modifiée chimiquement afin de pouvoir se coupler avec un lipide (Fig.
1.6). Cette méthode permet d’obtenir une densité de recouvrement de la surface proche
de la densité des membranes biologiques. Cependant, les lipides ainsi immobilisés ne
possédent pas de mobilité latérale et une seule et unique couche de lipide recouvre ainsi
la surface du support solide. Ces propriétés font des supports JAM des supports tres
stables, pouvant &tre utilisés en milieu organique ou aqueux, pouvant supporter de fortes
pressions. Cependant, de tels supports ne sont pas optimaux pour reconstituer des
protéines membranaires car une seule couche de lipides recouvre la surface. Changer la
composition lipidique implique de recommencer une nouvelle synthése et immobiliser
deux lipides différents sur une méme surface nécessite une chimie particuliere. Comme
dans le cas des SSV, il s'agit du recouvrement dune surface et non pas de

I'immobilisation de vésicules intégres ou de cellules entiéres.
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Gel polymere

Liaison covalente

Lipide biotinylé

Avidine ou streptavidine

(A)

Section transversale d'un
) capillaire de silice

Couches de
liposomes biotinylés

Paroi interne du
capillaire

Figure 1.5  Représentation schématique d'un liposome biotinylé immobilisé par des
liaisons (strept)avidine-biotine dans un gel poreux (A)* et a la surface

d'un capillaire (B)*.
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lipide lié de fagon
covalente

bille de silice -

protéine
membranaire

A) (B)

Figure 1.6  Représentation schématique de membranes artificielles immobilisées
(IAM): lipides liés de fagon covalente au support solide (A) avec des

protéines reconstituées dans la membrane (B)’.
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Ces supports ont été utilisés pour caractériser au niveau moléculaire les interactions
solutés/IAM par RMN du 1P et étudier comment la structure et les propriétés des lipides
immobilisés sont perturbés par I’adsorption du soluté?’.

Ces supports fonctionnalisés sont aussi utilisés en chromatographie de maniére a
caractériser le rdle de certains acides aminés lors de 1'interaction protéine/membrane.
Par exemple, il a été montré que la cystéine stabilise les interactions entre le peptide et
les tétes phosphocholine des lipides de la membrane’.

Certaines phases stationnaires IJAM ont aussi ét€ mises au point afin de prédire le
transport de médicaments ou de biomolécules a travers la membrane biologique8’27. De
trés bons résultats ont été obtenus avec les stéroides, les alcools, les médicaments, les
acides aminés et les sels biliaires. Des constantes de liaisons, ainsi que des énergies
d’adsorption sont ainsi calculées.

LTAM a aussi été utilisée pour immobiliser des enzymes~. La trypsine et l'a-
chymotrypsine ont été piégées dans les cavités hydrophobes du support IAM. Lactivité
des enzymes ainsi immobilisées a été déterminée et des informations sur les interactions

enzyme/substrat et enzyme/inhibiteur ont ét€ obtenues.

1.3  Notre approche

Au cours de cette étude, nous allons développer de nouveaux supports solides
permettant d'immobiliser des vésicules lipidiques via des (poly)peptides. Comme
détaillé précédemment, il existe déja de nombreux systémes fonctionnels dans la
littérature. La plupart de ces systémes nécessitent au préalable une modification
chimique des lipides ou du support solide, conduisent 4 une immobilisation peu stable
ou sont longs A mettre en ceuvre. Au cours de ce travail, on a donc voulu mettre au point
des supports polyméres présentant certaines caractéristiques. On a tout d'abord voulu
développer des méthodes permettant une immobilisation rapide et simple des liposomes.
De plus, on souhaite que la perméabilité des liposomes ne soit pas perturbée lors de

I'interaction avec le support solide, afin que l'on puisse immobiliser des liposomes
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intacts, avec un volume encapsulé 2 l'intérieur. Ceci pourrait étre avantageux pour des
applications futures. L'immobilisation doit aussi étre la plus stable possible pour pouvoir
résister 2 I'élution par de grandes quantités de tampon (applications chromatographiques)
ou a des étapes de centrifugation. Le support ne doit pas étre soluble dans des solvants
des lipides tels que I'éthanol afin que I'on puisse le laver et le réutiliser pour immobiliser
de nouveaux liposomes. Les systémes mis au point seront suffisamment polyvalents
pour permettre l'immobilisation de plusieurs types de lipides, l'interaction entre le
support solide et les lipides impliquant soit des interactions électrostatiques avec la téte
polaire des lipides ou des interactions hydrophobes avec les chaines acyles des lipides.
Les supports utilisés doivent aussi étre biocompatibles, non dénaturants pour les
protéines afin d'étre utilisables en enzymologie. Pour certaines applications spécifiques,
le support doit étre résistant a la pression. Au cours de ce travail, nous allons donc
développer des supports solides ayant pour point commun d'impliquer une ancre
peptidique entre le support et les vésicules. Nous utiliserons deux types de peptides
faisant intervenir des interactions différentes entre les lipides et le peptide. Ces peptides
seront couplés de fagon covalente a des supports polymeres de nature différente.

Dans la suite de ce travail, nous utiliserons des vésicules lipidiques constituées de
palmitoyloléoylphosphocholine (POPC) et de palmitoyloléoylphosphoglycérol (POPG),
deux phospholipides qu'on retrouve en grande quantité dans les membranes cellulaires
animales et bactériennes®. De plus, ces lipides sont en phase fluide & température
ambiante puisque leur température de transition de phase gel-cristal liquide est de -2°C
pour la POPC et de 1°C pour le POPG™. La charge de la membrane sera modulée en
variant la proportion de POPC (globalement neutre) et de POPG (chargé négativement).

1.3.1 Développement d'un systéme polymére-peptide amphiphile

Lors de ce projet, nous avons choisi d'utiliser un peptide amphiphile pour jouer le
role d'ancre entre le support solide et la vésicule lipidique. Dans ce cas-ci, l'interaction
entre le support et la vésicule devrait impliquer des interactions électrostatiques et
hydrophobes. La premiére étape dans ce travail consistera a mettre au point un peptide

amphiphile le plus simple possible, capable d'interagir spontanément et fortement avec
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les vésicules, sans perturber leur perméabilité. Afin que le peptide perturbe le moins
possible les membranes et que l'insertion soit la plus stable possible, nous avons choisi
la séquence d'acide aminés afin d'avoir un peptide hélicoidal et transmembranaire. Nous
nous sommes inspirés de peptides existant déja dans la nature et possédant ces
caractéristiques pour le choix des acides aminés>’. Nous avons choisi une séquence
primaire amphiphile, et nous avons ainsi congu quatre peptides avec des modifications
systématiques de la séquence (Fig. 1.7, Table I). Dans tous les cas, les peptides choisis
possédent un segment hydrophile constitué par des lysines (Lys) et un segment
hydrophobe constitué par des alanines (Ala). La longueur du segment hydrophobe a €té
choisie en fonction de 1'épaisseur hydrophobe d'une bicouche lipidique classique (26 A
pour une bicouche a base de POPC32), en supposant que le segment hydrophobe adopte
une conformation en hélice o.. Un peptide plus court sera aussi synthétisé: Az WKe. Son
segment hydrophobe a une longueur & peu prés équivalente a I'épaisseur hydrophobe
d'une couche de lipide (Fig. 1.8 B). Pour KeWA93LsAK, et KoAzL3A10WKs, le segment
hydrophobe est terminé & chaque extrémité par un segment hydrophile dans le but de
stabiliser linsertion au cas on le peptide s'insérerait dans la bicouche
perpendiculairement au plan de la membrane (Fig. 1.8 A). Ces deux peptides possédent
la méme séquence d'acide aminés avec inversion des extrémités COOH et NH} afin que
l'on puisse déterminer l'influence du sens du peptide sur ses caractéristiques, parametre
important lors de limmobilisation du peptide sur un support solide par une des
extrémités. Les structures secondaires, ainsi que l'affinité pour des vésicules lipidiques
de ces quatre peptides sont déterminées. Leur influence sur la perméabilité des
membranes est aussi estimée. Le peptide présentant les propriétés les plus appropri€es
comme ancre de vésicules est ainsi identifié. Ce peptide est alors synthétisé en phase
solide sur une résine de synthése peptidique classique, & base de polystyréne (PS)
réticulé par du divinylbenzéne. Le systéme polymeére/peptide obtenu (Fig. 1.9) est alors
utilisé pour immobiliser des vésicules lipidiques. L'affinité du systéme pour des
vésicules, ainsi que l'influence de l'immobilisation sur leur perméabilité est déterminée.
Le systéeme polymére/peptide amphiphile obtenu est un support facilement synthétisable
en phase solide. Les billes de polymeres & base de PS possédent les qualités de stabilité

requises. Il en est de méme pour le lien amide entre le peptide et le support solide.
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Figure 1.7 Représentation schématique des structures primaires des peptides

synthétisés.
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Figure 1.8 Représentation schématique d'un peptide amphiphile transmembranaire

inséré dans une bicouche lipidique perpendiculairement au plan de la
membrane. Insertion de KsWA1oLzAK> ou de KoALzA19WK (A) et de
AWK (B).

ancre peptidique

bille de polymeére

Figure 1.9  Représentation schématique de liposomes immobilisés 2 la surface d'une

bille de polymére par l'intermédiaire d'ancres peptidiques.
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L'étape d'immobilisation est rapide et triviale a mettre en ceuvre et ne nécessite
aucune modification préalable des lipides. Les vésicules immobilisées sont intactes. Le
systéme mis au point posséde les caractéristiques souhaitées lors du design et peut étre

utilisable pour de nombreuses applications.
1.3.2 Développement d'un hydrogel chargé positivement

Dans ce systéme, les interactions entre les liposomes et le support solide sont
majoritairement électrostatiques. La polylysine, un polypeptide cationique est utilisé
comme ancre, ainsi que comme réticulant. Contrairement au systeme précédant ou les
vésicules sont principalement immobilisées & la surface des billes de polyméré, dans ce
cas, on a voulu mettre au point un hydrogel permettant de piéger des vésicules en
surface mais aussi a l'intérieur des mailles du réseau. L'hydrogel développé est copstitué
de poly-N-isopropylacrylamide (PNIPAAm), un polymeére thermosensible compatible
avec de nombreuses biomolécules, déja couramment utilisé pour des applications
biomédicales, réticulé par de la polylysine. Les groupements amine de la polylysine
servent de points d'attache pour les chaines de PNIPAAm ainsi que d'ancres chargées
positivement pour l'immobilisation des vésicules. Ces segments chargés sont aussi bien
en surface qu'a I'intérieur du gel. En plus d'assurer ce role d'ancres, ces charges positives
augmentent le degré d'hydrophilie de I'hydrogel ainsi que son taux de gonflement.
Différents hydrogels ont été synthétisés en utilisant des polylysines plus ou moins
Jongues et en variant le nombre de points d'attache par chaine de PNIPAAm. Ces
hydrogels sont utilisés pour immobiliser des vésicules lipidiques (Fig. 1.10). L'influence
de l'immobilisation sur la perméabilité des vésicules est aussi estimée. Le systeme
développé permet d'immobiliser des vésicules sans perturber leur perméabilité. De plus,
les propriétés thermosensibles du PNIPAAm permettent d'envisager des applications

spécifiques reliées 2 la libération controlée.
1.3.3 Applications

Les deux systémes mis au point au cours de cette these permettent d'immobiliser
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segment de polylysine

matrice polymeére
< chargée positivement

vésicule piégée
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Figure 1.10  Représentation schématique de liposomes immobilisés dans une matrice
polymére chargée positivement par I'intermédiaire d'interactions

électrostatiques.
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des vésicules intactes de fagon stable. De nombreuses applications peuvent donc étre
envisagées pour ces deux systémes. Au cours de ce travail, nous développerons une
application pour chaque systéme.

Le systtéme polymeére-peptide amphiphile est utilisé pour immobiliser des
liposomes dans lesquels sont reconstitués une enzyme membranaire. La y-GT est utilisée
comme enzyme membranaire modéle. L'enzyme est alors reconstituée dans la membrane
lipidique par simple gel-dégel. Le mélange enzyme libre-enzyme reconstituée est alors
mis en contact avec le systtéme polymere-peptide. Un simple lavage permet d'éliminer
l'enzyme non immobilisée. L'activité de I'enzyme ainsi immobilisée est alors mesurée.
Un des principaux avantages d'un tel systéme est que l'immobilisation des vésicules
contenant l'enzyme est trés simple et trés rapide & mettre en ceuvre. De plus,
I'immobilisation est suffisamment stable pour permettre un lavage et une réutilisation de
la biomasse. Le bioréacteur enzymatique développé est utilisable pour plusieurs cycles,
l'activité de l'enzyme étant conservée.

Dans le cas du systéme polymére-polylysine, le polymére choisi comme base
pour la synthése de I'hydrogel est un polymeére thermosensible qui présente la propri€té
d'étre solubilisé en bas de la température de solution critique (ou LCST pour “lower
critical solution temperature™) et insoluble au-dessus de la LCST. La température de
transition du PNIPAAm est située aux alentours de 30-35°C, c'est-a-dire proche de la
température physiologique. Cette propriété fait des hydrogels a base de PNIPAAm, des
biométériaux intéressants dans le domaine biomédical et permet d'envisager pour
I'hydrogel développé au cours de ce travail des applications particuliéres exploitant
l'aspect thermosensible du support. Le support solide résultant de la réticulation du
PNIPAAm par de la polylysine est un hydrogel thermosensible ayant une température de
transition aux alentours de 35°C. Lorsque la température est amenée au-dessus de 35°C,
les chaines polyméres subissent une réorganisation et de l'eau est expulsée de I'hydrogel.
Lors de cette transition, on peut supposer que les vésicules immobilisées sur ce support
sont affectées par cette réorganisation des chaines de polymere. L'application
développée au cours de ce travail consiste donc & immobiliser sur le support
polymeére/polylysine des vésicules encapsulant un composé fluorescent et a déclencher

la libération du composé encapsulé par une augmentation de la température au-dessus de
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la LCST de I'hydrogel. Un tel systéme pourrait présenter des applications dans le

domaine de la libération contrdlée de médicaments™.

1.4  Les techniques utilisées

14.1 Principe d'utilisation de la fluorescence du tryptophane pour les tests
d'affinité

Le design des peptides amphiphiles inclut volontairement un seul tryptophane, et
ce dans un but analytique. Dans la littérature, le tryptophane de peptides modéles ou
biologiques, tels que la mélittine est fréquemment utilisé comme sonde afin de
déterminer 'affinité de ces peptides pour les membranes lipidiques® . En effet, comme
le maximum d'émission du tryptophane dépend de la polarité du milieu dans lequel il se
trouve, on observe un déplacement de ce maximum d'émission lorsque le tryptophane
passe du milieu aqueux au milieu hydrophobe la membrane. Au fur et & mesure que la
proportion de peptides liés augmente, on observe un déplacement progressif du
maximum vers les courtes longueurs d'onde ou déplacement hypsochrome.

Les courbes d'affinité du peptide pour un type de membrane représenteront donc
la variation du maximum d'émission du tryptophane en fonction du rapport molaire
d'incubation lipide/peptide (R;) (Fig. 1.11).

Le pourcentage de peptide lié pourra étre estimé de la facon suivante

Ao — )
( libre )"observee ) x1 OO

% Jié =
ole ()Llibrc - A’h’é )

ol Asp. correspond a la longueur dlonde associée au maximum d'émission du
tryptophane en milieu aqueux et A;s 2 la longueur d'onde associée au maximum
d'émission du tryptophane lié & la membrane (c'est-a-dire 4 la longueur d'onde

correspondant au plateau de la courbe d'affinité, lorsque l'on considére que tous les
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Figure 1.11  Courbe d'affinité de KrA,LzA;WKg pour des vésicules de POPC:POPG
(85:15)™.
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peptides sont liés). On fait alors l'approximation que Aobseree est directement
proportionnelle au pourcentage de peptide lié. Ce pourcentage nous permettra d'obtenir

les isothermes de liaison des peptides aux membranes.
1.4.2 Technique d'analyse de fuite

La technique d'analyse de fuite permet de suivre la libération de matériel
encapsulé dans des vésicules suite & une perturbation. Clest une approche simple pour
examiner si l'imperméabilité des vésicules est conservée durant limmobilisation ou
linsertion des peptides modéles. Dans notre cas, nous utilisons une molécule
fluorescente pour sonder la perméabilité des vésicules. Cette approche est basée sur la
propriété d'auto-extinction de la fluorescence de la sonde. Deux sondes fluorescentes ont
été utilisées au cours de ce travail: la calcéine et la sulforhodamine B (SRB) (Fig. 1.12).
Ces deux sondes présentent les propriétés requises pour ces expériences de fuite”. Les
deux composés fluorescents sont des espéces chargées, ce qui fait que la membrane
lipidique est pratiquement imperméable & ces sondes, et leur fluorescence est auto-
éteinte 3 haute concentration. Afin de caractériser l'auto-extinction de la sonde, nous

calculerons le facteur Q, 'efficacité de l'extinction de la fluorescence:

-Ii)XIOO
Iy

0-(1-
oi I représente l'intensité de fluorescence résiduelle provenant de la sonde encapsulée a
haute concentration et Ir lintensité de fluorescence totale, correspondant a 100% de
fuite, obtenue suite  la destruction de toutes les vésicules par addition de Triton X-100.
La figure 1.13 représente la variation de Q en fonction de la concentration pour les deux
sondes utilisées. A haute concentration, il y a existence d'interaction fluorophore-
fluorophore et extinction de la fluorescence. On a une valeur de Q d'environ 90%.
Lorsque Ia concentration de la sonde encapsulée diminue, on a une diminution de l'auto-
extinction et donc du facteur Q. La concentration de sonde a 1'intérieur des vésicules sera

choisie en fonction de la mesure a effectuer et de la sonde utilisée.
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Figure 1.12  Structure de la calcéine (A) et de la SRB (B).
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Figure 1.13  Variation de l'efficacité de l'auto-extinction de la calcéine (®) et de la
SRB (M) encapsulées dans des vésicules de POPC en fonction de leur

concentration interne (pH 6)°".
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Dans un premier temps, nous utiliserons la technique de fuite afin de caractériser
la libération d'un composé fluorescent sous l'effet d'une perturbation lors de l'interaction
avec un peptide. On pourra simplement suivre la libération de la sonde via
l'augmentation de la fluorescence (Fig. 1.14). Le fluorophore est encapsulé & haute
concentration & lintérieur des vésicules, ce qui meéne a l'auto-extinction de sa
fluorescence (Ig). L'addition de peptide, si elle perturbe la perméabilité de la membrane
induit la libération du fluorophore & l'extérieur de la vésicule. Le fluorophore se retrouve
alors dilué dans le milieu aqueux, ce qui entrafne une augmentation de l'intensité de
fluorescence (Ig). On peut alors calculer un pourcentage de fuite qui nous renseigne sur

la quantité de sonde libérée. Ce pourcentage est calculé selon I'expression suivante:

% ﬁ¢ite=g£I—B—)x100

(IT _IB)

Les concentrations de lipides et de sonde doivent remplir deux conditions, l'auto-
extinction de la sonde encapsulée doit &tre maximale et on doit se trouver dans la région
linéaire de fluorescence lorsque toute la sonde est libérée. Lorsqu'une vésicule libére une
fraction de son contenu, la concentration de sonde encapsulée diminue. Afin de pouvoir
négliger linfluence de la sonde encapsulée, il faut s'assurer que la concentration interne
reste suffisamment élevée méme en cas de fuite importante. En se placant a une
concentration de sonde encapsulée élevée, de l'ordre de 80 mM, on assure une bonne
auto-extinction de la sonde encapsulée, méme pour des fuites importantes.

Lors d'une deuxi®me approche, la technique de fluorescence a été utilisée pour
caractériser l'intégrité des vésicules suite 4 leur immobilisation sur un support solide.
Pour ce type de caractérisation, nous chercherons & déterminer l'efficacité de l'extinction
de fluorescence. Q nous renseignera sur l'évolution de la concentration interne des
vésicules. Pour plus de sensibilité de la mesure, on peut se placer a une concentration
interne de sonde plus faible, & la limite du plateau correspondant au maximum
d'extinction. Une faible diminution de la concentration interne de sonde se traduira alors

par une baisse significative de Q.
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Figure 1.14  Variation de l'intensité de fluorescence de la calcéine lors de la fuite
induite par I'addition de mélittine en présence de vésicules de POPC (----)
et par l'addition de KpA;LzA10WKs en présence de vésicules de
POPC:POPG (85:15) (—).
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1.4.3 La spectroscopie infrarouge

Au cours de ce travail, la spectroscopie infrarouge a transformée de Fourier
(FTIR) sera utilisée pour déterminer la LCST des polymeres lin€aires et réticulés.

Pour caractériser les interactions impliquées dans la transition se produisant a la
LCST, nous avons suivi le comportement de bandes associ€es & différents groupements
chimiques en fonction de la température. Nous avons tout d'abord étudié les bandes
d'absorption associées  I'élongation C-H des chaines acyles (vc-n) situées entre 2700 et
3100 cm™ (Fig. 1.15). Le déplacement associé & vcn est un outil utile pour suivre la
réorganisation des chaines alkyles avec la température. Les modes de vibration associés
3 I'élongation antisymétrique et symétrique des CHz sont sensibles a l'ordre des chaines
carbonées’®®. En suivant le déplacement du maximum de ces bandes en fonction de la
température, on pourra obtenir des informations quant a limplication de ces
groupements dans la transition, ainsi que des informations quant a leur ordre
conformationnel. Plusieurs facteurs peuvent influencer les bandes vcm, tels que
l'introduction de conforméres gauche, le couplage vibrationnel interchaine ainsi que la
librotorsion qui introduit des angles de torsion entre deux méthylénes“’“. Cependant, le
facteur le plus important reste I'ordre conformationnel.

La seconde région du spectre du polymére étudiée est située entre 1500 et 1700
cm™ et correspond a des vibrations caractéristiques du groupement amide. L'infrarouge
est une technique utilisée depuis 1950 pour étudier la conformation des peptides et des
protéines. Il existe 9 modes de vibration possibles pour le groupement amide. La
vibration Amide I située entre 1600 et 1700 cm™ correspond 4 la vibration d'élongation
C=0 du groupe amide couplé dans le plan au cisaillement N-H et I'élongation C-N (Fig.
1.16). La fréquence exacte de cette vibration dépend de la nature de la liaison hydrogene
impliquant le groupement C=O. La bande Amide II est aussi sensible a la conformation
du groupement amide. Au cours de cette étude, nous avons suivi l'état de liaison du
carbonyle du groupement amide & l'aide de la bande Amide I qui est la plus affectée par
la transition. Certaines études ont proposé que la bande Amide I des systemes polymeéres

semblables & ceux utilisés dans le travail inclut trois composantes, reflétant chacune un
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Figure 1.15  Région située entre 2850 et 3050 cm™ du spectre FTIR correspondant aux

bandes d'absorption associées & 1'élongation C-H des chaines acyles pour
le poly(N-isopropylacrylamide-co-N-acryloxysuccinimide) (98-2) a 25°C

corrigé pour l'eau.

Figure 1.16 Mode de vibration Amide I du groupement amide.
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état de liaison hydrogeéne différent pour le carbonyle impliqué. Aussi, au cours de ce
travail, nous décomposerons la bande en trois composantes et pourrons alors suivre les
proportions des états de liaison du carbonyle en fonction de la température. La
caractérisation des états de liaison du carbonyle nous renseignera quant a la nature des
interactions impliquées dans le phénomeéne de LCST et viendra compléter les

informations obtenues dans la région des C-H sur les groupements hydrophobes.

1.5  Description des projets

Au cours de ce travail, nous avons développé deux types de supports solides
permettant d'immobiliser des vésicules lipidiques intactes. Les deux systémes font appel
a des stratégies d'immobilisation différentes tout en impliquant dans les deux cas une
ancre peptidique. Dans un des deux systémes, l'ancre entre le support et les vésicules est
un peptide amphiphile, dans l'autre, l'ancre utilisée est un polypeptide cationique. La
premiére partie de cette thése sera consacrée a I'étude du systéme polymére/peptide
amphiphile, de la conception a l'application. La deuxieéme partie traitera du systeme
polymeére/polylysine, c'est & dire de I'hydrogel thermosensible.

Dans le deuxieéme chapitre, nous caractériserons les quatre peptides développés
afin de jouer le rdle d'ancre amphiphile entre le support solide et les vésicules. Leur
conformation en solution et en présence de lipides sera déterminée. Leur affinité pour les
vésicules en fonction de la proportion de lipides chargés négativement sera déterminée,
ainsi que leur effet sur la perméabilité de la membrane. Nous essayerons aussi de
déterminer la nature de linteraction peptide/lipide. Le peptide possédant les
caractéristiques les plus adaptées a l'immobilisation de vésicules sera identifi€.

Dans le troisiéme chapitre, nous étudierons les performances du systéme complet
constitué du peptide le plus performant greffé sur des billes de PS. Nous déterminerons
l'affinité du support solide pour des vésicules contenant différentes proportions de
lipides chargés négativement. Le systéme sera ensuite appliqué a l'immobilisation d'une

enzyme membranaire modele, la y-GT. La y-GT, reconstituée dans des liposomes
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contenant 50 % de lipides chargés négativement sera immobilisée sur le support solide.
L'activité de l'enzyme sera alors mesurée en fonction du nombre de cycle de
réutilisation.

La suite de la thése sera consacrée & l'étude du systéme a base de I'hydrogel
thermosensible. Nous commencerons par le quatritme chapitre en traitant de la
détermination de la LCST dans un hydrogel. Cette température est facile & déterminer
pour les chaines linéaires de polymere, la séparation de phase étant observable a I'eil nu.
En ce qui concerne les systémes réticulés, insolubles, tels que les hydrogels, cette
température de transition est beaucoup plus difficile & déterminer. Au cours de ce travail,
nous avons donc mis au point une méthode spectroscopique simple permettant de
déterminer cette LCST et de comprendre un peu mieux le phénomeéne. La spectroscopie
FTIR permet d’identifier les groupements du polymére impliqués dans la transition et de
déterminer plus précisément les interactions mises en jeu.

Dans le cinquiéme chapitre, nous détaillerons la synthése et la caractérisation de
différents hydrogels & base de PNIPAAm et de polylysine de différentes longueurs. La
capacité de ces différents hydrogels & immobiliser des vésicules intactes sera alors
déterminée. L'hydrogel le plus performant sera utilisé pour une application de libération
contrdlée du contenu des vésicules immobilisées, en fonction de la température.

Dans le sixiéme chapitre, nous concluerons quant a ’ensemble des résultats
obtenus au cours de ce travail. Nous envisagerons les améliorations possibles des

systémes développés, ainsi que les applications potentielles de ces deux systemes.
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2.1 Abstract

In an effort to develop a polymer/peptide assembly for the immobilization of
lipid vesicles, we have made and characterized four water-soluble amphiphilic peptides
designed to associate spontaneously and strongly with lipid vesicles without causing
significant leakage from anchored vesicles. These peptides have a primary amphiphilic
structure  with the following sequences: AAAAAAAAAAAAWKKKKKK,
AALLLAAAAAAAAAAAAAAAAAAAWKKKKKK,
KKAALLLAAAAAAAAAAAAAAAAAAAWKKKKKK and its reversed homologue
KKKKKKWAAAAAAAAAAAAAAAAAAALLLAAKK. Two of the four peptides
have their hydrophobic segments capped at both termini with basic residues to stabilize
the transmembrane orientation and to increase the affinity for negatively charged
vesicles. We have studied the secondary structure and the membrane affinity of the
peptides as well as the effect of the different peptides on the membrane permeability.
The influence of the hydrophobic length and the role of lysine residues were clearly
established. First, a hydrophobic segment of 24 amino acids, corresponding
approximately to the thickness of a lipid bilayer, improves considerably the affinity to
zwitterionic lipids compared to the shorter one of 12 amino acids. The shorter peptide
has a low membrane affinity since it may not be long enough to adopt a stable
conformation. Second, the presence of lysine residues is essential since the binding is
dominated by electrostatic interactions as illustrated by the enhanced binding with
anionic lipids. The charges at both ends, however, prevent the peptide from inserting
spontaneously in the bilayer since it would involve the translocation of a charged end
through the apolar core of the bilayer. The direction of the amino acid sequence of the
peptide has no significant influence on its behavior. None of these peptides perturb
membrane permeability even at an incubation lipid to peptide molar ratio of 0.5. Among
the four peptides, AALLLAAAAAAAAAAAAAAAAAAAWKKKKKK is identified as

the most suitable anchor for the immobilization of lipid vesicles.
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2.2 Introduction

The immobilization of lipid vesicles on a solid support can lead to a wide range
of applications including the development of chromatographic methods,? enzymatic
reactions on polymer resins with reconstituted enzymes in immobilized bilayers,3
controlled drug release systems®” and immobilizing devices for cells and cellular
aggregates.6 Several approaches have been developed for the immobilization of lipid
membranes. Micro-glass beads were coated with lipids to provide a spherical supported
vesicle (SSV).” Lipids were also immobilized covalently™ or sterically® on a solid
matrix to develop immobilized artificial membranes (IAM). Alternatively, anchors
linked to solid supports could be used to immobilize vesicles or cells, an approach which
has already been explored using lipidic anchors to graft polymers on vesicles.”'® Even
s0, stable immobilization with minimum perturbation remains a challenge. Our strategy
is to develop stable peptide/polymer assemblies in which amphiphilic peptide anchors
are used as alternative and versatile linkers.

The literature on model peptide-membrane interactions is rich and the knowledge
that has been developed is useful for de novo design of peptides. For our applications,
the best-suited anchoring peptides should be water-soluble and able to associate with
lipid bilayers spontaneously and strongly. The peptides should not perturb the
permeability of the membrane since the immobilized vesicles may be used as
microscopic containers. These specific features have to be characterized to identify
suitable peptides. Since the secondary amphiphilic peptides are often biologically
active,'* our designed peptides were inspired by the proteins and peptides with a primary
amphiphilic topology that corresponds to a sequence of polar and apolar segments.'* We
designed peptides  made of a hydrophobic segment of alanine and leucine and
hydrophilic end(s) that include lysine residues. We have synthesized and characterized
several peptides which are listed in Table I and referred to as K¢WAjolsAK,
KoAZLzA19WKs, AslzAjoWKs and AjsWKs.
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Peptide Primary structure

KWA LA K, KKKKKKWAAAAAAAAAAAAAAAAAAALLTLAAKK

Ky AzL3A 10 WK, KKAALLLAAAAAAAAAAAAAAAAAAAWKKKKKK
Aol 3 A1 WK AALLLAAAAAAAAAAAAAAAAAAAWKKKKKK
Ap WK AAAAAAAAAAAAWKKKKKK

Table I The primary structures of the model peptides

If the hydrophobic segment adopts a helical structure, the length of the longer
segment with 24 amino acids would be long enough to span typical bilayers. In our
studies, we used 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) as a
model membrane because its hydrophobic thickness (26 A ) is typical of that measured
for biological membranes. The unavoidable small mismatch between the length of the
apolar segment of the peptide and the hydrophobic thickness of the bilayer may be
counterbalanced by the lipids either by stretching or by disordering their hydrocarbon
chains.’*™ The shorter segment with 12 amino acids would correspond roughly to half a
bilayer. Alanine residues were used since they are known to form very stable a-
helices.'®'7 For the longer hydrophobic segments, three alanine residues were replaced
with leucine units to increase the hydrophobicity of the sequence and to promote the
formation a of a-helix.’®?* For KsWAsLsA2Kz and KoAzL3A19WK, two alanine units
were inserted between the leucine residues and the charged end to smooth out the
change in hydrophilicity. For Axl3A;oWKs, the same hydrophobic segment was
retained. For all the peptides, a tryptophan residue was inserted between the hydrophilic
and the hydrophobic segment as a convenient fluorescent probe to study peptide

binding.”** In

addition, the presence of tryptophan residues at the
hydrophilic/hydrophobic bilayer interface is common in natural pe:ptides/proteins24 and

is believed to provide enhanced stabilization of peptides in bilayers.ls’25 Lysine residues
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were chosen for the hydrophilic part since this amino acid favors helix conformation and
helps to solubilize the hydrophobic block. Moreover, the presence of positive charges on
the peptides is also expected to increase their affinity for biomembranes since the latter
generally contain a significant proportion of negatively charged lipids. For
KeWA;5L3AKs and KoAzLs AWK, the two hydrophilic ends with lysine residues were
thought to enhance their transmembrane stability.13 KoAoLzA10WKs and its reversed
homologue KsWA;ol3A;K, were compared (the reversed peptide refers to a peptide
with the same primary amino acid sequence but with the C-terminal and the N-terminal
group inverted). In the cases of Axl3A19WKs and AWK, only the C-terminal ends
include lysine residues.

In order to evaluate the potential of these peptides as efficient vesicle anchors,
we have characterized their secondary structures in the free and vesicle-bound forms
using CD. The affinity of the peptides for zwitterionic and for negatively charged
vesicles has been determined by the use of tryptophan fluorescence. Finally, the

potential influence of the peptides on vesicle permeability was examined.

2.3 Materials and methods

2.3.1 Peptides synthesis and purification

The peptides were synthesized using standard procedures for solid phase Fmoc
(9-fluorenylmethoxycarbonyl) chemistry. Automated synthesis was carried out using an
Advanced ChemTech synthesizer 396 MPS. The resin used was an Fmoc-Lys(Boc)-
Wang resin from Applied Biosystems Inc. (Foster City, CA). The peptides were purified
by reverse-phase high performance liquid chromatography on a Waters C-18 column
with a trifluoroacetic acid-acetonitrile-water mixture as the eluent. The purified peptides
were identified by mass spectrometry. The matrix-assisted laser desorption ionization
time-of-flight mass spectrometry experiments were carried out in a TOF Spec2E

(Micromass, Manchester, UK).
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2.3.2 Preparation of vesicles

POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) were
purchased from Avanti Polar Lipids (Birmingham, AL), calcein (2,4-bis-[N,N’-
di(carboxymethyl) aminomethyl] fluorescein) from Molecular Probes Inc. (Eugene,
OR), 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and Triton X-100
from Sigma (St. Louis, MO), and ethylenediaminetetraacetic acid (EDTA) from Aldrich
(Milwaukee, WI).

The lipid stock solutions were prepared by dissolving each lipid in a 95/5 (v/v)
benzene/methanol solvent and the lipid mixtures were obtained by mixing appropriate
volumes of the stock solutions. The lipids were lyophilized from the benzene/methanol
solutions and then hydrated with the calcein-containing buffer. Large unilamellar
vesicles (LUV’s) were prepared as previously described® by extrusion through
polycarbonate filters of 100 nm pore size. Phospholipid concentrations were determined

by the Fiske-SubbaRow phosphorus assay.”’
2.3.3 Binding studies

Intrinsic fluorescence of the single tryptophan of these peptides was used to
quantify the binding of the peptide to lipid vesicles.2? The binding studies were
conducted as reported.26 To describe the process briefly: 5 pM peptide suspensions were
prepared in a pH 7.4 buffer (20 mM HEPES, 2 mM EDTA, 100 mM NaCl). LUV’s were
prepared in the same buffer and diluted to about 10 mM. Lipid aliquots were added
stepwise to the peptide solution. Spectra were recorded after each lipid addition. The
wavelength of excitation was fixed at 280 nm and each spectrum was the result of 3
scans with an integration time of 0.3 s/nm. The spectra of blanks without the peptide
were also recorded and subtracted from the tryptophan emission spectra to eliminate the
Raman band of water and diffusion effects. The emission wavelength was measured as
the middle point at 3/4 height of the band in the emission spectra. This wavelength (Aau)
was determined by fitting the emission band with three peaks using GRAMS software
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(Galactic Industry, Salem) and determining As4 on the simulated spectra. This method
led to reproducible results and minimized the influence of the correction with the blank.
In a different protocol, KeWAoL3A-K; and KoAsL3A1 WK were colyophilized
with POPC to examine an alternative way of preparing the peptide/lipid complexes. The
lipids and the peptide were dissolved separately in a 70/30 (v/v) benzene/methanol
mixture. An aliquot of the peptide solution was lyophilized alone while a similar aliquot
was added to the POPC solution, vigorously stirred and then lyophilized. The two
samples were then hydrated and the lipid dispersion was extruded as described
previously. The spectra were recorded under the conditions described above. The exact
concentration of the peptide was determined by measuring the absorbance at 280 om (&

= 5600 Mcm™).
2.3.4 Leakage experiments

The leakage experiments were carried out by measuring the calcein release as
previously described.?® The phospholipids were hydrated with a dye-containing pH 7.4
buffer (80 mM calcein, 100 mM HEPES, 5 mM EDTA, 30 mM NaCl) and separated
from free calcein by size exclusion chromatography. The eluted LUV dispersion was
diluted into an isotonic external buffer (100 mM HEPES, 5 mM EDTA, 170 mM NaCl,
pH 7.4) to obtain a final lipid concentration of about 10-20 uM in the cuvette. The high
concentration (80 mM) of the encapsulated marker led to self-quenching of its
fluorescence, resulting in a low background intensity of the vesicle dispersion (I). The
peptide was added to the lipid dispersion in various ratios. The leakage of the dye was
monitored by measuring the increasing fluorescence intensity. The fluorescence
intensity measured after 10 minutes (/r) was used in the calculation. The experiments
were normalized relative to the total fluorescence intensity (I7), measured after complete
disruption of all the vesicles by Triton X-100 (0.1 vol%). The percentage of released

calcein was calculated according to the following equation:

(I —1p)

% release =100 (I—Tj
gt §

@)
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The fluorescence intensity of calcein was monitored using an excitation
wavelength of 490 nm, an emission wavelength of 513 nm and a response time of 0.3 s.

The experiments were done at room temperature with continuous sample stirring.

2.3.5 CD Experiments

The sample preparation was carried out in a pH 7.4 buffer (5 mM HEPES and 30
mM NaCl) or in the buffer used for the binding experiments, with a peptide
concentration of 20 uM. The LUV’s were prepared as described above but their
extrusion was performed on a 50 nm pore size filter to minimize light diffusion. They
were incubated for 45 minutes with the peptide prior to data acquisition. The CD spectra
were obtained between 185 and 260 nm at 25°C on a Jasco 710 spectropolarimeter. All
measurements were carried out with 1 mm path length cells. Each spectrum was the
average of 20 scans. CD and scattering due to the LUV’s were corrected by subtracting
the lipid spectra from that of the corresponding peptide-lipid suspensions. The observed
ellipticity was expressed as the mean residue ellipticity 6], normalized to units of deg
cm® dmol™. The o-helical contents (fg) were calculated by the use of the following
equation:

100 9k
fu =100 P2 @

ax

where [ @], is the experimentally-observed mean residue ellipticity at 222 nm and [ G]max
the maximal mean residue ellipticity value of the peptide. This value is dependent on the
chain length and can be estimated by [6]mx = [6]=(n-4)/n, where n is the number of
residues and [6]. the ellipticity at 222 nm for a 100% a-helical peptide®® (estimated to
be -40000 deg cm® dmol™ based on polylysine adopting exclusively an o-helical

secondary structure).
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2.4  Results and discussion
2.4.1 Binding of the peptides to lipid bilayers

The binding of KsWA19LaA Ko, KoAzLzA10WKs, AzlaA19WKs and A;2WKg to
bilayers was monitored by the use of the hypsochromic shift of the maximum emission
wavelength of their single tryptophan upon binding to lipid vesicles (Figure 2.1). Figure
2.1A shows the binding of KsWAlaAoK,; and KyAzLzA1eWKs to bilayers made
respectively of POPC, a zwitterionic lipid, POPG, a negatively charged lipid, and a
POPC:POPG (85:15) mixture. Free KpAxl3A;9WKs exhibits a maximum emission
wavelength around 353 nm, indicating the exposure of the tryptophan to the agueous
surrounding.zz’zs’29 A progressive down shift of this maximum can be observed when
lipid vesicles are added to the peptides. This shift is associated with the transfer of the
tryptophan to a less polar environment and is representative of the peptide binding to the
bilayer. The proportion of added lipids is expressed in terms of a lipid/peptide molar
incubation ratio (R;). For K;A;13A10WKs incubated with POPC there is a slight decrease
of the emission wavelength Az of about 1 nm. When 15% of negatively charged lipids
are present in the lipid matrix, a shift of Az by about 13.5 nm is observed. For pure
POPG wvesicles, the Asy shift is abrupt and a plateau at 340 nm is reached at an R; of 9.
The plateau indicates that the complete peptide binding is achieved. These results clearly
show that the presence of negatively charged lipids strongly increases the affinity of
K2AzL3A10WKg for the lipid vesicles and that the peptide/bilayer interactions are
essentially electrostatic. Similar results were obtained with the reversed peptide.
KsWA;0L:A2K, displays comparable shifts of its tryptophan fluorescence maximum,
indicating a very similar binding to these membranes. The A of KgWA 0l sAK, are
however always slightly shorter than those measured with KoAoLsA19WKs; this could be
attributed to a more polar surrounding of the tryptophan residue because of the presence
of two additional positive charges. Figure 2.1B displays the binding isotherms obtained
for AoLaA1o WK with the same vesicles. A significant and progressive decrease of A is
observed with neutral bilayers. However, a plateau is not well defined. When negative

charges are present in the bilayer (POPC:POPG = 85:15), a smaller amount of lipids is
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Figure 2.1

0 250 500 750

0 50 100 150

Binding isotherms determined by the shift of the fluorescence band
maximum of the tryptophan of (A) KoA;LzA;gWKs (—) and
KsWA; 1Lz AZK; (---), (B) AzLsA19WKs, and (C) AWKs to vesicles in
the fluid phase: POPC ( Ml ), POPG ( A ) and POPC:POPG (85:15) (@ ).
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needed to bind the peptides since a plateau is reached at an R; of 50. For pure POPG
vesicles, the plateau is obtained at 339 nm at an R; of 9. Figure 2.1C illustrates the
results obtained for the shorter peptide A;2WKg. In this case, no shift of Asy was
observed when POPC or POPC:POPG (85:15) vesicles were added, suggesting the
absence of binding. However, an abrupt shift from 352 nm to 336 nm occurred in the
presence of POPG vesicles and a plateau is observed from an R; of 20. It is concluded
that the hydrophobic segment is too short to lead to any significant insertion of the
peptide into the lipid vesicles and the absence of hydrophobic interaction is most likely
the origin of the weaker membrane affinity of this peptide as compared to
Ke WAL 3AK7, KoAzLzA1oWKs and Azl 3A10WKs.

The comparison of the binding of Ks WALz A Ky, KoALzA1 WK and
AsLsA0WK to vesicles of various compositions indicates that the presence of lysine
residues at both ends — as in the case of KeWA5LsA2K; and KoAxLzAjgWKe — limits
considerably the association with vesicles as compared to Azl3A;0WKs. This is
especially pronounced in the case of the electrically neutral phosphatidylcholine
membranes. KeWA1sLsAK, and KoAol3A19WKg have a long hydrophobic segment
which was initially designed to be in a transmembrane conforrpation guided by the
terminal lysines. However, one hydrophilic end must travel across the bilayer to adopt
this position; this translocation is most likely unfavored thermodynamically and may
prevent the insertion of the peptide. In order to ascertain this hypothesis, we have tried to
facilitate the insertion of K¢WApl3A-K, and KpALzA;gWKs in a zwitterionic
membrane by colyophilizing the peptides with POPC from a mixture of organic
solvents. As a reference sample, an identical aliquot of the peptide in the same mixture
was also lyophilized. The comparison between the emission spectra of the two hydrated
samples indicates the insertion of the peptide in the POPC bilayers when the sample
preparation includes a colyophilization step (Figure 2.2). The insertion is inferred from
the change in the tryptophan environment probed by the shift of the maximum of the
fluorescence toward shorter wavelength when the peptide is colyophilized with the lipid
relative to the spectrum of the free peptide. The value of Az shifts from 353 nm for the

free peptide to 342 nm in the presence of POPC at an R; of 562, a value typically
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Figure 2.2

Fluorescence intensity (au)

320 360 400
A (nm)

Fluorescence emission spectra for KoAoLzAjgWKg with (---) and without
(—) POPC. The peptide and the lipid were cosolubilized in a mixture of
organic solvents, colyophilized and then hydrated. R; = 562.
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observed for peptides interacting with bilayers (Figure 2.1). The same result was
obtained for KsWA;5L3A-Ks, with a shift of the wavelength from 351 to 339 nm at an R
of 130 (data not shown). These results reinforce the conclusion that the presence of
lysine residues at both ends of the peptide is unfavorable for its spontaneous insertion in
bilayers.

The changes in the Az of the fluorescence spectra have been used to obtain the
binding isotherms of KzAlzA;xWKs and AlsA10WKg to vesicles made of
POPC/POPG mixture (Figure 2.3). The proportion of bound peptide was estimated by
assuming a linear relationship with the shift of Az4. From the total peptide and lipid
concentrations and the proportion of bound peptide, the equilibrium concentration of
free peptide (C.) can be calculated. The extent of binding, defined as the molar amount
of peptide bound per mole of total lipids (X»), was also calculated. We have corrected
this value as previously suggested™ by estimating that about 60% of the total lipids are
in the outer half layer and therefore exposed to the peptide. An effective binding (X,*) is

expressed by

Xy

X =
706

)

A plot of Xp* versus C., yields the conventional binding isotherm. The curves
display a non-linear behavior. This anticooperativity of the binding can be attributed to
the variation of the electrical potential at the membrane surface upon peptide binding. A
model has been developed® to distinguish between the long-distance interactions
between the peptide and the membrane (described by the Gouy Chapman approach) and
the short-distance interactions (described by a binding constant, associated to the
transfer of the free peptide from the membrane neighborhood to the bilayer bound form).
This approach allows us to describe the non-linear binding curves obtained for

K2A2L3A19WK5 and A2L3A19WK5.
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Figure 2.3 Isotherms of KaAzl3A15WKs ( @ ) and AoLzAj0WKs (Ml ) binding to
POPC:POPG membranes. The lines represent the theoretical binding

isotherms calculated as described in the text.
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Peptide Zp Kp (M)

K2A2L3A19WK6 +5.6 2.0

AL sA 1y WK +22  1.3x10*

Table II Effective charges and surface partition constants of the peptides

We calculated a surface partition constant Kp of 2.0 M? and 1.3x10* M™ for
KoAoLz Ao WK and Al zA 0 WK, respectively, reflecting the higher membrane affinity
of AsLaA1oWK than KpAzL3A10WKs. For AplsAj9oWK, the binding constant is in the
same order of magnitude as that calculated for melittin.®® This natural peptide interacts
strongly with bilayers and hydrophobic interactions play a significant role in this
interaction as illustrated by its strong binding to POPC.*! In the case of KzAzL3A10WKG,
the binding constant is much smaller. Constants in the range of 1 to 10 M have been
calculated for a (-amyloid peptide.32 These small binding constants have been
associated with rather weak hydrophobic binding. As expected, the effective charge zp is
smaller for A,L3A;0WKs than for K;AoLaAjoWKs. This could be observed in the
binding isotherms where the curves show a greater anticooperativity for Ko ALz A0 WK
than for AxlzA;oWKs. These effective charges are smaller than the real ones as
previously observed for melittin which carries a real charge of +5 or +6 and has an

effective one of +1.9.%
2.4.2 Peptide conformation

An o-helix structure is characterized by a distinct minimum at 222 nm (n-n*
electronic transition of the amide carbonyl) in the CD spectrum.” The helical contents
of the free and bilayer-bound peptides were calculated from Eq. (2) and listed in Table
1. The secondary structure of KeWAol3AzKs, KoA-L3A1 WK and Al 3A10WKs in
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aqueous solution is about 50 % of a-helix (Figure 2.4). It is proposed that the helix
involves mainly the apolar segment, as alanine and leucine are helix-promoting amino

acids and as the helical structure is stable upon binding (Table III).

Buffer POPC:POPG
Peptide fr (%) R; fir (%)
KsWA5L3AK, 48 430 42
Ko ALz AWK 49 580 38
Aol 3A10WKs 45 150 45
A WKs 22 610 28
Table III o-Helical contents of the free and bound peptides

Free A;zWKs is mainly a disordered coil as indicated by the shape of the
spectrum and the weak ellipticity at 222 nm. We have verified the stability of the
secondary structure of these four peptides in the presence of POPC:POPG (85:15)
membranes. The samples were prepared with a high R; to promote membrane binding.
As the lipid concentration is quite high in most of the cases (Figure 2.4A and 2.4C), the
spectra are considered only between 215 and 250 nm, a range where the lipid
contribution can be corrected. No significant change was observed at 222 nm for the
spectra of the four peptides with and without lipids (Figure 2.4). The experiments were
done with various R; (data not shown) and the ellipticity remained roughly constant,
with a standard deviation of 8 % around the average value obtained for the free peptide.
The hydrophobic segment of A;;WKs appears to be too short to adopt a stable a-helix

conformation even in the presence of lipids; it should be noted however that the
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Figure 24 CD spectra of (A) KeWAplzAK, and KpA:l3A10WKs, (B)
Al sA0WKs and (C) AWKy free in the buffer (—) and with
POPC:POPG (85:15) vesicles (---).
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proportion of bound peptide is not known and it can be quite low despite the high R;
because of its very weak membrane affinity. KsWA1LsAKs, KoALzA19WKs and
AL sA0WKs do not change their conformation when associated with charged
membranes, indicating that the helical structure is stable upon membrane binding.
Because of the high helical content of the peptides in aqueous environment, no
considerable helicity increase was expected upon vesicle binding. Actually, only a small
increase of the helical content by about 12 % was observed for KoAsL3A10WKs in the

presence of trifluoroethanol or at lower temperature (data not shown).

2.4.3 Leakage experiments

In order to determine whether KsWAjolzAxK,, KoALz A1 9oWKgs  and
AsLzA1oWKs perturb the membrane permeability, we have evaluated the release of
calcein trapped in LUV’s. The percentage of released calcein was calculated according
to Eq. (1). The measurements were performed for KsWAL:AK, and KoArL3A19WKs
with POPC:POPG (85:15) vesicles and for AoLzAeWKg with POPC and POPC:POPG
(85:15) vesicles. We did not observe any significant release even when the amount of
peptide reached an R; of about 0.5 (corresponding to 2 peptides for a single lipid); the
observed release even under these conditions was similar to the passive release obtained
in the absence of peptide (ie., less than 9 % over a 10-minute period). Therefore, it is
concluded that the association of these peptides with lipids do not alter the membrane

permeability.

2.5 Conclusions

We have designed and studied four potential anchoring peptides with primary
amphiphilic character. First, the length of the hydrophobic segment is important. A
peptide with a short hydrophobic segment such as A;sWKs can only interact with
negatively charged bilayers, while AsL3A;9 WK with a longer hydrophobic segment can
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bind with both neutral and negatively charged bilayers. The hydrophobic interactions
can play a role in the peptide binding only when the hydrophobic segment is sufficiently
long. Therefore, the longer hydrophobic segment with 24 amino acids is more suitable
for anchoring peptides.

Second, the vesicle binding is strongly dependent on the electrostatic interactions
and is enhanced by the presence of anionic lipids in the bilayer. This can be attributed to
the lysine residues which were expected to improve the binding to negatively charged
membranes. But the presence of lysines at both ends of the peptides prevented the
spontaneous insertion of the apolar segment since the translocation of a charged end
through the apolar core of the bilayer would be required. This unfavorable phenomenon
limits the binding of the peptide with bilayers as illustrated by the drastic decrease in the
values of the surface partition equilibrium constants from AsL:A1oWKg to
KoAsLzA10WKs. This is coherent with the proposed translocation mechanism for the
insertion of membrane integral proteins with primary amphiphilic structures.”* No
significant effect of the direction of the peptide sequence was observed on the
interaction of the peptide with vesicles but the direction of the sequence will constitute a
crucial factor to take into account when the peptide is immobilized on a resin. The
results on A;LzA;0WK;s convincingly show its insertion in zwitterionic and negatively
charged membranes.

This study identifies AoLsA;9WKs as a suitable anchoring peptide for the
peptide/polymer systems since it associates spontaneously with all types of membranes
with a strong affinity and without perturbing their permeability. The grafting of this

peptide on solid polymer resins is presently in progress in our laboratories.
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3.1 Abstract

To immobilize lipid vesicles on a polymer support, we have used a peptidic
anchor with the following sequence: Ala-Ala-Leu-Leu-Leu-Ala-Ala-Ala-Ala-Ala-Ala-
Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Trp-Lys-Lys-Lys-Lys-Lys-Lys.
This amphiphilic peptide was previously designed in our group to interact spontaneously
and strongly with vesicles without perturbing their permeability. At the end of the solid-
phase peptide synthesis the peptide was left on the polymer beads and this novel
polymer-peptide system was used for vesicle immobilization. It was shown that this
polymer-peptide system could immobilize as much as 200 wmol of lipids per gram of
dry resin. The amount of immobilized vesicles was decreased by a reduction of the
proportion of the negatively-charged lipids in the vesicles, indicating the importance of
electrostatic interactions in the immobilization of the vesicles. The integrity of the
vesicles was mostly preserved after the immobilization. This new polymer-peptide
system was used easily and successfully to immobilize a membrane-bound enzyme, Y-
glutamyl transpeptidase. The activity of the membrane-bound enzyme was studied by
monitoring the release of p-nitroaniline. After 8 cycles, 50 % of the activity of the
enzyme was still retained, indicating the strong immobilization of the enzyme in its
active form. The polymer-peptide support could be regenerated by washing with ethanol

and reused.

3.2 Introduction

The immobilization of lipid vesicles on a solid support can lead to a wide range
of applications including chromatographic techniques (1-4), controlled drug release
systems (5-7), immobilizing devices for cells (8) and enzymatic reactions (9-11). Several
approaches have been developed for the immobilization of lipid membranes, including
covalent binding (1) and entrapment (11-13). However, most of the existing techniques

imply chemical modifications (1) or detergent dialysis (long and perturbing for
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biomolecule as enzyme) (11-13).

In the present study, we present an alternative device providing a strong,
spontaneous and simple way to immobilize vesicles. A peptidic anchor covalently
attached to a polymer resin is used to bind lipid vesicles through electrostatic and
hydrophobic interactions. We have previously designed an amphiphilic peptide with the
sequence: Ala-Ala-Leu-Leu-Leu-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-
Ala-Ala-Ala-Ala-Ala-Ala-Ala-Trp-Lys-Lys-Lys-Lys-Lys-Lys (A2LsA10WKs) (14). This
peptide has a hydrophobic segment of 24 amino acids and a short hydrophilic part made
of 6 lysine residues. A tryptophan was inserted between the hydrophilic and the
hydrophobic segment to help the positioning of the peptide in the membrane (15) and to
serve as a convenient fluorescent probe (16). This amphiphilic peptide was found to
interact spontaneously and strongly with various types of membranes (zwitterionic and
negatively-charged) without perturbing their permeability. Therefore, it is a suitable
anchoring peptide in our newly designed polymer-peptide supports. Even though the
hydrophobic segment plays a role in the membrane affinity, the binding of vesicles by
this peptide has been shown to be strongly dependent on the electrostatic interactions
and can be enhanced by the presence of anionic lipids in the bilayer (14). The sense of
the peptide was also an important parameter when the peptide was grafted on a solid
surface. In our system, the lysine extremity is attached on the polymer resin and acts as a
biocompatible spacer between the polymer surface and the hydrophobic segment.

The 31 amino acid peptide A2lzA;19WKg can be attached onto a functional
polymeric resin by solid phase peptide synthesis (SPPS) without the final cleavage,
leaving resin beads coated with the peptides (Figure 3.1). The polymer support in this
application should have good thermal and mechanical stability and good resistance to
solvent or microbial attack. The polystyrene (PS) beads used for SPPS are stable and
insoluble in aqueous buffer. The strong amide bond formed between the polymer and
the peptide is also stable and is resistant to mild treatments such as ethanol washing. In
order to evaluate the potential use of this polymer-peptide system as an efficient vesicle-
supporting system, we have studied its affinity for bilayers of various lipid
compositions. In addition, to examine the effect of the charges of the peptidic anchor,

two polymer-peptide systems were synthesized. In one case, the €-amino side group of
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Figure 3.1 Schematic representation of the peptide-polymer system which is used to

immobilize the enzyme-containing liposomes.
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lysine and the side chain of tryptophan were deprotected at the end of the peptide
synthesis so that the lysine residues carried positive charges (deprotected AzLzA;9WKGe).
In the other case, the protecting groups were left on at the end of the synthesis leading to
neutral residues (protected Aol 3A10WKs). The membrane-immobilization ability and the
permeability of the immobilized vesicles were studied for both grafted peptides.
Immobilization of enzymes on insoluble supports offers the great advantages of
continuous operation, improved enzyme stability and reusability, and easy recovery of
the prociuct. Most of the devices developed for enzyme immobilization involve direct
attachment of the enzyme on a polymeric support (17, 18). This is appropriate for water-
soluble enzymes, but many enzymes exist in cell membranes and a bilayer environment
is needed for them to remain active (19, 20). Generally, liposomes can be formed and
trapped in a polymer matrix by the detergent removal method, by freeze-thawing, or by
cross-linking (21, 22). These techniques are complicated to perform and may perturb the
activity of the enzymes. The polymer-peptide system developed here can be easily used
to immobilize membrane-bound enzymes. y-Glutamyl transpeptidase (y-GT) was used as
a model membrane enzyme. It was incorporated in vesicles that were subsequently
immobilized on the polymer support. The activity of the immobilized enzyme was tested
for repeated operations in a batch reactor. We report here the results of a novel
biocatalytic system consisting of a membrane enzyme reconstituted in lipid vesicles

immobilized on polymer beads via a peptidic anchor.

3.3 Materials and methods
3.3.1 Material

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) were purchased from Avanti Polar
Lipids (Birmingham, AL), sulforhodamine B (SRB) from Molecular Probes Inc.
(Eugene, OR), and ethylenediaminetetraacetic acid (EDTA) from Aldrich (Milwaukee,
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WI). The 4-(2',4'-dimethoxyphenyl-Fmoc-aminomethyl)phenoxyacetamido-ethyl (Fmoc
Amide) resin and the methylbenzhydrylamine (MBHA) resin were purchased from
Perkin Elmer Applied Biosystems (Foster City, CA). 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and Triton X-100, L-y-glutamyl-p-nitroanilide,
glycylglycine, bovine kidney y-glutamyl transpeptidase (EC 2.3.2.2) and a protein assay
kit were purchased from Sigma (St. Louis, MO).

3.3.2 Peptide synthesis

The peptides were synthesized using the standard procedures for solid phase
chemistry (23). Automated synthesis was carried out on an Advanced ChemTech
synthesizer 396 MPS. Both peptides were synthesized with the O-
fluorenylmethoxycarbonyl (Fmoc) strategy. The protected peptide was synthesized on
the Fmoc Amide resin whereas the deprotected peptide was synthesized on the MBHA
resin. The deprotection step was achieved by classical treatment of the beads with
trifluoroacetic acid (92.5 %) and triisopropylsilane (2.5 %). In the case of the protected
polymer-peptide system, the tert-butyloxycarbonyl (Boc) protective groups were not
eliminated from the side amino groups for the lysines and the tryptophan. At the end of
the synthesis, both the protected and unprotected peptides were left covalently attached

on the resin.

3.3.4 Binding studies

Lipid stock solutions were prepared by dissolving each lipid in a 95/5 (v/v)
benzene/methanol solvent and the lipid mixtures were obtained by mixing appropriate
volumes of the stock solutions. The lipids were then lyophilized from the
benzene/methanol solutions and hydrated with the binding buffer (20 mM HEPES, 100
mM NaCl, 2 mM EDTA, pH 7.4). Large unilamellar vesicles (LUV’s) were prepared as
previously described by extrusion through polycarbonate filters of 100 nm pore size

(24).
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The amount of vesicles bound to the polymer beads was determined by a
centrifugation assay. The dry polymer beads (around 5 mg) were hydrated with the
binding buffer for 15 min. The LUV's were added to the polymer beads to obtain a final
lipid concentration of ca. 10 mM, and a final volume of ca. 3 mL. They were incubated
at room temperature for 3 h with constant agitation. The samples were then centrifuged
(10 min, 2200 x g) to settle the polymer beads. The quantity of immobilized lipids was
determined by measuring the phospholipid concentration in the supernatant using the
Fiske-SubbaRow phosphorus assay (25). A control experiment showed that, in the
absence of the polymer, all the lipids remained in the supernatant after incubation and

centrifugation.

3.3.5 Leakage experiments

Two methods were used to estimate the integrity of the immobilized vesicles. In
both approaches, the release of a dye (SRB) entrapped in the vesicles was measured.
SRB-containing vesicles were prepared by hydrating the lipids (POPC:POPG 50:50,
molar ratio) with a dye-containing buffer (20 mM HEPES, 60 mM NaCl, 2 mM EDTA,
pH 7.4, 30 mM SRB). They were immobilized on the polymer beads according to the
protocol described above. The immobilized and unbound vesicles were separated by a
centrifugation step.

First, the polymer-peptide beads with the immobilized vesicles were washed with
ethanol to solubilize and recover all the immobilized lipids and the entrapped SRB. The
SRB fluorescence intensity of the ethanol washing, as well as the quantity of lipids was
measured. The fluorescence intensity relative to the amount of lipid (arbitrary unit per
mole of lipid, au/mol) representative of the concentration of SRB trapped in the vesicles,
was calculated for free and immobilized vesicles. Second, in another set of experiments,
Triton-X (0.1 vol. %) a membrane-perturbing agent, was added to stirred beads on
which vesicles were immobilized. Before the addition of the surfactant, the fluorescence
of the SRB inside the vesicles was quenched because of its high concentration (26) and
the perturbation of the permeability was monitored by the increased SRB fluorescence

intensity in the cell.
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The fluorescence measurements were performed at 25°C on a SPEX Fluorolog-2
spectrometer equipped for sample stirring. The fluorescence intensity of SRB was
monitored with an excitation wavelength of 565 nm, an emission wavelength of 586 nm
and a response time of 0.3 s. The excitation and emission bandpath widths were set at

1.5 and 0.5 nm, respectively.

3.3.6 Preparation and immobilization of y-GT-bound liposomes

v-GT was dissolved in the binding buffer (0.4 mg/mL). The protein concentration
was determined by a modified Lowry protein assay with deoxycholate and
trichloroacetic acid (27). In order to obtain y-GT reconstituted in lipid bilayers, solid
lipids (POPC:POPG 50:50, molar ratio) were hydrated with the enzyme-containing
buffer. The lipid suspension (ca. 30 mM) was then freeze-thawed and extruded to obtain
vesicles with a diameter of 100 nm. In parallel, about 10 mg of the dry peptide-coated
beads were incubated in 1 mL of binding buffer. Afterwards, an aliquot of the y-GT-lipid
suspension was added to the polymer beads. The samples were incubated at room
temperature for 3 h with constant agitation. To eliminate unbound enzymes and lipid
vesicles, the polymer beads were washed 3 times with the binding buffer. After these
washings, no lipid was found in the supernatant and only a residual enzyme activity
could be detected. A cyclic activity assay was performed with these polymer beads
bearing the y-GT-containing vesicles. A solution (2.8 mL) containing 20 mM HEPES
(pH 7.4), 100 mM NaCl, 2mM EDTA, 14.3 mM glycylglycine and 0.5 mM L-y-
glutamyl-p-nitroanilide was added to the polymer beads directly in a UV cell. This
enzymatic reaction transforms the substrate L-y-glutamyl-p-nitroanilide into p-
nitroaniline as product, which should be released to the media. The amount of p-
nitroaniline produced from the reaction was measured on a Varian Cary (1 Bio) UV-VIS
Spectrophotometer at 410 nm for 10 min. An extinction coefficient of 8.80 x 10° M*
cm™ for p-nitroaniline was used (11). The temperature was controlled with a water-
jacketed cell holder connected to a circulating bath thermostated at 25°C. The mixture
was periodically stirred vigorously, and the polymer beads settled after each stirring

step. The absorbance was measured as an indication of the amount of p-nitroaniline
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released in the supernatant. An absolute activity could be calculated for the immobilized
membrane-bound y-GT and was expressed as umol of p-nitroaniline liberated per minute
per mL of hydrated resin. At the end of each enzymatic reaction, the supernatant
containing the remaining substrate and the product was removed. The resin was washed
by 1 mL of binding buffer, and fresh substrate was added to perform another cycle of the
enzymatic reaction.

A control experiment was done with the same enzyme-containing buffer but
without lipids to quantify the residual activity due to the enzyme directly adsorbed on
the polymer-peptide system. The measured activities of the membrane-bound y-GT and
the adsorbed y-GT were normalized to the activity of the membrane-bound enzyme
during the first cycle.

Control experiments were also done to verify that the detected activity was due to
the immobilized enzymes and not to the enzymes released during the activity assay. At
steps N = 0, 5 and 10, the resin was treated exactly the same way as in an activity assay
(10 min incubation at 25°C with stirring), but with no substrate added to the mixture.
After this treatment, an activity assay was done on the recovered supernatant.

As a reference, the activity of the free enzyme in buffer was measured and its
specific activity was expressed as umol of p-nitroaniline liberated per minute per

milligram of protein.

3.4 Results and discussion

3.4.1 Immobilization of liposomes

The performance of the polymer-peptide system was evaluated for the
immobilization of fluid membranes with various lipid compositions. The liposomes were
made of POPC, a zwitterionic lipid, and POPG, a negatively-charged lipid, allowing a
modulation of the interfacial charge of the vesicles. To examine the contribution of

electrostatic interactions, we compared the immobilization capacities of the polymer
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beads grafted with the peptide in its deprotected and protected forms. A control
experiment was also carried out with the bare resin without attached peptides.

Figure 3.2 shows the amount of immobilized lipids for membranes with varying
proportions of the negatively-charged lipids. The amount of immobilized lipids increases
with increasing POPG content in the lipid mixture for the polymer with the deprotected
peptide A;13A19WKs. In the case of pure POPG vesicles, this support system can
immobilize as much as 200 umol of lipids per gram of dry resin. For the bare resin, no
lipids were retained in the pellet (data not shown), indicating that the peptidic anchors
grafted on the polymer beads are essential in the immobilization of the vesicles. For the
polymer beads coated with the protected Azl3Aj9WKs, almost no lipids were
immobilized on the resin (less than 1 ymol/g of dry resin), indicating the importance of
the electrostatic interactions between the solid support and the vesicles during the
immobilization. The charges on both the peptide and the vesicle surface are very
important to an efficient immobilization. The crucial role of electrostatics was already
observed in the interactions between membranes and this peptide in its free form (14).
The binding constant (K;) of the free peptide to various POPC:POPG vesicles was
estimated from the initial slope of the binding isotherms of the free peptide (14). As
shown in Figure 3.2, this binding constant increases with the POPG content in the
bilayer. For the free peptide, the affinity is 120 times higher for the POPG vesicles than
for the POPC vesicles. This is consistent with the data obtained for the grafted peptide,
where the quantity of immobilized lipid varies from insignificant quantity for POPC up
to 200 pumol/gary resin for POPG vesicles. The low affinity of the free peptide for the
zwitterionic vesicles (K, = 1.1 x 10" M™) helps to explain the fact that the polymer-
peptide system did not bind zwitterionic vesicles.

The integrity of the immobilized vesicles was verified by encapsulating a
fluorescent probe in POPC:POPG (50:50) vesicles. First, SRB and the lipids
immobilized on the polymer beads were solubilized by vigorous washing with ethanol.
The intensity of the SRB fluorescence divided by the quantity of lipids in the ethanol
washing is representative of the concentration of encapsulated SRB. This parameter has
been determined for the free vesicles (by diluting an aliquot in ethanol) and for the

immobilized ones. For free vesicles containing 30 mM SRB, a fluorescence intensity per
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Figure 3.2 Quantity of immobilized lipids on the polymer support grafted with the
deprotected Al 3A,0WK; peptidic anchor (A) and on the support grafted

with protected A;LzA;19WKs (OJ) as a function of the POPG content in the
vesicles made of POPC:POPG mixtures. The error bars represent the

standard deviation on at least 3 measurements. The binding constant (K,)
of the free peptide (O) are shown for three POPC:POPG systems (14).

The left and right vertical axes were normalized relative to the highest

value (i.e., that obtained for pure POPG).
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lipid of 1.07+0.04x10" au/mol was obtained. For the immobilized vesicles, it was
0.6+0.1x10", representing on average 57 % of the SRB remained in the bound vesicles.
To verify that the SRB was indeed entrapped in the vesicles, in a second set of
experiments, we added a surfactant to the pellet and measured the SRB fluorescence
intensity. A rapid increase of the fluorescence intensity was observed after the addition
of Triton. This showed that a significant quantity of SRB was still encapsulated at a high
concentration in the vesicles after the immobilization step and that the SRB could be
released by a membrane-disrupting detergent. However, this increase is hard to quantify
because of the diffusion of the polymer beads. In addition, the integrity of the vesicles
cannot be determined precisely because the SRB probe interacts with our solid support
as inferred from a residual pink color of the beads, even after the ethanol washing.
Therefore, the value obtained for the remaining entrapped SRB upon immobilization is
underestimated. We can conclude from both results that the majority of the encapsulated
SRB remains in the vesicles and that the vesicles immobilized on our polymer-peptide

system can be used as small containers for further applications.

3.4.2 Enzymatic reaction of reconstituted y-GT in liposomes immobilized on
the polymer-peptide system

Vesicles containing POPC:POPG (50:50) were used as a matrix for the enzyme
reconstitution. The enzyme-containing vesicles were then immobilized onto the resin
bearing the deprotected AslzA;oWKs. After being washed to eliminate the unbound
vesicles and enzymes, the beads were ready to be used as a biocatalytic system. This
method is much simpler and less time-consuming than most of the classical
immobilization methods as they need dialysis steps or chemical attachment of the
enzyme (9-11).

The activity of the immobilized membrane-bound y-GT was estimated to be 0.3
pmol min™ mL™ of hydrated resin for the initial cycle. This activity is in the same range
as the activity detected by Gotoh et al (9) for the membrane-bound y-GT immobilized by
dialysis on Sepharose. The activity of the free enzyme under the same conditions

(buffer, pH and temperature) was around 13 pmol mg™ min™. If we assume that the
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activity is not affected by the reconstitution in the bilayer or by the immobilization step,
we could estimate that the quantity of active enzyme immobilized on the resin was about
0.02 mg per mL of hydrated resin. It should be noted that this amount corresponds to the
"efficient" enzyme, which is likely limited to the enzyme present in the external layer of
the membrane (11).

In Figure 3.3, the enzyme activity relative to that of the initial cycle (0.3 pmol
min™ mL” of hydrated resin) is plotted versus the number of cycles in a batch reactor
approach as described in Materials and Methods. Significant activity was retained even
after 12 cycles (more than 20 % of the initial activity). We can observe a linear loss of
activity with the increasing number of cycles. This decrease of activity could result from
a physical loss of enzyme from the system or from a deactivation of the enzyme retained
in the system. To identify the origin of this decrease, the release of the enzyme during
the activity assay was examined (see Materials and Methods). The activity measured on
the supernatant actually corresponds to the loss of activity observed between two
successive cycles. Therefore, the decrease of activity is most likely due to the physical
loss of the enzyme. We could not detect any lipid in the supernatants, but because of the
small amount of lipids involved, we could not distinguish whether the enzyme was
released in its free form or along with lipid vesicles. The measured activities of the
supernatant were much smaller than those observed with the polymer beads, clearly
indicating that most of the enzymatic reaction was performed by the enzyme
reconstituted in the vesicles immobilized on the resin.

To confirm that the enzymatic activity was due to the membrane-bound y-GT and
not to the y-GT directly adsorbed on the resin, a control experiment was made without
any lipids. The resin support was incubated with the enzyme under the same conditions,
and the activity of the adsorbed enzyme was measured for repeated cycles in the same
way. Even for N = 1, the activity detected was only 20% of the activity detected for
membrane-bound enzyme.* As shown in Figure 3.3, the activity decreased linearly with

the number of cycles, as in the case of the membrane-bound enzyme.

*Dans ce cas, l'enzyme utilisée est trés stable, active en solution, adsorbée sur une
surface ou solubilisée dans une membrane lipidique. L'adsorption non spécifique de
l'enzyme conduit donc & une activité résiduelle mesurable.
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Figure 3.3
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Relative activity for the immobilized membrane-active enzyme y-GT (H)
and for the adsorbed enzyme (®) on the polymer-deprotected
Aol 3A10WKs system plotted as a function of the number of utilization
cycles (N). As a control experiment, the loss of the enzyme was
periodically probed (N = 0, 5 and 10) by measuring the enzymatic
activity in the supernatant for the immobilized enzyme (CJ) and for the

adsorbed enzyme (O). The activity assay was made at 25°C and the

absorbance was measured at 410 nm.
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The polymer-peptide system allows easy recovery of the products and the
reutilization of the enzyme. The durability of the immobilized enzyme is very important
for the applications. More than 50 % of its initial activity was still retained after 8
cycles. It is important to note that this polymer-peptide system can be reused. After 12
cycles of use, the resin can be regenerated by washing with ethanol and lyophilization

and reused with similar performances.

3.5 Conclusions

We have developed and characterized a polymer-peptide system able to
immobilize lipid vesicles. The amphiphilic peptidic anchor grafted on the resin was
responsible for the immobilization of the liposomes and the interactions involved were
mostly electrostatic. The quantity of immobilized vesicles increased with the content of
negatively-charged lipids in the bilayer and reached 200 pmol/g of dry resin for POPG
vesicles. Upon immobilization, the permeability of the vesicles was mostly maintained,
and the vesicles could be used as small containers. This carrier can be easily regenerated
by washing with ethanol and reused.

This polymer-peptide support is versatile since the peptide can interact strongly
and spontaneously with many types of lipids. A membrane-active enzyme was shown to
have retained its activity after being immobilized through vesicles bound to the polymer
support via an amphiphilic peptide. This system offers an alternative method for enzyme
immobilization and has several advantages compared with immobilization strategies by
covalent binding or physical adsorption, including the preservation of the conformation
and activity of membrane-active enzymes, the possibility to immobilize water-insoluble
enzymes and minimal diffusion effects for the enzymes attached to the surface of the
polymer beads. We have tested one model membrane-active enzyme with the new
support system in this study. It is obvious that this type of polymer-peptide support may
be potentially used for the immobilization of biological membranes and even cells, as

drug carriers and column packing materials for the separation of biomolecules.
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4.1 Abstract

Linear and crosslinked polymers based on N-isopropylacrylamide (NIPAAm)
exhibit unusual thermal properties. Aqueous solutions of poIy(N-isopropylaérylamide)
(PNIPAAm) phase-separate upon heating above a lower critical solution temperature
(LCST), whereas related hydrogels undergo a swelling-shrinking transition at an LCST.
A linear copolymer made of NIPAAm/acryloxysuccinimide (98/2 mol/mol) and two
hydrogels with different hydrophilicities were prepared. Fourier transform infrared
(FTIR) spectroscopy was employed to determine the transition temperature and provide
insights into the molecular details of the transition via the probing of characteristic bands
as a function of temperature. The FTIR spectroscopy method described here allowed the
determination of the transition temperature for both the linear and crosslinked polymers.
The transition temperatures for PNIPAAm and the gel resulting from crosslinking with
polylysine or N,N’-methylenebisacrylamide (MBA) were in the same range, 30-35°C. For
the gels, the transition temperature increased with the hydrophilicity of the polymer
matrix. The spectral changes observed at the LCST were similar for the free chains and
the hydrogels, implying a similar molecular reorganization during the transition. The
C-H stretching region suggests that the N-isopropyl groups and the backbone both
underwent conformational changes and became more ordered upon heating above the
LCST. An analysis of the amide I band suggests that the amide groups of the linear
polymer were mainly involved in hydrogen bonding with water molecules below the
LCST, the chain being flexible and disordered in a water solution. During the transition,
around 20 % of the intermolecular hydrogen bonds between the polymer and water are
broken and replaced by intramolecular hydrogen bonds. Similar changes were also

observed at the LCST of a gel crosslinked with MBA.

4.2 Introduction

Several polymer solutions exhibit a critical behavior leading to a phase separation

above the lower critical solution temperature (LCST) because the polymer becomes
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insoluble in water at higher temperatures. Typical examples of thermosensitive polymers
are poly(ethylene glycol),’ athyl(hydroxyethyl)cellulose2 and N-substituted acrylamide.>*
For polymers based on N-isopropylacrylamide (NIPAAm), the LCST is around the
physiological temperature. Consequently, both linear and crosslinked poly(N-
isopropylacrylamide) (PNIPAAm) have recently been used in many biomedical
applications, such as controlled drug release, immobilization of enzymes, biosensing and
protein purification.”” Experimentally, the LCST of PNIPAAm is between 30 and 35°C,
the exact temperature being a function of the detailed structure of the macromolecule.’
Related hydrogels show a similar behavior and shrink at high temperatures.s’g'12 This
swelling-shrinking phase transition occurs at an LCST (the term is conveniently used for
both transition temperatures as these are related to a similar phenomenon). For several
applications of these gels, a specific LCST is required, and efforts have been devoted to
identifying the key parameters for its modulation. It has been recently shown that the
LCST of linear PNIPAAm can be modulated by copolymerization with monomers of
various degrees of hydrophilicity.* In the case of hydrogels, the control of the LCST is
poorly understood.* For example, the effect of the crosslinker is not well-established.

The LCSTs of aqueous solutions of PNIPAAm can be studied by a variety of
experimental techniques, including turbidity, calorimetry, light scattering, nuclear
magnetic resonance (NMR) spectroscopy, viscosimetry, fluorescence and attenuated total
reflection (ATR)/Fourier transform infrared (FTIR) spectroscopy.s’w’14 In the case of
hydrogels, the LCST is usually determined by the measurement of the swelling ratio as a
function of temperature, a time-consuming approach that does not provide reproducible
and precise results,’ or by DSC, which becomes problematic when the transitions become
broad and do not involve considerable energy.™

In this study, we developed a new and simple method to determine the LCST in

both linear and crosslinked polymers via FTIR spectroscopy. This technique has been

*Complément de bibliographie: J.G.H. Joosten, J.L. McCarthy, and P.N. Pusey,
Macromolecules, 24, 6690 (1991); Y. Hu, K. Horie, and H. Ushiki, Macromolecules, 25,
6040 (1992); S. Hirotsu, Advances in Polymer Science, 110, 1 (1993); M. Asano, F.M.
Winnik, T. Yamashita, and K. Horie, Macromolecules, 28, 5861 (1995); F. Ikkai, and M.
Shibayama, Macromolecules, 31, 3275 (1998); T.L. Lowe, M. Benhaddou, and H. Tenhu,
Macromol. Chem. Phys., 200, 51 (1999).
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shown to be useful for probing transitions such as lipid bilayer transition,™® for the self-
association of aqueous surfactant,'® and for studying hydrogen bonding in polymers.” In
addition, changes in the infrared spectra provide information on the conformation and
bonding state of the functional groups involved in the transition.

The studied polymer is a copolymer of NIPAAm and acryloxysuccinimide (NAS),
a monomer used as a reacting site for amino groups of many biomolecules. This
copolymer is often used for biological applications.7’9’18’19 We determined the LCST for
this linear copolymer with cloud-point determination and the new FTIR approach. We
also investigated the molecular details of the transition using the infrared spectra.

The infrared method was also used for the characterization of two crosslinked
copolymers with different hydrophilicities. The more hydrophilic one was crosslinked
with polylysine (PL). The other gel was obtained from crosslinking with NN’-
methylenebisacrylamide (MBA), which was chosen for its structural similarity to
NIPAAm. The LCSTs were determined, and the molecular changes occurring during the

transition were examined.

4.3  Experimental

Acrylic acid (AA), N-hydroxysuccinimide (NHS), NIPAAm, PL, MBA and 2,2’-
azoisobutyronitrile (AIBN) were purchased from Sigma (St. Louis, MO) and Aldrich
(Milwaukee, WI). AA was purified by distillation.

4.3.1 Copolymerization

The coupling of AA with NHS was carried out as previously described.?® The
obtained NAS had the expected spectral characteristics.*!

"H NMR (CDCls, ppm): 2.85 (s, 4 H), 6.0-7.0 (m, 3 H). IR (KB, cm™): 1800,
1775, 17335, 1264, 995, 870.

The synthesis of poly(N-isopropylacrylamide-co-N-acryloxysuccinimide)

(PNIPAS) was carried out as previously described.”” NIPAAm and NAS (the total
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weight was about 1 g) were dissolved in 15 mL of a mixture of anhydrous
tetrahydrofuran (THF) and anhydrous toluene (1/3, v/v) with a NIPAAm/NAS molar
ratio of 98/2. AIBN (1 mol % of the comonomers) was added as the initiator for the
polymerization. The reaction was carried out for 24 h at 55°C under nitrogen. 60 mL of
THF were then added to the mixture to solubilize the copolymer. The mixture was added
dropwise into 500 mL of petroleum ether to precipitate the copolymer. The precipitate
was filtered under vacuum and dried at 42°C overnight.

The molecular weight of the copolymer was determined by size exclusion
chromatography on a Waters 410 system with THF as the mobile phase. Polystyrene

standards were used for calibration.
4.3.2 Synthesis of the hydrogel with MBA as the crosslinker

NIPAAm (6.80 mmol), NAS (0.14 mmol), and MBA (0.15 mmol) were dissolved
in 5 mL of dimethyl sulfoxide (DMSO). The solution was purged with nitrogen for 15
min, and AIBN (0.02 g) was then added. The polymerization was carried out at 60°C for
1 h. The solid hydrogel was cut into small pieces that were washed with DMSO and THF.

Finally, the gel particles were dried under vacuum at 50°C for 4 days.

4.3.3 Synthesis of the hydrogel with PL as the crosslinker

A poly(L-lysine) with a degree of polymerization of 288 was used to crosslink the
aforementionned linear copolymer. 200 milligrams of the copolymer were swollen in 1
mL of N,N’-dimethylformamide. PL (about 50 mg) in a buffer (10 mL of 2(N-
morpholino)ethanesulfonic acid buffer, 50 mM, pH 7.4) was added to the polymer and
incubated at 10°C for 48 h with constant agitation at 40 rpm’ and then at room
temperature overnight. The resulting hydrogel was washed with water several times and

lyophilized.
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4.3.4 Cloud point determination of PNIPAS

The cloud point of the copolymer solution was measured using a Varian Cary (1
Bio) ultraviolet-visible spectrophotometer with a water-jacketed cell holder connected to
" a thermostated circulating bath. The cloud point was detected from the change in optical
transmittance at 600 nm of a sample 1 cm thick referenced against distilled water.
Solutions containing 20 % (w/w) copolymer in water were used. The temperature was

raised from 20 to 45°C with a heating rate of 0.1°C/min.
4.3.5 Thermal FTIR spectroscopic study

For the copolymer, a solution containing 20 % (w/w) copolymer in water was
prepared. For the hydrogels, the dry polymer was incubated in water at room temperature
for 6 h, and the swollen gel particles were used for the FTIR experiments. An aliquot of
the sample was placed between two CaF, windows separated by a 5-pm Teflon spacer.
This cell was mounted on a brass holder whose temperature was computer-controlled
with thermopumps. For each temperature, the sample was equilibrated 10 min prior to
data acquisition. For each spectrum, 100 scans at a resolution of 2 cm™ were recorded for
both the sample and the background. The temperature was raised from 22 to 47°C, and a
spectrum was recorded at each degree Celsius; the effective heating rate was about
0.07°C/min. The FTIR spectra were recorded on an FTS-25 Bio-Rad spectrometer
equipped with a mercury-cadmium-telluride detector.

To eliminate the water contribution (Vo-n = 3400 cm™) in the methylene
stretching region, a polynomial was fitted to simulate the edge of the water band and then
subtracted in the C—H stretching vibration region. In the region of the amide bands
(1720-1580 cm™), the spectra were corrected for the water contribution by subtraction of
the water spectrum recorded at the same temperature under the same conditions. The
subtraction was considered satisfactory when the region between 1750 and 2650 cm?,
where there should be no absorption, was flat. The 1700-1590 cm™ region of the

corrected spectra was Fourier self-deconvolved to identify the number of components in
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the amide I band. Subsequently, the amide I band was curve-fitted. These mathematical

treatments were done with GRAMS software (Galactic Industry, Salem).

4.4  Results and discussion
4.4.1 Characterization of the copolymer

The PNIPAS copolymer was prepared with 2 mol % NAS (Fig. 4.1). The
resulting copolymer had a molecular weight of 12,000 g/mol with a polydispersity index
(D) of 3.2. All the experiments were performed on the unfractionated copolymer.

We measured the LCST of the linear copolymer by following the turbidity of the
solution and by FTIR spectroscopy. A low heating rate was used for both techniques to
ensure thermal equilibration and to prevent an artificial shift of the LCST from occurring
when the heating rate is too fast. The concentration of the sample was also an important
parameter. Because a plateau was observed on the phase diagram between 15 and 20 wt
%,>** a sample concentration of 20 % (w/w) was used.

The LCST of the copolymer was first determined from a plot of light
transmittance versus temperature (Fig. 4.2A). The absolute LCST was defined as the
minimum of the first derivative of the heating curve. The LCST value obtained for the
copolymer is around 31°C and is in agreement with previous reports.”

FTIR spectra were recorded for the copolymer in water. The bands between‘3000
and 2835 cm™ were associated with the C—H stretching (vc-n) vibrations (Fig. 4.3A). The
peaks at 2982 and 2882 cm™ were assigned to the asymmetric and symmetric vc-g of the
methyl groups, respectively. The peak at 2939 cm™ was due to the antisymmetric vc-g of
methylene groups of the polymer backbone.'* The positions of these three peaks were
sensitive to temperature. The maxima of these peaks are plotted versus the temperature in
Fig. 4.2. As one can see, there is an abrupt shift upon heating toward lower frequencies
for these three bands. The LCST was determined from the minimum of the first

derivative of the curves, and a value of 31.3°C was obtained, in agreement with the
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Figure 4.2
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Figure 4.3
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determination by turbidity measurements. Therefore, the shift of these bands constituted a
reliable probe for determining the LCST in the copolymer. Because the amplitude of the
shift was larger (ca. 7 cm'l) for the band corresponding to the asymmetric vc-y vibration
of the methyl groups at 2982 cm™, it was used subsequently as a sensor for the LCST
measurement.

The vc_g shift is a useful probe for monitoring the organizational changes of alkyl
chains with temperature because the CH, antisymmetric and symmetric stretching modes
are sensitive to changes in the conformation of hydrocarbon chains.”>** In the case of
PNIPAS, the bands associated with both the lateral groups and the polymer backbone
undergo a shift in their maxima. The abrupt shift toward lower frequencies is mainly
interpreted as an increase of the conformational order during the transition, even though
other phenomena may be involved.'®*” This is related to the fact that PNIPAS exists as
flexible and disordered coils in aqueous solutions below the LCST and collapses as
ordered aggregates above the LCST.? Conformational changes during the transition have
also been suggested by NMR spectroscopy.”*

The amide I and II bands could be associated with the amide groups on PNIPAS.
As can be seen in Fig. 4.3B, the shape and position of these bands were sensitive to the
precipitation occurring at the LCST. Because the amide I band appears to have been more
affected by the transition and because it mainly involves the carbonyl stretching, which is
sensitive to hydrogen bonding, we have focused our attention on this band. At 25°C, the
amide I band is characterized by a relatively sharp band centered at about 1629 cm™.
Upon heating, the band shifted toward a higher frequency because of the increased
spectral contribution at approximately 1655 cm™. To get a more quantitative analysis, the
amide I band was curve-fitted between 1700-1610 cm™; the limited range was used to
circuamvent the problems of overlapping contributions due to the succinimide groups

(1735 cm™) and to the amide II band. Good fits were obtained using three components to

*Une seconde transition de faible amplitude semble apparaitre entre 35 et 42°C sur les 3
courbes de la figure 4.2. Cette transition est aussi observée par diffusion quasi-€lastique
de la lumiére, ainsi que par rhéologie (D. Lessard, communication personnelle). Celle-ci
semble associée a une augmentation de la taille des aggrégats avec l'augmentation de la
température.
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simulate the band (Fig. 4.4A and 4.4C). Moreover, other studies have proposed that the
amide I band includes three components.**'? All the spectra recorded at the different
temperatures were simulated with three components whose frequencies, widths, and band
shapes were free to vary. The maxima of the three bands resulting from the curve fittings
are constant over the investigated temperature range. They were located around 1629+1,
16551, and 1678=2 cm™ (the variation is expressed as the standard deviation calculated
with 25 spectra). In addition, these values were close to the frequencies measured on the
deconvolved spectra where at least two major components can be clearly identified (Fig.
4.4B and 4.4D). As proposed previously,'*!” we assumed that the three components were
associated with amide groups involved in different hydrogen bonding patterns. The band
around 1629 cm™ was associated with a strongly hydrogen-bonded carbonyl and could be
attributed to intermolecular interactions between polymer chains and water molecules.
This band is broad (around 40 cm'l), reinforcing this association with the hydrated and
disordered regions of the polymer. The band at 1655 cm™ was attributed to weaker
intramolecular hydrogen bonding within the polymer chains. It is proposed that the third
band around 1678 cm™ corresponds to free carbonyl groups.

If we assume that the absorptivity coefficients are similar for the three
components, the areas of the three components can be transformed into the percentages of
-each type of carbonyl groups (Fig. 4.5A)*. Below the LCST, most of the carbonyl groups
(ca.90%) were involved in hydrogen bonding with water. This is fully consistent with the
fact that the polymer chain was solubilized in these conditions. There were only 5 % of
the intramolecular hydrogen bonding carbonyl groups and 5 % of the free carbonyl
groups. At the LCST, there was a decrease of the relative area of the band associated with
the hydrogen bonds between the polymer carbonyl groups and the water, as recently
observed by ATR/FTIR spectroscopy.™® The relative intensity of the band associated with
intramolecular hydrogen bonding increased. These results indicate that during the
transition, about 20 % of the hydrogen bonds between the polymer and water molecules
were replaced by intrapolymer ones. The proportion of free carbonyl groups appears to

have been constant over the whole temperature range and was not affected by the LCST

*Cette hypothése semble justifiée dans notre cas du fait que laire totale de la bande
Amide I reste constante en fonction de la température.
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Figure 4.4
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Amide I band of a PNIPAS solution (20 % w/w in water). A (25°C) and C

(45°C) show the experimental (—) and simulated (- spectra. The three
components obtained from the band fitting (-=-- 5 - - - ; ----) and the
residual curve (- <) are also displayed. B (25°C) and D (45°C) show the

corresponding deconvolved spectra.
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Figure 4.5
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phenomenon. The increase of intramolecular hydrogen bonds observed during
precipitation of the polymer is supported by theoretical studies of phase separations
occurring at the LCST, indicating that the origin of the transition is mainly associated

with the reorganization of the hydrogen bonds.”

4.4.2 Characterization of the related hydrogels

Two different crosslinkers were used in the preparation of hydrogels to examine
the influence of their nature on the LCST of the resulting gels (Fig. 4.1). MBA is
regarded as a moderately hydrophilic crosslinker.”® PL is cationic and was used because
its amino groups can act as reactional groups for the crosslinking. Both hydrogels are
thermosensitive: the transparent gels at low temperatures become opaque upon heating.
As with the linear copolymers, FTIR spectroscopy was used to determine the LCST and
to characterize the transition at a molecular level.

First, we determined the LCST by following the shift of the maximum of the three
peaks located in the vc_y region. As with the linear polymer, the shift was more evident
for the peak corresponding to the vy asymmetric vibration of the isopropyl groups (Fig.
4.6), but the symmetric vc-y band of the CHs; and the antisymmetric vc-g of the
methylene were also shifted in a similar way during the transition (data not shown). This
shows that just as with the linear polymers, the FTIR method is a useful tool for
determining LCSTs in hydrogels. The LCST obtained was in the same range that the
LCST obtained for the linear copolymer was. For the MBA-crosslinked hydrogel, the
LCST was 32.8°C whereas it was 34.8°C for the PL-crosslinked hydrogel. The higher
LCST obtained for the PL-crosslinked gel compared to that of the MBA-crosslinked gel
was attributed to the high hydrophilicity of PL. Other studies made on gels containing
sodium acrylate as a comonomer have shown that the LCST increases with the proportion
of ionic comonomer.”* We found that the LCST of an hydrogel can also be efficiently
modulated by varying the hydrophilicity of the crosslinker.

The extent of the shift of the three vc.y bands observed during the shrinking
transition was very similar to that observed for the phase separation occurring with the

linear copolymer, suggesting that the molecular reorganization occurring during these
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transitions has a similar nature. The decrease in the vcy mode frequency with increasing
temperature (Fig. 4.6) could again be attributed to an increase of the conformational
order. In addition, our results show that both the lateral groups and the backbone were
implied in the transition. These results are in agreement with a previous NMR study that
indicates that the protons of both the N-isopropyl groups and the backbone are involved
in the transition.”® In the case of PL-crosslinked gels, a shift of the vcy band was
observed at the LCST. In this case, the transition is less sharp (Fig. 4.6B). It has been
reported that ionic gels contain heterogeneities,zs’32 and this phenomenon may explain a
transition occurring over a larger range of temperatures for our cationic PL-crosslinked
gel.

The amide region of the FTIR spectra was also examined. In this region,
hydrogels had additional spectral contributions because both crosslinkers contain amide
groups. The MBA crosslinker is formed of two amide groups but only 2 % of the MBA
was added to the polymer matrix. For a complete reaction, these amide groups would
contribute to approximately 4 % of the amide band and could thus be neglected. The
spectra of this gel at 25 and 45°C are displayed in Fig. 4.7A. As for the linear copolymer,
at 25°C, the amide I band was narrow and centered around 1634 cm™. Above the LCST
(45°C), a contribution at 1656 cm™ appeared. Each spectrum was resolved into three
components, using the same curve-fitting method used for the linear copolymer, and their
positions were 1634+2, 1656=x1 cm™, and 16774 cm™ (the variation is expressed as the
standard deviation calculated with 25 spectra). The deconvolution confirmed the position
of the two major components in these spectra. The relative bands areas were transformed
into the percentage of each type of carbonyl groups (Fig. 4.5B). As for the vc-u bands,
the behavior of the amide I band as a function of temperature was similar for the gel and
the linear polymer. Below the LCST, the low frequency component represented about 95
% of the signal, suggesting that the majority of the carbonyl groups are involved in
hydrogen-bonding with water. The areas of the two other components were small,
indicating that very few amide groups were free or involved in intramolecular hydrogen
bonding. During the transition occurring at the LCST, the 1634 cm” component lost
some intensity relative to the 1656 cm™ band; this change suggests that 20 % of the

hydrogen bonds with water were broken and replaced by intramolecular hydrogen bonds.
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Figure 4.7 FTIR spectra of the amide I and II region of (A) the MBA-crosslinked
hydrogel and (B) the PL-crosslinked hydrogel recorded at 25°C (—) and

45°C ().
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The proportion of hydrogen bonds involved in the transition was of the same order as in
the linear copolymer.

Interestingly, the correction for the water contribution became more and more
difficult above 45°C. This could be due to several phenomena, but it has been shown that
water molecules trapped in restricted spaces have a different spectrum™, leading to
moreproblematic water subtractions. It is possible that such water-filled small spaces
were formed during the gel condensation.

For the gel crosslinked by PL, the amide bands included a considerable
contribution of the crosslinker because around 30 % of the amide groups of the gel
belonged to the PL. Unlike the linear copolymer and the gel crosslinked by MBA, the
shape of the amide I band was much less affected by the transition occurring at the LCST
(Fig. 4.7B). A possible explanation is that the secondary structure of PL was not modified
~over the temperature range investigated and this hid the structural changes of the
polymer. Some experiments were done on free PL by circular dichroism to examine its
conformational stability with temperature, and no changes were observed below 45°C
(data not shown). As we could not separate the different components of this amide I
band, we found it would be too speculative to try to extract information on the hydrogen
bonding state of the polymer carbonyl groups.

Our results show that the thermoshrinking transition observed in gels based on
NIPAAm leads to similar spectral changes associated with alkyl and amide groups and,
as a consequence, to similar structural changes as those involved in the linear copolymer
transition. We also have shown that the gel LCST is sensitive to the hydrophilicity of the

matrix.

4.5 Conclusions

FTIR spectroscopy has been shown to be a useful tool for determining the LCST
of polymers as well as gels. The shift of the maxima of the asymmetric vc-y bands as a

function of temperature provides reliable LCST for both linear copolymer of NIPAAm
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(confirmed by the determination of the cloud point) and crosslinked hydrogels. The FTIR
spectra also reveal that the molecular nature of the transition experienced by the linear
copolymer and the gels is similar. Below the LCST, most of the carbonyls of the amide
groups appear to be involved in hydrogen bonding with water. Above the LCST, about 20
% of these bonds are replaced by intramolecular bonds. In addition, our results suggest
that both the lateral groups and the backbone undergo conformational changes during the
transition.

Our findings also show that the LCST can be modulated by the hydrophilicity of
the crosslinker. This tuning can be essential for the optimization of thermosensitive
biomaterials. Both an accurate determination of the LCST and an improved molecular
understanding of the associated phenomenon are of great importance for designing
systems with well-defined properties. The proposed FTIR method could be applied to
many other polymer matrixes through probing of the position of bands associated with

functional groups involved in the molecular reorganization.
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5.1  Abstract

New hydrogels based on N-isopropylacrylamide copolymerized with an activated
monomer have been developed as vesicle immobilizing devices. In order to provide a
strong and reversible interaction between the solid support and the lipid vesicles, we
chose polylysine, a cationic polypeptide as the anchoring element. Our systems are
based on N-isopropylacrylamide copolymerized with an activated monomer and then
crosslinked with polylysine. The innovative feature of this approach is that the
polypeptide plays many key roles: i) it is used as crosslinker, ii) its positive charges act
as anchor sites, and iii) as an hydrophilic molecule, polylysine improves the swelling
properties of the gel and therefore the capacity of vesicle binding. Several hydrogels
were synthesized with varying monomers ratios and polylysine lengths. The
characterization of the éystems includes an estimation of the ability of the gels to
immobilize vesicles and of the integrity of the adsorbed vesicles. The most efficient gel
is made of a copolymer containing 6 mol % of activated monomer crosslinked with a
long polylysine (degree of polymerization of 288). This hydrogel can immobilize up to
1000 wmol of lipids per gram of dry gel. Control experiments show clearly that the
nature of the anchoring interaction is electrostatic. As an illustration of the potential
applications of such a system, we show that vesicles can be immobilized in a gel-packed

column and the release of their content is triggered by an increase of the temperature.

5.2 Introduction

The immobilization of membranes on solid supports leads to several
applications. Solid-supported membranes can be used as containers for controlled drug
release systems [1], as a stationary phase for chromatographic devices [2-5], as
continuous operating systems performing enzymatic processes [6,7] or as artificial
organs [8]. Different methods have been used to immobilize lipid membranes on a solid

support. Lipids can be immobilized by covalent bonding [2], by entrapment in a solid
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matrix [4,8] or by ionic binding. This latter interaction is advantageous in several ways.
As an interfacial phenomenon, the electrostatic interaction is less likely to perturb the
integrity of the membrane. The binding is usually strong, stable, and reversible;
consequently, the solid support can easily be washed and reused. Positively charged
matrices are suitable to immobilize cells as biomembranes generally contain negatively
charged lipids [9].

We have designed and developed hydrogels based on poly-N-
isopropylacrylamide crosslinked with polylysine as vesicle immobilizing systems.
Poly(N-isopropylacrylamide) (PNIPAAm) has been selected for the development of the
immobilization system because it is hydrophilic and nondenaturing for many proteins
[10]. Aqueous solutions of PNIPAAm have a lower critical solution temperature (LCST)
around 30-35°C [10]. Because of their thermal sensitivity, homo- and copolymers of N-
isbpropylacrylamide (NIPAAm) have been used in immunoassays, bioseparations,
controlled release systems, and enzyme bioreactors [10-15]. Related NIPAAm hydrogels
retain their thermo-sensitivity [10], and this property can be exploited to control the
release from vesicles immobilized on the gel. A key feature of our systems is that
polylysine was used both as the crosslinker and the membrane anchor. It is a water-
soluble polycation extensively used for biological applications. This polypeptide can
interact with ionic sites on vesicles or cell surfaces [16]. It was shown that there is a
tight binding between polylysine and negatively charged lipids and this interaction
depends on the degree of polymerization (DP) of the peptide [17-19]. The DP may also
influence the crosslinking reaction, the swelling of the resulting gels and the number of
anchoring sites. Therefore, we have examined the effect of the DP of polylysine on the
properties of the hydrogels to optimize the performance of these systems.

To crosslink PNIPAAm with polylysine, N-acryloxysuccinimide (NAS) was used
as the reactive comonomer since the succinimide group is chemically stable but shows
high reactivity and selectivity toward amine nucleophiles [11,12,20]. Since the degree of
crosslinking may affect the mechanical properties of the hydrogel obtained, various
amounts of NAS were used in the preparation of the copolymers to optimize the

resulting gel properties.
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We report here the preparation of NIPAAm/NAS copolymers and related gels.
The characterization of the membrane immobilization ability of different gels is also
discussed. The most efficient gel is used in an application involving thermally controlled

release.

53 Materials and methods

All chemicals and biochemicals including NIPAAm and acrylic acid (AA) were
purchased from Sigma (St. Louis, MO, USA) and Aldrich (Milwaukee, WI, USA),
unless otherwise mentioned. AA was purified by distillation in the presence of an
inhibitor. Ninhydrin was purchased from Baker Analyzed (Phillipsburg, NJ, USA),
sulforhodamine B (SRB) from Molecular Probes (Eugene, OR, USA), and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine  (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylglycerol (POPG) from Avanti Polar Lipids (Birmingham, AL,
USA).

5.3.1 Synthesis of N-acryloxysuccinimide

The coupling of AA with N-hydroxysuccinimide (NHS) was carried out as
described previously [21]. NHS (0.014 mol) and AA (0.014 mol) were dissolved in 20
ml of anhydrous chloroform. Dicyclohexycarbodiimide (DCC) (0.014 mol) dissolved in
anhydrous chloroform (10 ml) was slowly added to this solution. The mixture was
stirred for 45 h at room temperature. The insoluble dicyclohexylurea was removed by
filtration. NAS was purified by chromatography on a silica gel column. The product
displays the expected spectral characteristics [11]: 'H NMR (CDCl) 2.85 (s, 4 H), 6.0-
7.0 ppm (m, 3 H); IR (KBr) 1800, 1775, 1735, 1260, 995, 870 cm™.
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5.3.2 Synthesis of poly(N-isopropylacrylamide-co-N-acryloxysuccinimide)

The copolymer was prepared by dissolving NIPAAm and NAS (total weight
about 1 g) in 15 ml of a mixture of anhydrous tetrahydrofuran (THF) and anhydrous
toluene 1/3 (v/v); the NAS proportions were 2 or 5 mol %. 2,2’-Azoisobutyronitrile
(AIBN) (1 mol % of the monomers) was added as the initiator for the polymerization,
performed under nitrogen at 55°C for 24 h. THF (60 ml) was added to the mixture to
solubilize the copolymer. The mixture was then added drop-wise into 500 ml petroleum
ether to precipitate the copolymer. The precipitate was filtered under vacuum and dried
at 42°C overnight [22]. The homopolymer of NIPAAm was synthesized similarly in

toluene.
5.3.3 Crosslinking of the copolymers by polylysine

A long poly(L-lysine) with a DP of 288 (PL{) and a short one with a DP of 19
(PLs) were used as crosslinkers. 200 mg of the copolymer were swollen in 1 ml of
dimethylformamide.  Polylysine (about | 50 mg) in 10 ml of 2-N-
morpholinoethanesulfonic acid (MES) buffer (50 mM, pH 7.4) was added to the
polymer and incubated at 10°C during 48 h with constant agitation at 40 rpm [14] and
then at room temperature overnight. The resulting gels were repeatedly washed with

water and then lyophilized.
5.3.4 Characterization of the copolymers

The molecular weights of the linear copolymers were determined by size
exclusion chromatography (SEC) using THF as the mobile phase and polystyrene as
standards. The LCST was determined by measuring the turbidity at 500 nm of a solution
containing 0.2 % (w/w) copolymer in water as the sample was heated up.

The succinimide group content of the copolymer before and after crosslinking
was monitored by FTIR spectroscopy. The NAS content was calculated from the ratio of

the intensity of a band associated with the succinimide group at 1735 cm™ to that of the



Chapitre 5: New hydrogels for membrane immobilization 103

band at 2876 cm™ corresponding to the acrylamide monomer. Calibration curves were
made from spectra of NAS and NIPAAm mixtures of varyingratios. A quadratic
function was used to fit the baseline in both regions prior to the determination of the
intensity. The samples were prepared as KBr pellets and the spectra were recorded on a
Bio-Rad FTS-25 FTIR spectrometer equipped with a mercury-cadmium-telluride
detector. For each spectrum, 100 scans were collected with a nominal resolution of 2

cm™.

5.3.5 Characterization of the synthesized gels

The succinimide content was determined by FTIR as described above. The
unreacted polylysine in the wash was assayed with the Lowry protein assay [23]. The
polylysine immobilized in the hydrogel was estimated as the difference between the
amount used as reactant and the recovered quantity in the wash.

The swelling ratio (SR) of the gels was measured gravimetrically. The gels were
equilibrated in water at room temperature overnight. The swelling ratio was determined
by

Bl e €

Wp

where ws and wp are the dry and the swollen weights of the gel, respectively.
5.3.6 Acetylation of hydrogel amino groups

The gel was swollen in an aqueous solution of sodium acetate (450 mg/ml, pH
7.5) and stirred for 5 h. Acetic anhydride (60 times in excess) was then added to the
mixture. The acetylation was carried out between 0 and 4°C during 3 h while the pH was
maintained at 7.5 [24]. Several hours were needed for the reaction because of the limited
diffusion of the reactants in the gel. The sample was then centrifuged, washed with
water several times and lyophilized. The amount of amino-group substitution was
measured by the ninhydrin procedure of Brown and Green [25], using PLs as the

standard. To a known weight of acetylated gel were added 75 pl of a ninhydrin solution
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in ethanol (50 g/1), 100 pl of a solution of phenol in ethanol (4 g/ml) and 75 pl of a KCN
solution in pyridine (20 puM). The mixture was well vortexed and heated at 100°C for 5
min. The absorbance was measured in the supernatant at 568 nm. The result was

compared to that obtained on PNIPAS6-PL{ before acetylation.

5.3.7 Interaction of the free and grafted PL with the vesicles

First of all, the binding of free PL¢ and PLs to lipid vesicles was determined by a
centrifugation assay [26]. The polylysine was dissolved in a MES buffer and added to a
suspension of POPC:POPG (85:15) multilamellar vesicles (MLV). The samples were
then freeze-and-thawed five times and centrifuged to isolate the free polylysine from
that bound to the vesicles. The polylysine concentration in the supernatant was measured
by the Lowry protein assay [23].

Two aspects were examined for the immobilization of lipid vesicles on the
crosslinked gels: the amount of lipids retained by the gel, and the integrity of the
immobilized lipid vesicles. In order to perform these assays, dye-containing vesicles
were prepared by hydrating the lipids with a buffer (50 mM HEPES, 5 mM
ethylenediaminetetraacetic acid (EDTA), 10 mM NaCl, pH 7.4) containing SRB (80
mM SRB) [27]. The lipid suspension (ca. 30 mM) was then freeze-and-thawed and
extruded to obtain vesicles of 100 nm in diameter. The SRB-containing vesicles were
separated from the free SRB by size exclusion chromatography using a column filled
with Sephadex G-50 fine gel swollen in an isosmotic external buffer (50 mM HEPES, 5
mM EDTA, 134 mM NaCl, pH 7.4). The dry gel (between 2 and 7 mg) was swollen in 2
ml of external buffer and vigorously stirred for an hour to grind the gel. The size
distribution of the resulting particles depends on the mechanical properties of the gel, as
discussed later. The lipid vesicles were added to the gel particles and the samples were
incubated at 25°C for 1.5 h with constant agitation. The samples were then centrifuged
to pellet the gel. The quantity of immobilized lipids was determined by measuring the
phospholipid concentration in the supernatant using the Fiske-SubbaRow phosphorus
assay [28]. A control experiment showed that all the lipids remained in the supernatant

after incubation and centrifugation in the absence of the gel.
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The self-quenching property of the entrapped dye was used to estimate the
integrity of the immobilized vesicles. The fluorescence of SRB inside the vesicles is
quenched because of its high concentration [29]. If the vesicle permeability is affected
by its interaction with the gel, SRB would leak out and the internal concentration of the
probe would decrease: this dilution would lead to an increase of fluorescence. This
perturbation can be probed by the self-quenching efficiency (Q) of the remaining
entrapped SRB. This parameter is calculated according to

0= (1 —-;—”—)xJOO )

T
where I, is the initial fluorescence intensity of the SRB after vesicle immobilization and
It is the total fluorescence intensity measured after complete disruption of all the
vesicles by Triton X-100 (0.1 vol %). The Q values were calculated for the pellet (i.e. on
the bound-vesicles) as well as for the remaining free vesicles in the supernatant. In the
case of the pellet, an aliquot of the vesicle-containing gel was re-suspended in the
external buffer in a fluorescence cell.

The fluorescence measurements were performed at 25°C on a SPEX Fluorolog-2
spectrometer equipped for sample stirring. The fluorescence intensity of SRB was
monitored with an excitation wavelength of 565 nm, an emission wavelength of 586 nm
and a response time of 0.3 s. The excitation and emission bandpath widths were set at

1.5 and 0.5 nm, respectively.
5.3.8 Controlled release with temperature

The SRB containing vesicles were prepared and immobilized on the swollen gel
as described above. The vesicle-containing gel (about 750 mg) was packed in a glass
column (10 x 7 mm) thermostated by a water bath. The column was connected to a flow-
through cuvette placed in a Hitachi Model 100-60 UV-VIS Spectrophotometer and the
absorbance was measured at 565 nm to detect the SRB release. For some collected
fractions, self-quenching of the SRB was determined as described above to determine
whether the released SRB is free or still encapsulated in vesicles. The phospholipid

concentration in the collected fractions was determined using the Fiske-SubbaRow
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phosphorus assay [28]. The flow rate was 25 ml/h. The mobile phase was the external
buffer (50 mM HEPES, 5 mM EDTA, 134 mM NaCl, pH 7.4). The gel was first washed
at room temperature for 20 min with buffer, the temperature of the column was then
increased to 50°C. At the end of the experiment, when a flat baseline was recovered, the

column was washed by ethanol.

5.4  Results and discussion
5.4.1 Synthesis and characterization of the copolymers

NAS was copolymerized with NIPAAm to introduce reactive groups towards the
primary amine groups of polylysine (Fig. 5.1). The degree of crosslinking should depend
on the amount of NAS residues in the copolymer. We have used 2 and 5 mol % of NAS
in the feed to examine the impact of this parameter. The complete polymerization was
confirmed by NMR spectroscopy, inferred by the disappearance of protons associated
with the C=C double bond. In addition, the inclusion of succinimide groups in the
copolymers was established by the presence of three peaks at 1814, 1784 and 1739 cm?
in the IR spectra (Fig. 5.2D). These bands were observed in the NAS monomer spectrum
(Fig. 5.2B) but absent in that of the pure PNIPAAm polymer (Fig. 5.2C). In order to
estimate the proportion of NAS in the copolymer, we have developed a method based on
band intensity ratios from the IR spectra. The band at 2876 em™ is due to the symmetric
stretching vibration of the methyl group of N-isopropylacrylamide (Fig. 5.2A and 5.2C).
Its intensity was used to probe the NIPAAm content, the very small contribution of NAS
at this wave number (Fig. 5.2B) being neglected. Three bands were observed in the
carbonyl stretching region of the NAS monomer spectrum (Fig. 5.2B). These bands, at
1800, 1775 and 1735 cm™, were also well resolved in the spectra of the copolymer but
slightly shifted upon polymerization (Fig. 5.2D). The vibrational coupling of the two
cyclic carbonyl should lead to two bands in this region, corresponding to the

antisymmetric and symmetric coupled C=0 stretching vibration [30]. The third band
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Figure 5.1 Synthetic schemes of the copolymers (PNIPAS) and the crosslinking of
PNIPAS by polylysine.
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Figure 5.2
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IR spectra of the monomers, NIPAAm (A) and NAS (B), and the
polymers, PNIPAAm (C) and PNIPAS6 (D). The dashed lines (----)
indicate the band at 2876 cm™ associated with the symmetric stretching
vibration of the methyl group of NIPAAm and the region between 1710

and 1837 cm™ which includes the bands associated with the succinimide

group.
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could be attributed to the ester carbonyl of the NAS group. As proposed previously [14],
we have used the band at 1735 cm™ to probe NAS, since it is the most intense. A
calibration curve was established from the intensity ratio of the band associated with the
succinimide group at 1735 cm™ and the band associated with the acrylamide monomer at
2876 cm™ (Fig. 5.3 and 5.4). Using this curve, we have estimated that the
NAS/NIPAAm ratios of the two copolymers prepared were 4 and 6 mol % of NAS;
these copolymers are referred to as PNIPAS4 and PNIPASG, respectively (Table IV).

Copolymer NAS Yield M, Mw/M, LCST

(mol %) (%) (g/mol) (0
PNIPAS4 4 81 12000 32 33.5
PNIPAS6 6* 73 32000 Zha 34.1

*Valeur obtenue par extrapollation de la courbe de calibration de la figure 5.4.

Table IV Characterization of the copolymers

These ratios are consistent with the reactivity ratios of the monomers (0.277 for
NIPAAm and 1.934 for NAS [22]). The content of NAS has also been estimated by
determining the concentration of the NHS anions generated by the reaction of
succinimide grbup of the polymer with isopropylamine, measuring its absorbance at 259
nm [11,22,31]. This method was found very sensitive to the reaction conditions (pH,
reaction time), especially in the case of gels where the reactants have to diffuse in a
polymer matrix. In this case, systematic underestimation of the content of NAS was
observed. We believe that the IR method proposed here provides more reliable estimates
of the NAS proportions.

The copolymers have a lower molar mass (M;) than the homopolymer of
NIPAAm. The M, was 12 000 and 32 000 for PNIPAS4 and PNIPASS6, respectively,
with identical copolymerization conditions. The same phenomenon was observed by

Chen et al. [32] for copolymerization with various NAS/NIPAAm ratios: the M,
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Wavenumber (cm’) Wavenumber (cm’)

IR spectra of standard mixtures of NAS/NIPAAm monomers with
defined ratios. (A) The band at 2876 cm™ is associated with NIPAAm
and used to normalize the spectra. (B) Bands at 1800, 1775 and 1735 cm’

are associated with the succinimide group.
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Intensity Ratio

NHS (mol %)

Figure 5.4 Calibration curve obtained from the variation of the intensity ratios of the
- band at 1735 cm™ assigned to the succinimide group to the NIPAAm
band at 2876 cm™ in the IR spectra of NAS/NIPAAm monomer mixtures.

*'écart type des points expérimentaux par rapport 4 la courbe de calibration simulée est
de 0.04.
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obtained were in the same range as ours, and increased with increasing NAS/NIPAAm
ratio. We have tried to improve the M, of PNIPAS4 by varying the THF/toluene ratio
used for the polymerization since THF has a high chain transfer activity [11,20]. The
optimal ratio was 1/3 (v/v) in agreement with Yang et al. [22]. Changes in the initiator
concentration and the initial concentrations of the monomers did not lead to any
significant improvement of the M,. The LCST’s of the copolymers were around 33-
35°C (Table IV). The small difference between the LCST’s of PNIPAS4 and PNIPAS6

may be due to the chemical composition and the molar mass of the copolymers [20].

5.4.2 Crosslinking of the copolymers with polylysine

Two polylysines with different DP’s were used as crosslinking agents (Fig. 5.1).

Table V summarizes the characteristics of the synthesized gels.
One gel was made with PNIPAS4 copolymer crosslinked by PL{ and is referred

to as PNIPAS4-PL/. In this case, all the succinimide groups reacted during the
crosslinking reaction as inferred from the complete disappearance of the IR bands at
1814, 1784 and 1739 cm™. It was calculated that 250 mg of polylysine were bound per
gram of dry gel. The charges introduced by the lysine residues increase considerably the
hydrophilicity of the polymer matrix and can explain the high swelling ratio observed:
the gel can take up water, as much as 42 times of its dry weight. However, the resulting
gel is soft, sticky and difficult to manipulate. The low molecular weight of the

copolymer PNIPAS4 (12 000 g/mol) may explain the softness of the gel.
The gels PNIPAS6-PL! and PNIPAS6-PLs resulted from the crosslinking of

PNIPAS6 with PL¢ and PLs, respectively. Both gels were resilient and easy to grind.
Based on the IR determination, about 50 % of the initial NAS have reacted in both cases.
The presence of unreacted NAS is likely due to the slow diffusion of polylysine in the
gels as the crosslinking proceeded. For PNIPAS6-PL{, 270 mg of PL{ per gram of dry
gel were grafted. As expected, the swelling was high as a consequence of the insertion of

the polylysine charges in the gel. The gel PNIPAS6-PLs contains 125 mg of short
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polylysine per gram of dry gel; this is about 50 % of the polylysine content compared to
PNIPAS6-PLY. In parallel, the swelling of this gel was smaller by a factor of 2, probably

as a result of the limited charge content.
5.4.3 Immobilization of vesicles

The ability of the different gels to immobilize vesicles was evaluated (Table V).
The absolute quantity of immobilized lipids is reported in umole of immobilized lipids
per gram of dry gel. Measurement of the self-quenching efficiency Q of a fluorescent
probe encapsulated in the vesicles was used to verify the integrity of the immobilized
membranes. The experiments were perforrned with membranes containing 15% of POPG,
a negatively charged lipid, and 85% of POPC, a zwitterionic lipid. For all these
experiments, the gels were ground in small particles in order to maximize the gel surface
accessible for interacting with lipids. Because of the poor mechanical properties of
PNIPAS4-PLY, this gel could not be properly ground and very coarse heterogeneous
particles were obtained in this case.

Our results indicate clearly that the hydrogels are suitable for wvesicle
immobilization (Table V). The best performing gel is PNIPAS6-PLL. In this case, about
1000£100 wmol of lipids can be immobilized per gram of dry gel (this corresponds to 21
umol of lipid/ml of swollen gel). If less lipids were present during the incubation step, all
the lipid vesicles were immobilized illustrating the high anchoring efficiency of the gel.
The maximal load for our gel is in the same range as that reported for lipids immobilized

sterically by reverse phase evaporation on Sephacryl S-1000 beads [4]. The very good
ability of PNIPAS6-PL{ to immobilize vesicles is directly linked to the presence of the

polylysines since they provide strong anchoring sites and ensure a good swelling of the
gel, and therefore a good accessibility to the sites. The main anchoring force of the
vesicles on the hydrogel seems to be of electrostatic nature, as demonstrated by two
findings. First, the quantity of the neutral POPC vesicles immobilized is much lower (a
reduction of 97 %) than that of vesicles containing negatively charged lipids (Table V).

Second, the a was chemically modified to neutralize the positive charges of polylysine by
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acetylation: the resulting acetylated gel is referred to as PNIPAS6-PL{Ac. This gel
showed very poor swelling and immobilized a very limited quantity of lipids. These
results highlight the prime importance of the lysine charges in our designed gel.

In order to characterize the accessibility of the binding sites to the 100 nm LUV,
we have characterized the stoichiometry of the free amino groups per accessible POPG in
our gels (Table VI). The free amino group content is defined as the total number of amino
groups on polylysine in the gel minus those that are involved in the crosslinking (deduced
from the amount of NAS that reacted). The accessible POPG molecules were associated
to the POPG on the external leaflet of the membrane, assuming homogeneous lipid
distributions and that 60% of the lipids were on the outer leaflet. As a preliminary
characterization, we estimate the NH;*/POPG stoichiometry for free polylysine in
solution. The long polylysine binds to POPG-containing vesicles in a stoichiometric
manner since we find approximately one lysine per accessible POPG. In the case of the

short polylysine, there is only 0.1 lysine per POPG molecule (Table VI).

Free Polylysine Bound Polylysine
Polylysine NH5*/POPG Gel NH;'/POPG
PLL 1 PNIPAS4-PL/? 210
PNIPAS6-PL/ 20
PLs 0.1 PNIPAS6-PLs 1090
Table VI Stoichiometry of the immobilization of vesicles by free and bound
polylysine

As polylysine was added in excess in the centrifugation assay, we conclude that

PLs has a smaller affinity for POPC/POPG (85/15) vesicles than PL{. The affinity of the

polypeptide for these vesicles is very dependent on the peptide length. Different

behaviors for long and short polylysine were associated with conformation effects
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[17,19]. Once grafted on the polyacrylamide, a ratio of 20 amino groups per accessible
POPG was found for PNIPAS6-PLY. This ratio, which is lower than that obtained with

the free PLZ, suggests that not all the amino groups are accessible to the vesicles and the
vesicle concentration is probably not homogeneous throughout the gel.

Preservation of the membrane integrity during the immobilization process was
also examined by looking at the potential release of a dye (Table V). For all the
POPC:POPG vesicles, the Q value of the SRB entrapped in lipid vesicles remained high
for both the immobilized vesicles and those remaining free in the supernatant. This
indicates that the interaction between polylysine and the lipids does not affect the
permeability of the vesicles. Therefore our designed system presents the advantage that
the immobilized vesicles can be used as small containers. During the measurement of Q,
the immobilized vesicles were emptied from their content and, interestingly, different
kinetics of SRB-release induced by the addition of Triton-X could be observed for free
and immobilized vesicles (Fig. 5.5). In the case of the free vesicles, a rapid and complete
release of the fluorophore occurred within the first 2-3 seconds following the addition of
the detergent. Conversely, the SRB release was much more progressive for the gel-
immobilized vesicles and extended over one minute. In this case, the detergent needs to
diffuse in the matrix to disrupt the vesicles and its diffusion coefficient modulates the
efflux from the vesicles. Therefore, this hydrogel system offers the possibility of
controlled release by choosing different disrupting agents.

It was found that the gel prepared from a copolymer containing less NAS

monomer (here 4 %) was less suitable than PNIPAS6-PL{. PNIPAS4-PLL was soft and
sticky, and as a consequence was difficult to grind. Despite a good swelling and a
reasonable content of polylysine, this gel could immobilize less lipids than PNIPAS6-
PL{. This lower efficiency was related to the bigger size of the gel particles leading to a
limited effective surface for vesicle anchoring. This vpoor immobilization ability of the gel
is illustrated by the high value of free amino groups per POPG (Table VI). It should be
noted that our anchoring approach preserves also in this case the integrity of the vesicles
after immobilization as indicated by the high self-quenching coefficient of the entrapped

fluorophore (Table V). Our results also indicate that long polylysine is a more suitable
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Figure 5.5 Fluorescence quenching measurements: the SRB release induced by the
addition of Triton-X as a function of time for free POPC/POPG vesicles

(—) and for the same vesicles after immobilization on PNIPAS6-PL¢ (=)
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crosslinking agent. Few lipids were immobilized on PNIPAS6-PLs, the gel made from
the crosslinking of PNIPAS6 with PLs. Only a small quantity of lysine was found in this
gel. This leads to a limited number of anchoring sites as well as a reduced swelling. As a
consequence, the gel could immobilize only very few lipid vesicles. Actually, the

immobilization of lipids by this gel is comparable to the acetylated gel.

5.4.4 Thermally controlled release

As an illustration of the potential use of PNIPAS6-PL{ as a thermosensitive support, we
show that the content of immobilized vesicles can be released in a controlled manner
using a thermal trigger. First, a column was filled with PNIPAS6-PLL. The vesicle
immobilization step was done in suspension by mixing gel particles and POPC/POPG
(85/15) vesicles. The vesicle-containing gel was then packed in a thermostated column.
Afterwards, a 20-min elution at room temperature did not release any lipids or SRB (Fig.
5.6). After 20 min, the temperature of the column was raised to 50°C, over the transition
temperature of the gel. An increase of the absorbance at 565 nm was then observed on the
elution profile (Fig. 5.6), probing for the release of SRB. Since almost no lipids were
detected in the collected fractions, we concluded that the released SRB was free. This
was confirmed by a very low SRB self-quenching in the collected fractions. After 10 min,
the baseline was recovered. Therefore, the thermosensitivity of the gel can be efficiently
used for thermally controlled release. We believe that upon heating, the gel shrinks, and
the reorganization perturbs the immobilized vesicles which release a fraction of their
SRB content. After the elution, the column was washed by ethanol and the immobilized

lipids and remaining SRB could be recovered in the washing.
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Figure 5.6
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Elution profile determined by measuring the SRB absorbance (@) and
lipid concentration (O) as a function of time. At an elution time of 20 min
({), the temperature of the column is raised to 50°C. Both y axes have
been normalized so they relate directly the SRB absorbance to the lipid

concentration according to measurements on intact vesicles.
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5.5 Conclusions

A family of hydrogels based of on polyacrylamide and polylysine were
synthesized and characterized to develop a system for the immobilization of lipid
vesicles. Among the hydrogels tested, PNIPAS6-PL! is the most suitable. PNIPAS6-PLL
enables the immobilization of a considerable amount of negatively charged vesicles
without apparent perturbation of the vesicle permeability. The polylysine content appears
to be a crucial factor for the properties of the gel since the charges borne by the
polypeptide provide the anchoring sites and allow the gel to display an appropriate
swelling to make the charges accessible to lipid vesicles. PNIPAS6-PL{ has interesting
mechanical properties since it is firm enough to be easily ground in small particles that
can be used in suspensions or in columns. In addition, the thermosensitivity of the gel can

be efficiently used to have a controlled release of the vesicle content.
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CHAPITRE 6

CONCLUSIONS

Au cours de ce projet, nous avons mis au point deux nouveaux systémes
composites permettant d'immobiliser des vésicules lipidiques par l'intermédiaire d'une
ancre peptidique. Ces projets ont été menés de la conceptualisation & l'application.

Lors du développement du premier systéme, l'étude du design du nouveau
peptide amphiphile servant de lien entre le support solide et la vésicule a permis
d'améliorer la compréhension des interactions lipides-peptide amphiphile primaire. Tout
d'abord, nous avons constaté que le segment hydrophobe doit étre suffisamment long
pour que les interactions hydrophobes puissent jouer un rdle lors de l'interaction peptide-
lipide. Un peptide dont le segment hydrophobe a environ la longueur des chaines alkyles
des lipides est trop court pour interagir avec des vésicules neutres. En revanche, un
peptide ayant un segment hydrophobe de 24 acides aminés (environ l'épaisseur du coeur
hydrophobe d'une bicouche lipidique) est suffisamment long. Cependant, pour nos
peptides qui incluent des lysines 2 au moins une extrémité, les interactions
électrostatiques restent primordiales. En effet, l'interaction avec les vésicules lipidiques
croit avec la proportion de lipides chargés négativement présents dans la membrane.
Ceci est aussi observé lorsque le peptide le plus performant est greffé sur un support
solide puisque dans ce cas, l'interaction avec les vésicules est inexistante si les charges
positives des lysines sont neutralisées. On a aussi montré que la présence de charges aux
deux extrémités du peptide empéche l'insertion spontanée du peptide dans la membrane
lipidique et que le sens du peptide n'a aucune influence sur l'interaction lipide-peptide.
Aucune information n'a été obtenue quant & l'orientation des peptides lors de l'interaction
avec les membranes lipidiques, confirmant ou non les schémas de la Figure 1.8 (p18).
Suite 4 cette étude, nous avons finalement pu déterminer le peptide le plus performant:
Azl 3A;0WKs. Ce peptide a été synthétisé en phase solide sur des billes de PS. On a
confirmé que l'interaction support solide-vésicule est de nature électrostatique et ne

perturbe pas la perméabilité des membranes. On a pu immobiliser un maximum de 200
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umol de lipides chargés négativement par gramme de résine séche. Finalement, des
vésicules incorporant une enzyme membranaire ont pu étre immobilisées sur le support
solide développé et ce, de fagon suffisamment solide pour permettre une réutilisation de
la biomasse. Aprés 8 cycles de réutilisation, l'enzyme conserve encore 50 % de son
activité initiale.

Pour développer le deuxiéme systéme, un nouveau type de support solide a été
synthétisé au laboratoire. Il s'agit d'un hydrogel résultant de la réticulation d'un
copolymeére thermosensible, le poly(N-isopropylacrylamide-co-N-acryloxysuccinimide)
par de la polylysine. Au cours de ce projet, nous avons mis au point une nouvelle
méthode spectroscopique infrarouge simple qui permet de déterminer de fagon claire et
rapide la température de transition ainsi que de mieux comprendre les interactions
impliquées lors de ce phénoméne. La température de transition a pu étre déterminée avec
succes pour un polymeére linéaire, ainsi que pour les hydrogels synthétisés au laboratoire.
On a pu montrer que les groupements hydrophobes ainsi que les groupements amides
sont impliqués lors de la transition, entrainant une réorganisation de la chaine principale.
De plus, l'analyse des bandes amide montre que 20 % des liaisons hydrogéne entre les
groupements amide et les molécules d'eau sont remplacées par des liaisons
intramoléculaires. On a pu conclure que les chaines latérales, ainsi que la chaine
principale sont impliqués dans cette transition et que cette transition est de méme nature
pour les polymeres linéaires, ainsi que pour les gels en dérivant.

Ensuite, nous avons synthétisé plusieurs hydrogels & base de poly(N-
isopropylacrylamide-co-N-acryloxysuccinimide) réticulé par de la polylysine. On a tout
d'abord développé une nouvelle méthode infrarouge permettant de doser la quantité de
comonomere NAS dans les copolymeéres synthétisés, ainsi que dans les gels synthétisés
par la suite. Deux copolymeéres contenant dans un cas 4 % et dans l'autre 6 % de NAS
ont ainsi été synthétisés puis caractérisés. Ces copolyméres ont été réticulés avec des
polylysines de longueurs différentes. Des hydrogels transparents, avec des propriétés
thermosensibles ont été obtenus. La quantité de NAS introduite dans le copolymére a
une influence sur la masse molaire du copolymére, et par conséquent sur les propriétés
mécaniques du gel. Une masse molaire élevée conduit a un gel ferme facilement

broyable. Cette propriété a une forte influence sur l'immobilisation des vésicules puisque
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les gels facilement broyables en petites particules offrent une plus grande surface
disponible pour l'interaction avec les vésicules. La longueur de la polylysine a une
influence sur les propriétés de gonflement du gel ainsi que sur l'immobilisation des
vésicules. On a montré que les charges de la polylysine sont responsables du gonflement
en étudiant les propriétés d'un gel dont les charges de la polylysine ont été neutralisées
par l'acéthylation des lysines. On conclut que l'immobilisation est de nature
électrostatique, en neutralisant les charges des lysines et en utilisant des vésicules
neutres ou chargées lors des mesures d'affinité. Les meilleurs résultats ont été obtenus
avec I'hydrogel contenant 6 % de NAS et réticulé par de la polylysine ayant un DP élevé
de 288. Dans ce cas, 1000+100 pmol de lipides ont pu étre immobilisées par gramme de
gel sec. On a aussi vérifi€ que les vésicules immobilisées étaient intactes suite a
'immobilisation, sans perturbation de leur perméabilité.

En utilisant l'infrarouge, on a pu déterminer une LCST de l'ordre de 35°C pour
un hydrogel réticulé par de la polylysine. On a donc utilisé ce support solide pour une
application de libération controlée. En élevant la température du gel au-dessus de sa
LCST, on a pu induire la libération du contenu des vésicules immobilisées.

Au cours de ce travail, nous avons congu et développé deux systémes
fonctionnels, cependant, dans le futur, certaines améliorations pourraient étre apportées a
ces systémes. Dans le premier systeme, on pourrait tout d'abord optimiser le support
solide utilisé lors de la synthése du peptide amphiphile. Un poilymére plus hydrophile
permettrait au support de gonfler dans l'eau et d'augmenter ainsi la proportion de
peptides accessibles aux vésicules. De plus, la nature hydrophobe du PS ainsi que les
résultats obtenus montrent que le peptide n'a pas le méme comportement lorsqu'il est
greffé sur la bille de polymeére et lorsqu'il est solubilisé. Afin de donner un peu plus de
liberté au peptide grefté, on pourrait ajouter un espaceur entre le support et le peptide.
Cet espaceur pourrait €tre un segment d'éthyléneglycol ou un segment de lysine plus
long, ce qui en plus, augmenterait les interactions électrostatiques potentielles. En ce qui
concerne I’hydrogel thermosensible, le broyage du gel en petites particules semble €tre
le paramétre limitant I'immobilisation des vésicules. Afin d'obtenir des particules de gel
d'une géométrie contr6lée, on pourrait effectuer une réticulation en suspension, ce qui

permettrait d’obtenir des billes de gel et éviterait 1’étape de broyage. De plus, les
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particules ainsi obtenues seraient sphériques et de taille homogéne. On pourrait aussi
moduler la température de transition de I'hydrogel thermosensible en vue d'applications
spécifiques, en variant les monoméres utilisés, ainsi que leur proportion. D'autres types
d'ancre pourraient aussi étre greffés sur I'hydrogel réticulé par du MBA (ancre de nature
lipidique ou peptide d'adhésion en vue de 1'immobilisation de cellules).

Finalement, on pourrait développer d'autres applications. Au cours de ce travail,
une seule application a été mise au point pour chaque systéme. Dans les deux cas, seules
des vésicules modeles ont été immobilisées sur les supports congus. La nature
électrostatique de l'interaction permet d'envisager l'immobilisation de différents types de
membranes incluant celles d'origine biologique. De tels supports pourraient étre utilisés
pour immobiliser des cellules vivantes. En ce qui concerne le premier systéme, celui
comportant une ancre peptide amphiphile, il pourrait étre utilisé comme support pour
séparer des populations de vésicules en fonction de leur charge, les vésicules
zwitterioniques n’étant pas retenues par les billes. D’autres applications peuvent Eétre
envisagées en utilisant les billes de polymeére sur lesquelles auront été préalablement
immobilisées des membranes. Ce support pourra alors étre utilis€ pour séparer des
molécules en fonction de leur affinité pour les lipides. Ce systéme a aussi €té utilisé pour
immobiliser une enzyme membranaire modeéle. Le systéme pourrait étre utilis€é pour
immobiliser des enzymes plus spécifiques, inactives en solution aqueuse. Dans le cas du
deuxiéme systéme, la propriété de libération contrflée en fonction de la température
permet d’envisager diverses applications telles que la libération controlée de
médicament, d’engrais... On pourrait aussi envisager des applications de libération
controlée en fonction du pH en exploitant le changement de conformation de la PL en

fonction du pH.
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